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Abstract13

Salmon are keystone species across the North Pacific, supporting ecosystems, commercial 14
opportunities, and cultural identity. Nevertheless, many wild salmon stocks have experienced 15
significant declines. Salmon restoration efforts focus on fresh and coastal waters, but little is 16
known about the open ocean environment. Here we use high throughput RT-qPCR tools to 17
provide the first report on the health, condition, and infection profile of coho, chum, pink, and 18
sockeye salmon in the Gulf of Alaska during the 2019 winter. We found lower infectious agent 19
number, diversity, and burden compared to coastal British Columbia in all species except coho, 20
which exhibited elevated stock-specific infection profiles. We identified Loma sp. and 21
Ichthyophonus hoferi as key pathogens, suggesting transmission in the open ocean. Reduced 22
prey availability, potentially linked to change in ocean conditions due to an El Niño event, 23
correlated with energetic deficits and immunosuppression in salmon. Immunosuppressed 24
individuals showed higher relative infection burden and higher prevalence of opportunistic 25
pathogens. Together, we highlight the cumulative effects of infection and environmental 26
stressors on overwintering salmon, establishing a baseline to document the impacts of a 27
changing ocean on salmon.28
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Plain language summary30

Ecosystems on land and in the ocean around the North Pacific rely on abundant salmon. 31
Similarly, salmon provide a sustainable source of nutrition, income, and cultural identity for 32
communities. Unfortunately, many wild salmon stocks have been declining in numbers, despite 33
efforts to halt and reverse this trend by many organizations and governments. Most of these 34
efforts focus on easily accessible coastal waters and rivers, while the factors influencing salmon 35
survival in the remote open ocean are poorly understood, specifically during the winter. Here we 36
used large-scale molecular screening tools to detect infectious agents and shifts in gene 37
expression of salmon overwintering in the open Pacific Ocean. We found that offshore salmon 38
carry fewer pathogens compared to the coastal waters of Canada. Coho salmon were an 39
exception in this trend and had elevated levels of infection of three pathogens which resulted in 40
a higher overall infection burden compared to their coastal counterparts. Of these, two common 41
parasites were identified as key pathogens of all salmon species, suggesting that they are 42
transmitted in the open ocean. Salmon experiencing reduced prey availability, and in some 43
cases warmer temperatures, in their environment showed signs of malnourishment and overall 44
reduced activity of many genes, including ones relating to immunity, possibly to conserve 45
energy. This pattern was predominantly observed in smaller or lower condition salmon. Such 46
salmon had higher levels of infections and were more often infected with opportunistic 47
pathogens that take advantage of weak individuals, emphasizing a critical period for the survival 48
of salmon. Together, this study provides the first report on the health, condition, and infections 49
of four Pacific salmon species in the Northeast Pacific during the winter. We also highlight the 50
cumulative interplay between pathogens and environmental conditions linked to climate. This 51
much-needed information fills a gap in understanding of factors important to survival of salmon 52
in the ocean.53
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Introduction54

The semelparous and anadromous life history of Pacific salmon makes them crucial to coastal 55
and terrestrial ecosystems around the North Pacific by connecting oceanic and terrestrial food 56
webs and nutrient cycles (Cederholm et al., 1999; Radchenko, 2006). Similarly, salmon are 57
highly valued around the northern Pacific Rim due to their significant contribution to commercial 58
and recreational fisheries as well as their cultural importance, especially for indigenous peoples 59
(Lichatowich and Lichatowich, 2001). Despite this significance, many wild Pacific salmon stocks 60
have experienced population fluctuations and declines throughout their range, most notably on 61
their southern distribution limits, due to a combination of compounding factors. Most prominently 62
featured are overexploitation, habitat degradation, pathogens, predators, prey availability, and 63
climate change (Rand, 2002; Ruckelshaus et al., 2003; Miller et al., 2014). A vivid display of 64
these influences is the long-term fluctuation and decline of sockeye salmon returns to the Fraser 65
River in British Columbia, Canada, which in 2019 and 2020 reached their lowest levels in 66
recorded history (https://www.psc.org/publications/fraser-panel-in-season-information/). 67

Efforts to rebuild stocks include habitat restoration, stock enhancements through hatcheries, 68
and stock monitoring through several assessment methods intended to inform targeted 69
management strategies (Cooke et al., 2012). These monitoring strategies include spawning 70
escapement and smolt survival assessments as well as test fisheries in riverine and coastal 71
waters (Woodey, 1987; Irvine and Akenhead, 2013; Zimmerman et al., 2015; Kendall, Marston 72
and Klungle, 2017). Recent advances in molecular methods have also allowed the health 73
surveillance of individual salmon through the detection of infectious agents and use of host 74

75
quantitative polymerase chain reaction approach (Miller et al., 2014, 2016; Houde, Günther, et 76
al., 2019). While these novel genetic tools have been applied on the coastal margins to identify 77
infection-related factors associated with health and survival of juvenile and adult salmonids, the 78
open ocean remains a key compartment of the life cycle of Pacific salmon where information is 79
virtually absent due to insufficient sampling. 80

Salmon stocks and species vary considerably in the length of time they spend on the coastal 81
margin after smoltification, but most Pacific salmon ultimately leave coastal waters and head out 82
into the open ocean of the North Pacific. There, they spend one to six years gaining the majority 83
of their body mass feeding on marine resources, but since these remote open-ocean habitats 84
are not under the direct jurisdiction of nations, the factors influencing salmon productivity and 85
survival are poorly understood, despite the observed large temporal shifts in marine survival 86
over recent decades (Holtby, Andersen and Kadowaki, 1990; NAGASAWA and K, 2000; 87
Radchenko, 2012; Naydenko, Temnykh and Figurkin, 2016; Shuntov, Temnykh and Naydenko, 88
2019). Pacific salmon stocks mix in the ocean, meaning that fish from home streams as distant 89
as North America and Asia might be found in the same aggregation (Wood, Rutherford and 90
McKinnell, 1989; Beacham et al., 2009; Urawa et al., 2009, 2016). The Northwestern and 91
central North Pacific have been the subject of decade-long research efforts of Russian and 92
Japanese researchers and are comparatively well understood, allowing Russian researches to 93
predict returns of pink salmon with unparalleled precision (Startsev and Rassadnikov, 1997; 94
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Shuntov and Temnykh, 2011; Beamish, 2018). Comprehensive surveys of the Northeastern 95
Pacific on the other hand remain absent, with only a small number of spatially and temporally 96
limited observations during long-line and drift net operations in the 1960s and 1990s, and a 97
single trawl transect in 2006 (Welch, Chigirinsky and Ishida, 1995; UENO and Y, 1999; 98
Fukuwaka, Sato and Takahashi, 2007; Beacham et al., 2009). The winter months in particular, 99
when open-ocean conditions might critically impact ocean survival of first ocean-winter juvenile 100
and subadult salmon, are the least understood but could largely determine stock performance 101
(Ishida et al., 2000; NAGASAWA and K, 2000; Beamish and Mahnken, 2001; Naydenko, 102
Temnykh and Figurkin, 2016; Shuntov, Temnykh and Ivanov, 2017). Despite progress on 103
salmon marine ecology during the winter, questions regarding the health and survival of salmon 104
during this period remain unanswered, specifically in the open ocean.105

To address these knowledge gaps, we performed an end-of-winter survey in the Gulf of Alaska 106
(GoA) in February and March of 2019. Under the banner of the International Year of the Salmon 107
initiative, scientists from the five member nations of the North Pacific Anadromous Fish 108
commission (NPAFC: Russia, Canada, USA, South Korea, and Japan) collaborated onboard 109
the Russian research trawler Prof. Kaganovskiy to conduct oceanographic sampling and trawl 110
surveys to provide the baseline data for future pan basin studies.111

Here we present a comprehensive overview on the health and condition of 252 overwintering 112
individuals, including coho, chum, pink, and sockeye salmon, sampled in the GoA. We survey 113
the prevalence and load of 48 infectious agents--most well established or opportunistic salmon 114
pathogens, (Miller et al. 2014), but 115
including several newly discovered viruses with unknown pathogenic potential that are thus 116
referred to as infectious agents (Mordecai et al. 2019, 2020)-by high throughput qPCR. We 117
deploy Fit-Chips, a recently developed genomic technology to recognize specific stressors and 118
disease states in salmon, to assess trends in the expression of 89 genes associated with a wide 119
range of stressors and correlate these two measures of individual health and oceanographic 120
observations. For selected agents, we also verify infection and assess potential for disease 121
through histopathology. Finally, we contrast these findings with observations from the coastal 122
margins and suggest mechanisms that govern infectious-agent burden in the open ocean that 123
might influence marine survival.124

125
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Methods126

Sampling127

Samples of Pacific salmon were collected during the 2019 International Year of the Salmon Gulf 128
of Alaska (GoA) expedition in February and March 2019 onboard the Russian research trawler 129
Prof. Kaganovskiy. Sixty 1h trawls accompanied by oceanographic sampling were performed 130
along a grid of stations separated by 1 degree of latitude or 1.5 degree longitude (approximately131
110 km apart), and 422 salmon were captured over the course of the expedition (Sup. Fig. 1,132
Sup. Table 1). Subsampled salmon from all species were dissected in a clean environment 133
within one hour of capture (Sup. Fig. 2). Notes on gross pathologies were collected during 134
dissections. Presence of nematodes in organs or the peritoneum was noted on a non-species-135
specific level; no other macroscopic parasites were observed. Tissue samples were preserved 136
in RNAlater (Thermo Fisher Scientific, MA, USA) for nucleic acid extraction as well as in 10% 137
neutral buffered formalin for histopathology. 138

Genetic stock Identification139

Genetic stock identification for coho and sockeye salmon was performed by the Department of 140
Fisheries and Oceans Canada, Pacific Biological Station Molecular Genetics Laboratory as 141
described by Beacham et al. (Beacham, McIntosh and Wallace, 2010; Beacham et al., 2020).142

Oceanographic data143

Oceanographic data was collected at each station with a 24-position rosette equipped with144
CTDs as described by Pakhomov et al. (Pakhomov et al., 2019). In short, turbidity, 145
fluorescence, and oxygen saturation were measured, and water samples were collected for146
assessing salinity, chlorophyll, and macronutrients. To survey zooplankton communities two 147
Juday nets as well as one Bongo net were deployed as described by Pakhomov et al. 148
(Pakhomov et al., 2019).149

Calorimetry150

Calorimetric data on the energy content of salmon individuals in this study was provided by the 151
National Oceanic and Atmospheric Administration, Alaska Fisheries Science Center, Auke Bay 152
Laboratories in Juneau, Alaska, U.S.A. for 46 Sockeye. In brief, tissue samples were weighed, 153
dried with their skin on at 135 , homogenized, and analyzed using bomb calorimetry (kJ/g dry 154
mass) (Siddon, Heintz and Mueter, 2013).155

Nucleic acid extraction and processing156

Tissue samples from gill, heart, kidney, and spleen were homogenized using TRI-reagent 157
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(Ambion Inc., Austin, Texas) and 1-bromo-3-chloropropane was added to the homogenate. 158
Total RNA was extracted from the aqueous phase using the Total RNA Isolation kits (Ambion 159
Inc., Austin, Texas) on a Biomek FXP liquid handling instrument (Beckman-Coulter, 160
Mississauga, Ontario, Canada) (Miller et al., 2011; Jeffries, Hinch and Sierocinski, 2014). RNA 161
quality was assessed after DNase treatment by spectrophotometry and RNA was normalized to 162
62.5 ng/µL for cDNA synthesis (SuperScript VILO MasterMix, Life 163
Technologies).164

DNA was extracted from the organic/interphase of TRI-reagent using a high salt TNES-urea 165
buffer (Asahida et al., 1996) followed by the BioSprint 96 DNA extraction kit (Qiagen, MD). DNA166
quantity and quality were assessed by spectrophotometry on a Beckman Coulter DTX 880 167
Multimode Detector (Brea, CA, USA). Samples were normalized to 62.5 ng/µL.168

For infectious agent monitoring, cDNA from all pooled organs was mixed with equal amounts of 169
Samples were pre-amplified with 170

primer pairs for171
PreAmp Master Mix (Life Technologies), following the BioMark protocol, to increase sensitivity 172

ys. Unincorporated primers were 173
eliminated using ExoSAP-IT PCR Product Cleanup (MJS BioLynx Inc., Ontario, Canada). 174
Samples were diluted 1:5 in DNA Suspension Buffer (TEKnova, Hollister, California). An assay 175

artificial positive control clones (labelled with fluorescent dye VIC) allowed 176
for the detection of contamination. For host gene expression monitoring, an equivalent 177
procedure was performed on cDNA from gill tissues only, targeting 89 host genes individually. A 178
serial dilution of pooled gill cDNA was used to assess assay efficiency across runs.179

High throughput qPCR infectious agent screening180

The qPCR assays and individual samples were loaded onto 96.96 dynamic arrays (Fluidigm, 181
San Francisco, CA, USA) and run on the BioMarkTM HD platform. The same distribution of 182
assays was used for each array and samples from different dates and locations were stratified 183
among arrays. The Fluidigm 2× Assay Loading Reagent was mixed with primer pairs and 184

mix was prepared using 2× TaqMan Gene 185
186

pre-amplified cDNA. The reaction mixes were added to the assay and sample inlets of the 187
otocols and loaded into the chip by an IFC controller 188

HX (Fluidigm). PCR was performed under the following conditions: 50 °C for 2 min, 95 °C for 10 189
min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min.190

In addition to known pathogens, we incorporated assays for newly discovered putative viruses191
of unknown pathogenic potential. These viruses originate from an unpublished polyA amplified 192
metatranscriptomic sequencing library from 20 Chinook salmon targeting unknown infectious 193
agents. We screened these libraries using a translated blast search (see Mordecai et al. 2019 194
for methods) and found short contigs (Genbank accessions MW373508-MW373514, Sup. Table 195
2). These contigs showed protein homologies to hanta-like, rhabdo-like, picorna-like, and qin-196
like viruses, as well as contigs with high sequence homology to an unpublished viral contig 197
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SalmovirusWFRC1 (NC_034441). Additionally, we included an assay for a sequence variant of 198
Pacific salmon Nidovirus (PsNV; Mordecai et al. 2020) and a co-infected bafini-like virus (Sup. 199
Table 2).200

Infectious agent screen analysis201

Cycle threshold (CT) for each assay was determined using the BioMark Real-Time PCR 202
analysis software (Fluidigm). For each infectious agent assay, samples with detection in only 203
one duplicate were treated as negatives and duplicate values were averaged. Samples 204
contaminated by high load controls (indicated by VIC positives) were removed. Amplification 205
curves of all assays were visually assessed for irregularities and consistency between 206
replicates. R statistical software (R Core Team 2017) was used to calculate the efficiencies for 207
each assay using the slope of a regression between CT values and serial dilutions of the APC 208
standards. We removed values that were not within the linear relationship, often either the 209
lowest or highest RNA concentrations, to improve accuracy of assay efficiency estimates and r2210
values. Only assays with an amplification factor of 1.80 2.20, an r2211
typical shaped amplification curves were used in analyses. Minimum averaged CT values 212
indicating infectious agent detection with high statistical certainty for each specific infectious 213
agent assay (95% confidence limit of detection (LOD)), were defined by Miller et al. (Miller, 214
Gardner et al. 2016). Infectious agent prevalence was calculated as the percentage of 215
individuals testing positive for a given infectious agent. All infectious agents found within one216
host were summarized as a single variable termed217
account the infection load of all detected pathogens in an individual compared to the population 218
average (Bass et al., 2019). Infectious agent load is the number of copies of a given infectious 219
agent in an individual testing positive. To examine differences between high-sea samples and220
coastal populations we compared the GoA data to baseline data from coastal British Columbia 221
based on 11,790 wild or non-hatchery marked salmon of all species and age classes sampled 222
between 2014 and 2019 between the Juan de Fuca Strait in the south and waters at the 223
Alaskan border near Dixon Entrance. We calculated location (coast vs GoA) and species-224
specific RIB and Shannon Weaver diversity of infectious agents and compared prevalence of225
specific agents on a species-specific level (Clarke and Warwick, 2001).226

Fit-Chip screen of stressors227

To determine the primary stressors experienced by salmon in the GoA, we deployed salmon Fit-228
Chips that utilize curated panels of 89 host genes (biomarkers) to detect transcriptional 229
responses to stressors in gill tissue on the same nanofluidics qPCR platform described above230
(Miller et al., 2011, 2017; Akbarzadeh et al., 2018; Houde, Akbarzadeh, et al., 2019; Houde, 231
Günther, et al., 2019). Physiological states are recognized based on co-expression of curated 232
biomarker panels that have consistently segregated stress and disease states in challenge 233
studies. For the GoA samples, we applied biomarker panels for hypoxic stress, thermal stress, 234
osmotic stress, general stress, and viral disease development (genes expressed in response to235
active viral infection), as well as imminent mortality (over-expressed in salmon experiencing 236
mortality within 72h), and mortality related (associated with poor long term survival) markers237
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(Miller et al., 2011, 2017; Akbarzadeh et al., 2018; Houde, Akbarzadeh, et al., 2019; Houde, 238
Günther, et al., 2019). We also included biomarkers associated with different branches of 239
immune stimulation (over-expressed in diseased individuals with known pathogens) and with 240
inflammation (individuals showing pathological signs of inflammation; Table 2). All biomarkers 241
have been assessed for efficiency of amplification across all salmon species, but development 242
of the panels used Chinook and sockeye. Applications across four salmonid species herein 243
offers our first glimpse into recurring patterns of stress- and disease-related gene expression 244
patterns across species co-inhabiting offshore waters of the North Pacific. 245

Host genes assays were run singularly on cDNA from gill tissues and included three reference 246
genes for normalization (Miller et al., 2016; Teffer et al., 2017). Host gene assay efficiencies 247
were calculated using the serial dilution of pooled pre-amplified host cDNA run on each dynamic 248
array (Miller et al., 2016). Expression heat-maps were visually assessed for failed assays or 249
samples; samples with low expression of reference genes were removed; failed assays were 250
assigned t cDNA were 251
excluded from the analysis. Salmon gene CTs were normalized between runs one species at a 252
time using calibrator samples, converted to relative expression by normalizing against the253
average of the best two out of three reference genes as determined by normfinder and the 254
relative fold gene expression was calculated using the ddCT method (Livak and Schmittgen, 255
2001; Jensen and Ørntoft, 2004). Assays that failed in more than 50% of individuals for the 256
respective species were excluded from analysis.257

Fit-Chip analysis258

To gain an overview of gene expression and cluster individuals into groups, expression profiles 259
were visualized as heatmaps using the package ComplexHeatmap in R (Gu, Eils and260
Schlesner, 2016). Heatmaps were augmented with pathogen and significantly co-varied 261
metadata between gene expression clusters as determined by ANOVA and t-test analysis in R262
(base, stats). To determine the dominant stressors experienced at a population level, we 263
compared the expression of all genes in all individuals of a given species using principal 264
component analysis (PCA). For multidimensional data, PCA identifies the dominant axes (or 265
dimensions) of variation, allowing quantitative interpretation of differential expression among 266

267
R (base, stats). For visualization, we depict all individuals in the first four dimensions of the 268
PCA, as well as showing the top 20% of genes responsible for ordination in the depicted 269
dimensions as determined by the ordiselect function of the package goeveg in R (https://cran.r-270
project.org/web/packages/goeveg/). Three outlier individuals that had dissection comments 271
suggesting severe damage during capture explaining the aberrant gene expression profiles272
were excluded from the analysis. To interrogate correlations of gene expression with infectious273
agent, physical, and oceanographic data at site of capture, this information was ordinated onto 274
the PCA plots using the envfit function of the vegan package in R (https://cran.r-275
project.org/web/packages/vegan/index.html; Table 3). This function scores correlation of data 276
with the given ordination dimensions and provides a quantitative directional vector depicting this 277
correlation. For visualization, only significant vectors with a p < 0.05 after 999 permutations are 278



9

displayed with the metadata name indicating the tip of the scaled arrow segments in the 279
supplementary figures. For the main figures, we summarized the vectors of all genes belonging 280
to a specific biomarker. Next the correlation of this superimposed data with the genes driving 281
the ordination was evaluated using ordiselect in R and the top 20% of genes showing significant 282
correlation in expression with the data were also depicted in the figure.283
In addition to PCA ordination of gene expression, we also deployed Non-metric 284
MultiDimensional Scaling (NMDS) to describe the different pathogen profiles carried by 285
individuals using the metaMDS function of the vegan package in R. This ordination approach is 286
preferable to PCA for the pathogen data, as it produces an ordination based on abundance rank 287
order, rather than absolute values, which is better able to deal with missing data (in this case288
absence of pathogen detections). To find the correlations of pathogen profiles with gene 289
expression, physical, and oceanographic data, we used the same approach as described for 290
PCA data above (Table 3).291

Results292

Salmon infectious agents in the Gulf of Alaska show species-specific 293

trends and lower prevalence than in coastal waters294

Infectious agent burden in the GoA is species dependent295

All 252 salmon, consisting of 84 chum, 80 coho, 61 sockeye, and 27 pink salmon, were 296
screened by qPCR for 48 microscopic infectious agents commonly observed in British Columbia 297
coastal waters using high throughput qPCR (Table 1). Across all species surveyed, coho had 298
the highest average number of infectious agents detected (3.13), followed by sockeye (2.48), 299
chum (1.86), and pink salmon (1.89) (Sup. Fig. 3). Similarly, Shannon Weaver infectious agent 300
diversity was highest in sockeye (0.32), followed by coho (0.27), chum (0.18), and pink salmon 301
(0.11; Sup. Fig. 3).302

Infectious agent profiles in the Gulf of Alaska show species-specific trends303

Across all salmon species, 21 of the 48 assayed infectious agents were detected. Two were 304
bacteria, thirteen eukaryotic parasites, and six viruses (Fig. 1, Sup. Table 3). 305

Of the two bacterial agents, both opportunistic pathogens, Candidatus Branchiomonas cysticola 306
(c_b_cys) was detected in all species at high prevalence (56-89%), while Candidatus 307
Syngnamydia salmonis (sch) showed modest prevalence in all tested species (4-11%, Fig. 1, 308
Sup. Table 3).309

Among the eukaryotic parasites, Loma sp. (lo_sal; 19-67%), Ichthyophonus hoferi (ic_hof; 29-310
59%), and Parvicapsula pseudobranchicola (pa_pse; 16-27%) were detected in moderate to 311
high prevalence in all four salmon species (Fig. 1). Ichthyobodo sp. (ICD; 14-30%) was detected 312
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at moderate prevalence in pink, chum and coho, but was rarely detected in sockeye (3%; Fig. 313
1). Sphaerothecum destruens (sp_des) was particularly prevalent in sockeye (25%), but rarely 314
encountered in coho, pink, and chum (5-1%; Fig. 1, Sup. Table 3). The remaining saltwater 315
transmitted parasites showed more specific species distributions, with Myxobolus insidiosus 316
(my_ins; 1-4%) and Parvicapsula kabatai (pa_kab; 3% and 2%) detected only in chum and 317
coho, Kudoa thyrsites ( ku_thy; 4% and 1%) detected in pink and coho, and Paranucleospora318
theridion (pa_ther) detected only in coho salmon (6%; Fig. 1, Sup. Table 3). Freshwater 319
transmitted parasites, Parvicapsula minibicornis (pa_min) and Ichthyophthirius multifiliis 320
(ic_mul), were detected only rarely in coho and sockeye (1-9%), while Ceratanova shasta 321
(ce_sha) was detected only in chum and coho (10% and 4% prevalence respectively), and 322
Nanophyetus salmincola (na_sal; 1%) only in coho (Fig. 1, Sup. Table 3). Notably, all coho with 323
M. insidiosus, I. multifiliis, and the majority with P. minibicornis detections originated from 324
southern stocks from the Columbia and Yaquina rivers, while all P. kabatai and S. destruens325
detections were in fish from Northern BC and Alaskan stocks.326

Six viruses were detected in salmon from the Gulf of Alaska (GoA), although most only in a 327
single species (Fig. 1, Sup. Table 3). The exception was Encephalopathy and retinopathy virus 328
(VER), highly prevalent in coho (36%), but also detected in sockeye and chum (2% and 1%; Fig. 329
1). Sockeye salmon was the only species where Pacific salmon parvovirus (PSPV) (39%) and a 330
Putative-Picorna virus (Picorna2) (2%) were found (Fig. 1). Three viruses were exclusively 331
observed in coho salmon: SalmovirusWFRC1_virus (5%), Erythrocytic necrosis virus (ENV) 332
(3%), and an uncharacterized Rhabdovirus (1%; Fig. 1). No viruses were detected in pink 333
salmon (Fig. 1).334

Infectious agent profiles of salmon in the Gulf of Alaska differ from Coastal 335

waters336

To determine how salmon infectious agents may shift between the coastal margin and the 337
deeper offshore waters, we compared the prevalence of infectious agents in salmon in the GoA 338
and Coastal British Columbia (Fig. 1). 339

Ichthyophonus hoferi was significantly more prevalent in the GoA in all four species, with 340
pathogen loads in pink, coho, and chum higher than any observed on coastal waters (Fig. 1, 341
Fig. 2a). Sockeye and coho with high I. hoferi loads showed systemic infection as seen by 342
multiple granulomatous inflammatory foci in several organs (Sup. Fig. 4 a,b).343

Similarly, Loma sp. was present at loads higher than typically seen in coastal waters for coho, 344
chum, sockeye, and pink, with prevalence being significantly higher in the GoA for the latter 345
three species (Fig. 1, Fig. 2a). High loads corresponded with abundant gill xenomas in coho and 346
sockeye that were absent from individuals without Loma sp. detections (Sup. Fig. 4 c,d).347

Other pathogens with significantly higher GoA prevalence in individual species were S. 348
destruens in sockeye, Ca. B. cysticola in pink, C. shasta in chum, and VER in coho (Fig. 1). The 349
latter virus was also observed at unusually high loads in the GoA (Fig. 2a). P. 350
pseudobranchicola, detected in GoA chum, has not been detected in chum in coastal waters, 351
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but has been found in other Pacific salmon species.352

There were numerous infectious agents and pathogens more prevalent in coastal salmon than 353
GoA. Among marine transmitted parasites, P. theridion was significantly lower in prevalence in 354
all species in the GoA and P. kabatai was lower in sockeye, pink, and chum (Fig. 1). Among 355
freshwater transmitted parasites, P. minibicornis was observed at reduced prevalence in GoA 356
sockeye and chum and was absent in GoA coho while Myxobolus arcticus was absent from all 357
species, likely due to brains not being sampled in this screen. Ca. B. cysticola showed lower 358
prevalence in GoA coho and sockeye (Fig. 1). Salmon pescarenavirus-2 showed lower 359
prevalence in GoA chum and sockeye than in coastal regions (Fig. 1). Other pathogens with 360
reduced prevalence in the GoA were ENV and C. shasta in sockeye, P. pseudobranchicola, 361
Tenacibaculum maritimum, and Tetracapsuloides bryosalmonae in coho, and Ca. S. salmonis in 362
chum (Fig. 1).363

Three recently discovered viruses that have not yet been surveyed in salmon on the coastal 364
margin were detected in salmon in the GoA, including a Putative-Rhabdovirus and Salmovirus 365
WFRC1 in coho, and Putative-picorna virus in sockeye (Fig. 1).366

Together, chum, pink, and sockeye showed lower Relative Infection Burden (RIB) in the GoA 367
compared to coastal British Columbia, Canada (BC), with the difference being significant for 368
chum salmon (Fig. 2b). In contrast, RIB in coho was significantly higher in the GoA than in 369
coastal waters (Fig. 2b), although the number of infectious agents as well as their diversity370
within individual fish was significantly lower in the GoA for all species except sockeye (Fig. 371
2c,d). This suggests that the higher RIB in coho in the GoA is due to the higher loads of VER,372
Loma sp., and I. hoferi. Only sockeye showed no significant differences in infectious agent 373
number or diversity between the coast and the GoA (Fig. 2c,d).374

Differential gene expression provides clues on stressors 375

experienced by salmon in the Gulf of Alaska376

Prey availability, temperature related factors, and infectious agent profile 377

correlate with differential gene expression of salmon in the Gulf of Alaska378

To investigate stressors of salmon in the GoA we compared the expression of all genes from all 379
biomarker panels across all individuals of the same species. First, we visualized gene 380
expression using heatmaps, also displaying pathogen detections as well as co-varying 381
metadata (Fig. 3). Hierarchical clustering of gene expression allowed us to identify clusters of 382
salmon showing similar expression patterns (Fig. 3). In chum, clusters four and five showed 383
markedly reduced overall gene expression that was associated with elevated Relative Infection 384
Burden (RIB) and lower biomass of hydromedusa at capture location, the primary prey of chum 385
salmon (Somov et al., 2019), as well as lower levels of dissolved oxygen (Fig. 3, Sup. Fig. 5). 386
Further, temperature at site of capture was also significantly associated with overall gene 387
expression, with warmer temperatures correlating to higher gene expression (Fig. 3, Sup. Fig. 388
5). Similarly, in Sockeye, elevated temperature, and prey availability (e.g., small zooplankton) 389
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was associated with a global increase in gene expression (Fig. 3, Sup. Fig. 6). Condition factor 390
K was significantly covaried between clusters in sockeye (Fig. 3, Sup. Fig. 6). Coho salmon 391
showed no large-scale changes in gene expression and clusters differed primarily in the 392
response of individual biomarkers to RIB and prey availability (Fig. 3, Sup. Fig. 7). Pink salmon 393
also showed large scale changes to gene expression associated with RIB, prey availability, and 394
temperature, but interestingly high values of these factors were associated with reduced global 395
gene expression rather than an increase as had been seen in chum and sockeye salmon (Fig. 396
3, Sup. Fig. 8).397

Next, we performed a Principal Component Analysis (PCA) to ordinate gene expression profiles 398
of individual salmon. We focused on the first four principal components to identify dominant 399
biomarker panels driving differential gene expression. We then tested observational data on 400
salmon health and condition as well as oceanographic data for correlations with principal 401
components and plotted significantly correlated data scaled and directional on the ordination 402
plots to depict the direction of correlation. In the last step, we queried what genes showed 403
changes in expression correlated with the superimposed data by using a Euclidean distance-404
based approach or plotted a vector summarizing of all genes of a biomarker panel respectively 405
(Sup. Fig. 9, Fig. 4). By visualizing the hierarchical clusters identified earlier, this allowed us to 406
identify the environmental factors and pathogens associated with the differential gene 407
expression providing a population scale overview of stressors of overwintering salmon (Sup. 408
Fig. 9, Fig. 4).409

Differential gene expression in chum salmon was primarily driven by variations in biomarkers for 410
inflammation (MMP13, NAPEPLD2, TXN, GILT), immune stimulation (SAA, CD83, IFNa), 411
mortality related (C7, P_RAS), VDD biomarker panels (viral disease development: HERC6, 412
IFIT5, IFI44, VAR1), followed by imminent mortality and hypoxia (TAGLN3, CDKN1B; Fig. 4a,413
Sup. Fig. 9a). Along PC1, these factors explained 36% of the variation in gene expression. 414
Chum clusters four and five showed lower gene expression across all biomarker panels and415
clustered on the positive end of PC1 (Fig. 3, Fig. 4a, Sup. Fig. 9a). Inflammation (MMP13, 416
NAPEPLD2, TXN) and immune stimulation biomarkers (SAA) contributed the negatively to PC2 417
(10.8% explanatory power), while hypoxia and imminent mortality biomarkers (CDKN1B) 418
contributed positively (Fig. 3, Fig. 4a, Sup. Fig. 9a). Relative Infection Burden (RIB) as well as 419
nematode prevalence was correlated with lower overall gene expression in individuals of cluster 420
four and five, but positively associated with inflammation (MMP13, NAPEPLD2), immune 421
stimulation (SAA), and VDD (HERC6, IFIT5) markers on PC2. Conversely, pathogens P. 422
pseudobranchicola (pa_pse) and S. destruens (sp_des) were negatively associated with these 423
immune response markers along PC2 (Fig. 4a, Sup. Fig. 9a). Biomass of hydromedusae 424
(Medu) and other the prey of chum (small zooplankton: Zoo_S) was positively correlated with 425
global upregulated gene expression along PC1 and lower expression of the immune response 426
markers associated with PC2 (Somov et al., 2019), while being directly opposed to RIB and 427
nematode prevalence across PC1 and PC2 (Fig. 4a, Sup. Fig. 9a). Principal components three 428
and four (explaining 10% and 6.2%) were driven by the same genes driving PC1 and PC2, 429
however, inflammation and VDD markers were opposing each other along PC3, with 430
inflammation driven by individuals of cluster four, that showed enlarged gall bladders (a sign of 431
prolonged low stomach fullness) and larger size (Mass) and smaller individuals at higher 432
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temperature associated with VDD expression (Fig. 4b, Sup. Fig. 9b). PC4 was driven by 433
opposing trends of immune stimulation and hypoxia biomarkers, primarily associated with 434
zooplankton (euphausiids and medium size zooplankton; Fig. 3, Fig. 4b, Sup. Fig. 9a).435

Sockeye showed similar patterns to chum salmon with two clusters (one and four) showing 436
reduced overall gene expression associated with the positive end of PC1 (43.8%). The primary 437
drivers associated with these global expression changes were the biomarker panels immune 438
stimulation (B2M, HEP, IGMs, CD83, SAA), inflammation (IL_17D, ES1), mortality related 439
(SCG2, RPL6), VDD (HERC6, DEXH, MX, IFI), and a group of hypoxia genes (RRl, CLASPIN, 440
KIF15, COX6B, RRM2)(Fig. 4c, Sup. Fig. 9c). These hypoxia genes were also major 441
contributors to PC2 (13.8%) opposed by the general stress marker JUN_F3 (Fig. 4c, Sup. Fig. 442
9c). Globally lowered gene expression in sockeye clusters 1 and 4 was associated with lower 443
abundance of small zooplankton (Zoo_S), pteropods (Ptero), and hydromedusae (Medu) along 444
PC1, and to a lesser degree lower temperature at site of capture (TEM) (Fig. 4c, Sup. Fig. 9c). 445
Euphausiids (Euphaus) that were identified as the primary prey of sockeye, were correlated with 446
the positive end of PC2, opposed to temperature and showed increased expression of 447
inflammation and immune stimulation markers, but showed weaker association with gene 448
expression than other prey groups (Fig. 4c, Sup. Fig. 9c). The prevalence of the gill parasite 449
Loma spp. (lo_sal) was associated with expression of inflammation and immune stimulation 450
biomarkers along PC1 and PC2. Principal component three ( 7.7% exploratory power) saw a 451
strong correlation of immune stimulation ( SAA, IFNa, IGM) and inflammation biomarkers 452
(IL_17D, MMP24, MMP13) with the parasites I. hoferi and P. pseudobranchicola, while 453
inflammation (ES1, EPD) and imminent mortality markers (TAGLN3, RGS21) were associated 454
with nematode prevalence (Fig. 4d, Sup. Fig. 9d). Fish with higher caloric content (CAL) and 455
better condition factor (K) were also associated with lower temperatures at site of capture (TEM) 456
and lower prevalence of pathogens (ic_hof, pa_pse) (Fig. 4d, Sup. Fig. 9d).457

Differential gene expression in coho salmon showed a nuanced response of biomarker panels 458
along the first two principal components where inflammation (MMP13, IL_11, NAPEPLD2, 459
IL_17D), general stress (JUN_F3), immune stimulation (IL_1b, HEP, SAA, IFNa), and VDD 460
(HERC6, GAL3) associated positively with RIB and fish of cluster four on the positive end of 461
PC1 (21.2%; Fig. 4e, Sup. Fig. 9e). RIB was inversely related to the biomass of pteropods 462
(ptero) that were the preferred prey of coho salmon in GoA in 2019 (Somov et al., 2019), with 463
fish from cluster 4 experiencing the lowest pteropod biomass (Fig. 4e, Sup. Fig. 9e). Hypoxia 464
biomarkers (COX6B, RRM2, CDKN1B) were correlated with the prevalence of the gill parasite 465
Loma sp. (lo_sal) along PC1 and PC2 (17.5%) (Fig. 4e, Sup. Fig. 9e), specifically amongst 466
individuals of clusters two, three and five. Principal components three and four (12.4% and 7.1% 467
respectively) showed a global increase in expression that was associated with the size of fish 468
(Mass) of individuals in cluster four, as well as an increased expression of VDD biomarkers 469
related to P. pseudobranchicola (pa_pse) load (Fig. 4f, Sup. Fig. 9f).470

Pink salmon of cluster one showed reduced global gene expression compared to other clusters, 471
grouped along the negative spectrum of PC1 (64.6 %) and were associated with higher 472
temperatures, higher RIB, and higher biomass of prey species (Fig. 4g, Sup. Fig. 9g). On the 473
positive spectrum of PC1, cluster two, three and four was associates with increased expression 474
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imminent mortality markers (CDKN1B, CBEBP, GPX), but were differentiated along PC2 475
(10.2%) with expression of hypoxia (COX_6B, RRI, GPX) and inflammation biomarkers 476
(NAPEPLD2, IL_17D) associated with cluster four, while clusters two and three showed 477
increase expression of VDD (TRIM, GAL3, MX, VAR1, IFI) and immune stimulation markers 478
(SAA, IGMs, HEP, CD83) that were associated with increased RIB, number of infectious agents 479
as well as the prevalence of the parasites S. destruens (sp_des) and P. psudobranchiola480
(pa_pse) (Fig. 4g, Sup. Fig. 9g). Principal components three (explaining 5.6%) showed elevated 481
expression of VDD (GAL3, Mx, IFI, HERC6), immune stimulation (SAA, IL_15), and general 482
stress genes (HSP90) along the positive end of PC3 which was correlated with larger 483
individuals (Mass; Fig. 4h, Sup. Fig. 9h). Higher biomass of Euphausiids (Euphaus) along PC4 484
(4.1%) correlated with VDD expression and inflammation (EPD).485

To highlight overlying trends of pathogens and environmental factors such as prey biomass and 486
temperature, we plotted the biomass of primary prey species in relation to ocean temperature, 487
and RIB across the first two principal components of gene expression (Fig. 5, Sup. Fig.10). 488
Since global depression of immune response genes (immune stimulation, inflammation and viral 489
disease development) effectively equals immunosuppression, we created the inverse vector of 490
gene expression of said biomarker panels to depict this suppressed immune status. Indeed, 491
immunosuppression showed an inverse relationship with the biomass of the primary prey 492
species as well as a direct correlation with RIB in all species (Fig. 5). In chum and pink salmon 493
this trend dominated gene expression along PC1 (Fig. 5). Coho showed a strong inverse 494
correlation between primary prey biomass and RIB, but immunosuppression was only weakly 495
associated with them along PC2, suggesting that large scale changes in gene expression 496
resulting in immunosuppression are subordinate to other factors relating to RIB (Fig. 5). In 497
sockeye, gene expression patterns were more strongly associated with small zooplankton, 498
rather than the primary stomach content which was Euphausiids (Fig. 5). Accordingly, lower 499
biomass of small zooplankton was associated with immunosuppression and elevated RIB in 500
sockeye along PC1(Fig. 5). Coho and pink salmon that were primarily caught along the 501
southern border of the distribution area and experienced the highest ocean temperatures 502
showed a strong correlation of immunosuppression and RIB with increased temperature (Fig. 503
5). 504

Infectious agent profiles correlated with gene response to viral and gill 505

infections and stock of origin in coho 506

To determine if infectious agent profiles were associated with environmental factors and gene 507
expression, we visualized the latter data in rank order-based NMDS-ordinated pathogen profiles 508
of individuals by species (Fig. 6).509

Differences in chum infectious agent profiles were primarily driven by C. shasta (ce_sha) with 510
minor opposing contributions of P. pseudobranchicola (pa_pse) and S. destruens (sp_des) 511
along NMDS1 (Fig. 6a). C. shasta was only found in individuals of gene expression cluster one 512
and was associated with the expression of a mortality-related biomarker (MARCH2) (Fig. 6a).513
NMDS2 differentiation was driven by Loma sp. (lo_sal) and P. pseudobranchicola (pa_pse) on514
the positive end of NMDS2 that were correlated with larger individuals (Mass; Fig. 6a). Smaller 515
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individuals on the negative end of NMDS2 were associated with Ca. S. salmonis (sch) and Ca. 516
B. cysticola (c_b_cys), as well as the expression of imminent mortality/hypoxia (GPX3) and 517
inflammation (EPD) biomarkers.518

Sockeye infectious agent profiles differed primarily by the opposing trends of Loma sp. (lo_sal) 519
against PSPV and I. hoferi (ic_hof) along NMDS1 with mortality related (FYNTBP) and immune 520
stimulation biomarkers (IL_15) associated with Loma sp. (Fig. 6b). Differences across NMDS2 521
were driven by Putative-picornavirus (Picorna2), Ichthyobodo sp. (IcD), and P. minibicornis 522
(pa_min) (Fig. 6b).523

Stock of origin was significantly associated with pathogen profile variation in coho salmon. 524
Accordingly, the pathogen profiles were primarily differentiated by rare and stock-specific 525
pathogens such as C. shasta (ce_sha), Salmovirus, P. minibicornis (pa_min), P. theridion 526
(pa_ther), and M. insidiosus (my_ins) along the negative end of NMDS1, present in only a few 527
individuals each; the latter three pathogens were only found in fish originating from within the 528
contiguous United States (Fig. 6c). Correlating gene expression was seen in genes from 529
biomarker panels imminent mortality and hypoxia (CDKN1B, TAGLN3, AURKB), inflammation 530
(GILT, ES1), immune stimulation (CD83), mortality related signature (P_RAS), as well as the 531
prevalence of medium sized and small zooplankton (Zoo_S/M) (Fig. 6c). Hypoxia gene 532
expression (RAMP1) was correlated with large individuals along NMDS2, while small individuals 533
were associated with Ichthyobodo sp. (IcD) (Fig. 6c)534

Infectious agent profiles in pink salmon differed primarily in the presence of Ca. S. salmonis 535
(sch), S. destruens (sp_des), and Ichthyobodo sp. (IcD) opposed by I. hoferi (ic_hof) and K. 536
thyrsites (ku_thy) along NMDS1 (Fig. 6d). Immune stimulation (SAA), inflammation (TGFb, 537
GILT), VDD (IFI, GAL3) and mortality related biomarkers (FYNTBP) were correlated with the gill 538
pathogen Loma sp. (lo_sal) and S. destruens (sp_des) and at higher abundance of pteropods 539
(Ptero) and lower sea surface temperature (SST; Fig. 6d).540

541
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Discussion542

The Gulf of Alaska (GoA) is the main overwintering habitat for North American-origin Pacific 543
salmon stocks as well as a significant proportion of Asian-origin chum salmon. To better 544
understand factors that may contribute to changes in ocean survival, it is critical to monitor the 545
health and condition of salmon in this environment, specifically during the winter months that are 546
thought to be a critical time period for first-year fish (Beamish and Mahnken, 2001). Here we547
report the first comprehensive overview on the health and condition of Pacific salmon during the 548
2018/2019 winter period in the GoA, illustrating the linkages between food limitations, 549
immunosuppression, and infective burdens in ocean-dwelling salmon.550

Most high prevalence pathogens could be acquired by trophic transmission in the 551

Gulf of Alaska 552

Relative Infection Burden of microparasites in the GoA was lower compared to coastal samples 553
in all species except coho, which had a significantly higher relative infection burden due to high 554
prevalence of the virus VER as well as the parasites I. hoferi, and Loma sp. These two parasites 555
and the bacterium Ca. B. cysticola were the highest prevalence pathogens in the Gulf of Alaska 556
across all species. 557

Ichthyophonus hoferi was present at significantly higher prevalence and load in all salmon in the 558
GoA compared to coastal areas. This common parasite causes systemic disease in marine fish 559
and is thought to transmit trophically (Hershberger et al., 2002; Bass et al., 2017). This suggests 560
that the GoA is a reservoir for this parasite and that piscivorous species acquire infection 561
through their prey. Ichthyophonus hoferi detections in chum salmon, a species with low 562
proportion of fish in its diet (1.8% in the study area) is surprising but suggests very high I. hoferi 563
prevalence in prey species (Somov et al., 2019). Sockeye showed significant stimulation of 564
immune and inflammatory genes associated with I. hoferi prevalence.565

Similar to I. hoferi, the microsporidian parasite Loma sp. (most likely Loma salmonae) was 566
present at significantly higher prevalence and load in all salmon in the GoA compared to coastal 567
areas (Shaw et al., 2000). This parasite can result in respiratory distress, impaired swimming, 568
and reduced growth rates (Shaw et al., 2000). Transmission is initiated by release of spores 569
from ruptured gill xenomas and is completed by the spores infecting the pillar and endothelial 570
cells of the gills of a new host (Shaw, Kent and Adamson, 1998). In the GoA, coho showed 571
significant correlation of gene expression profiles with I. hoferi prevalence.572

The bacterium Ca. B. cysticola causes epitheliocystis in gill tissue of salmonids and is 573
associated with proliferative gill inflammation (PGI) (Toenshoff et al., 2012; Mitchell et al., 2013).574
This bacterium is commonly encountered in Pacific salmon and was only significantly elevated 575
in prevalence in pink salmon in the GoA (Bass et al., 2017; Teffer et al., 2017). Ca. B. cysticola576
has been correlated with lower relative weight (Bass et al. In Prep), inflammation in coastal 577
Chinook (Wang et al. In Prep), and reduced migration success in steelhead (Oncorhynchus 578
mykiss) (Twardek et al., 2019).579
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Viral encephalopathy and retinopathy virus (VER) was significantly elevated in prevalence in 580
coho salmon. This widespread virus of marine fish and invertebrates is transmitted horizontally, 581
vertically, and trophically (Costa and Thompson, 2016). While brain tissue was not included in 582
this screen, in contrast to coastal salmon, the neurotropic VER can also be detected in other 583
tissues by qPCR (Costa and Thompson, 2016). We hypothesize that the detection of VER in 584
non-neuronal tissue could reflect a systemic viremia state of recent trophic acquisition, but we 585
likely underestimate both the prevalence and load of this virus in GoA. The relatively high 586
prevalence in coho salmon might reflect their higher trophic level compared to other salmon 587
species encountered in the GoA (Somov et al., 2019).588

Erythrocytic necrosis virus (ENV) often causes epizootics in Pacific herring but has recently 589
established as a common coastal virus infecting salmon (Pagowski et al., 2019). It was found in 590
lower prevalence in the GoA, potentially due to the more coastal distribution of Pacific herring 591
not commonly found in the open ocean limiting transmission potential.592

The meso/mycetozoea protist Sphaerothecum destruens, transmitted in fresh water in a broad 593
host range of fish, was found at significantly elevated prevalence in sockeye salmon (Gozlan et 594
al., 2009). Infection results in splenomegaly and nephromegaly and causes anemia (Elston, 595
Harrell and Wilkinson, 1986). The elevated prevalence in sockeye in the GoA might be a stock 596
of origin, as the GoA has a high proportion of Alaskan-origin fish that harbor this infection,597
compared to the prevalence of BC-origin fish in the coastal database. 598

Ichthyobodo sp. was detected at high prevalence in pink, chum, and coho salmon. This 599
ectoparasite has been shown to be a major factor influencing chum survival at sea in the 600
western Pacific (Urawa, 1993; Mizuno et al., 2017).601

Interpreting the prevalence data in the GoA compared to coastal British Columbia needs to 602
consider the differences in life stage and season. Gulf of Alaska fish were captured in the 603
middle of their life, whereas coastal salmon from British Columbia were primarily out-migrating 604
post-smolts. As salmon change their diet throughout their life, e.g. increase piscivory, this might 605
impact exposure to trophically transmitted pathogens. The heterogeneity between data sets is 606
especially pronounced for sockeye, pink, and chum salmon that spend most of their life in the 607
open ocean and are only rarely encountered in coastal waters. Coho salmon, on the other hand, 608
are present in coastal waters at all life stages and offer a more robust comparison. Thus,609
seasonal patterns and fish size or age might influence differences in infectious agent 610
prevalence, specifically for sockeye, pink, and chum.611

Infectious agents of freshwater and coastal origin decline in prevalence in the 612

GoA613

Myxozoans, commonly observed in coastal environments, have a life cycle that alternates 614
between fish and invertebrate hosts. Most myxozoans, specifically all Parvicapsula spp., 615
showed reduced prevalence in the GoA as invertebrate hosts such as annelids may be limiting 616
(Yokoyama, Grabner and Shirakashi, 2012; Somov et al., 2019). As Parvicapsula spp. can 617
reduce visual acuity and have been correlated with increased predation, infected individuals 618
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might also be lost from the population (Miller et al., 2014; Nylund et al., 2018). P. kabatai and P. 619
minibicornis both showed stock-specific trends in coho. Tetracapsuloides bryosalmonae, the 620
causative agent of the lethal proliferative kidney disease (PKD) was absent in the GoA, with 621
infected individuals presumably removed from the population (Sterud et al., 2007).622

Pacific salmon parvovirus (PSPV), a DNA virus reported in sockeye salmon with unknown623
pathogenicity, was the highest prevalence virus in the GoA (Miller et al., 2011, 2017; Nekouei et 624
al., 2018). Several novel viruses, Salmovirus and Rhabdo virus, were detected in GoA coho 625
correlating with hypoxia stress and VDD gene expression, as well as a novel Picornavirus in 626
chum (Mordecai et al., 2019, 2020).627

The microsporidian P. theridion (syn. Desmozoon lepeophtherii), infects gill tissue but also the 628
sea louse Lepeophtheirus salmonis that may act as a vector (Nylund et al., 2010; Sveen et al.,629
2012). P. theridion is highly prevalent in coastal salmon in spring and summer but decreases 630
over winter and was only observed in five coho in the GoA (Tucker et al., 2018; Laurin et al.,631
2019; Bateman et al., 2020).632

The bacterium Ca. S. salmonis (Sch), which causes gill impairment, was lower in prevalence in 633
in the GoA (Nylund et al., 2015), as was T. maritimum, the causative agent of mouth rot, 634
presumptively related to the poor outcome of these diseases (Avendaño-Herrera, Toranzo and 635
Magariños, 2006).636

Infectious agent profiles are associated with size and in some species stock of 637

origin638

In chum and coho salmon, infectious agent and gene expression profiles significantly correlated 639
with size, suggesting that many infectious agents are either shed during maturation or that 640
infected individuals are lost from the population due to mortality. Alternatively, differing prey 641
composition (Losee et al., 2014) or age-dependent mixture such as in chum where Asian-origin 642
fish are absent from the first-year age class might explain these trends. Coho salmon showed 643
stock-specific differences in infectious agent profile, with stocks from the contiguous United 644
States showing distinct infectious agent profiles compared to stocks from Northern British 645
Columbia and Alaska.646

Prey availability and temperature are correlated with immunosuppression and 647

higher pathogen prevalence in Pacific salmon in the Gulf of Alaska 648

Changes of the physical environment experienced by salmon at sea based on daily travel rates 649
are negligible (0-1% on average: Sup. Table 4, Sup. Fig 11) in relation to the speed of gene 650
expression changes that can occur in response to stress in salmonids (Ogura and Ishida, 1992; 651
Ogura and Ishida, 1995; Houde, Akbarzadeh, et al., 2019). While the abundance of prey items 652
was more spatially variable (3-28% changes per day on average: Sup. Table 4, Sup. Fig 11), 653
the movement of salmon at sea is not random and salmon are expected to remain in prey rich 654
areas, once found, thus the correlation of gene expression with prey group presence might be 655
stronger than apparent from prey distribution.656
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Fit-Chip analysis in all species showed large-scale changes in gene expression, specifically 657
from biomarker panels involved in immune response (immune stimulation, inflammation, viral 658
disease development [VDD]). In pink and to a lesser degree in coho salmon, primarily caught in 659
warmer waters on the southern border of the survey area, reduced gene expression correlated 660
with warmer temperatures and reduced prey availability. This could be an indicator of higher 661
metabolic demands in malnourished individuals. In chum and sockeye, gene expression 662
correlated positively with temperature, while low prey availability still showed a negative 663
correlation. At lower temperatures, gene expression may simply reflect the correlation of 664
metabolic activity with temperature in ectothermic animals. Alternatively, individuals at higher 665
latitudes (i.e., colder waters) were experiencing extremely high abundance of the northern sea 666
nettle Chrysaora melanaster, a large jellyfish (Pakhomov et al., 2019). Thus, temperature might 667
act as a proxy for the impact these large jellyfish had on zooplankton communities thereby668
affecting lower trophic level salmon in the north of the GoA. Indeed, chum followed by sockeye 669
had the lowest stomach fullness indices (Somov et al., 2019).Individuals with reduced 670
expression of most immune response genes are effectively immunosuppressed. 671
Immunosuppression was correlated inversely with the biomass of the primary prey groups as 672
determined by stomach content in all species except sockeye where small zooplankton had a 673
larger effect than euphausiids, the dominant stomach content of sockeye (Somov et al., 2019).674
Immunosuppression was strongly correlated with Relative Infection Burden (RIB) in chum and 675
pink salmon, and to a lesser degree in coho and sockeye. Pink salmon also showed a protective 676
effect of high condition factor that countered immunosuppression and RIB. 677

Multiple ecological relationships could explain the observed link between energetics (prey 678
availability), immunosuppression, RIB, and temperature. Low prey availability could drive 679
salmon into energetic deficit, to which they respond by suppressing the immune system, a 680
common response to malnutrition in many vertebrates (Latshaw, 1991; Lord et al., 1998).681
Similar observations have been made in steelhead / rainbow trout, where fish exhibit distinct 682
immunity and energetic programs in response to smoltification and migration (Sutherland et al.,683
2014), as well as in Atlantic salmon where starvation negatively impacted immune response to 684
bacterial infection (Martin et al., 2010). Strikingly, immunosuppression has recently been 685
associated with mortality in Atlantic salmon (Krasnov et al., 2020). Immunosuppression would 686
make salmon more susceptible to pathogens, explaining the elevated infectious agent loads. 687
Immunosuppression could also explain the absence of immune response to pathogens such as 688
Ca. B. cysticola and S. destruens, suggesting that these are opportunistic pathogens with 689
elevated prevalence in immunosuppressed individuals. Since condition factor was inversely 690

have acted protectively, 691
as such individuals are less likely to suffer from energy deficit, thus are immunocompetent and 692
able to fend off infections. 693

This interpretation is corroborated by field observations, where prey groups showed 694
heterogeneous distributions with little overlap and sockeye and chum salmon exhibited poor 695
feeding condition (Pakhomov et al., 2019; Somov et al., 2019). Specifically in chum, extremely 696
low condition factors individuals were caught where the average water temperature were more 697
than half a degree warmer than their preferred range (Fukuwaka, Sato and Takahashi, 2007).698
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Unusually warm temperatures and stratification during the weak 2018/19 El Niño event -699
conditions previously hypothesized to disrupt open-ocean food webs and reduce prey 700
availability (Rand, 2002; NOAA, 2021) - could have driven the observed energy deficits of many 701
salmon in the study area by reducing primary production or altering zooplankton communities.702
Accordingly, salmon in the survey area were observed to orientate towards structural elements 703
of the water column as well as mixed layer depth, presumably to improve their energetic 704
balance at more favorable environments (Pakhomov et al., 2019; Radchenko, Somov, and 705
Kanzeparova, 2019). Alternatively, pathogen exposure associated with certain temperature 706
regimes could result in impaired foraging and thereby cause energetic deficits and 707
immunosuppression. 708

The Fit-Chip technology was developed and validated on the premise of recognizing specific 709
responses based on consistent patterns of coactivation of as few as 7 curated biomarkers 710
(Miller et al., 2017; Houde et al., 2019; Akbarzadeh et al., 2020). However, in the GoA only a 711
subset of any given biomarker panel was co-activated in the first four principal components of 712
gene expression. The observed trends in gene expression were primarily large-scale changes in 713
global gene expression, such as is typical to immunosuppression, rather than responses to 714
specific stressors. One caveat is that this study did not employ known health status controls for 715
different stressors to classify stressor status in individual fish, as these were not available 716
across all four species at the time. We can thus only identify relative differences, rather than 717
classify individuals into specific stressor categories. Refinements of Fit-Chip technology718
including species-specific stress standards and classification systems are underway.719

Cumulative effects of ocean conditions, prey availability, and infectious agents 720

could impact overwintering salmon in the Gulf of Alaska and highlight challenges 721

in a warming ocean722

We presented the first comprehensive overview of the health and condition of Pacific salmon at 723
the end of the winter in the open Eastern Pacific Ocean. We highlight overall trends in pathogen 724
profiles and identify key pathogens present in the open ocean. Further, we find that all species 725
are influenced by energetic constraints correlated with reduced prey availability that was 726
associated with immunosuppression and increased pathogen burden. All species investigated 727
exhibit signs of cumulative effects of stressors, with ocean conditions and prey availability being728
the primary associated factors. This highlights the impacts a warming ocean could have on729
winter survival at sea in the face of climate change, specifically in the northern part of the GoA 730
that experienced a large sea surface temperature abnormality in 2019 (Hinch et al., 1995; Miller 731
et al., 2014). Warming, with its downstream effects on salmon energetics, could be especially 732
disruptive in the GoA, where overwintering salmon from both sides of the Pacific basin 733
congregate due to its homogeneous environment (Rand, 2002; Beacham et al., 2009; Litzow et 734
al., 2018).735

With many wild Pacific salmon populations declining in abundance and productivity, interest in 736
resolving factors that limit salmon survival at sea is strong. Most of what we understand about 737
salmon comes from studies along the coastal margin. The present study provides the first 738
detailed insight into the health and condition of Pacific salmon in the open ocean during the 739
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winter. This work will serve as a baseline for future evaluation of the ability of the Northeast740
Pacific to support salmon populations of North America and Asia.741

 742
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Tables1011

Table 1: Primers and probes utilized in the infectious agents and pathogen screen.1012

Table 2: Primers and probes utilized in the Fit-Chip biomarker gene expression survey.1013
Biomarker panel abbreviations: ImMort: Imminent Mortality; Hypox: Hypoxia; ImmSt: Immune 1014
stimulation; VDD: Viral Disease Development; MorRel: Mortality related signature; GenStr: 1015
General Stress; TherStr: Thermal Stress; Infl: Inflammation; ClLev: Cl Levels; OsStr: Osmotic 1016
Stress; Growth: Growth hormone expression.1017

Table 3: Data queried for correlation with gene expression and pathogen profiles.1018
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Figures1020

Figure 1: Comparison of selected infectious agents and pathogens with high prevalence in the 1021
Gulf of Alaska and Coastal BC. Asterix indicates significant differences in prevalence in the GoA 1022

1023
analysis for the respective species (coastal : GoA). See Table 1 for infectious agent and 1024
pathogen abbreviations and Sup. Table 3 for all prevalences.1025

1026

Figure 2: (a): Selected pathogens showing extremely high loads in samples from the Gulf of 1027
Alaska: ic_hof: Ichthyophonus hoferi, lo_sal: Loma sp., ver: Viral encephalopathy and 1028
retinopathy virus. (b): Relative infection burden of salmon in the GoA compared to coastal BC 1029
(mean value, SD, and n). (c): Shannon diversity of infectious agents and pathogens of salmon in 1030
the GoA compared to coastal BC (mean value, SD). Asterix indicates significant differences with 1031
a t-test p < 0.05.1032

1033
1034

Figure 3: Gene expression and pathogen profile heatmap of overwintering salmon in the Gulf of 1035
Alaska. Gene expression of salmon is depicted in the left heatmap, where the relative delta-1036
delta cycle threshold value (RddCt) detected in the Fit-Chip analysis is shown (blue to red) and 1037
individuals (rows) are hierarchically clustered based on similarities in gene expression 1038
(dendrogram and cluster number on left). Columns correspond to genes and are sorted by Fit-1039
Chip biomarker panel (color scheme above). Load of pathogen detections associated with the 1040
individuals are depicted on the right heatmap in relative cycle threshold value (RelCt, black to 1041
red). Annotation graphs to the far right show Relative infection Burden (RIB), temperature (TEM) 1042
at the capture site, dissolved oxygen saturation (DO), and zooplankton size class abundance 1043
(ZooS/L).1044

1045

Figure 4: Gene expression analysis of salmon captured in the Gulf of Alaska during the winter 1046
2019. (a), (b): chum, (c), (d): sockeye, (e), (f): coho, (g), (h): pink. PCA plot of gene expression 1047
is overlaid with meta-data (infectious agents, intrinsic variables, and environmental metadata). 1048
Dots depict individual salmon. Annotations (bold black) show superimposed data correlating 1049
with differential gene expression. Only data with a correlation significance of p < 0.05 are shown 1050

e expression influence summarized by biomarker panels are indicated 1051
by the colored vectors (see main text for description of specific biomarkers driving these 1052
findings). For a full figure depicting individual genes see Sup. Fig. 9. For a full list of infectious 1053
agent abbreviations and corresponding factors see Table 1.1054

1055

Figure 5: Association of primary prey species biomass, Relative Infection Burden, and 1056
temperature with gene expression in the Gulf of Alaska during the winter 2019. Primary prey 1057
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species such as euphausiids, hydromedusae, and pteropods are highlighted in relation to 1058
immunosuppression (Imm_Sup: inverse vector of summarized biomarker panels immune 1059
stimulation, inflammation and viral disease development).1060

1061

Figure 6: NMDS of infectious agent profile overlaid with corresponding gene expression, 1062
intrinsic and environmental metadata. Dots depict individuals and infectious agent vectors are 1063
indicated by the infectious agent abbreviation (see Table 1 for abbreviations). Corresponding 1064
superimposed data with a significance of p<0.05 is depicted.1065

1066
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Figure 1: Comparison of selected infectious agents and pathogens with high prevalence in the Gulf of Alaska 
and Coastal BC. Asterix indicates significant differences in prevalence in the GoA with Fisher’s exact test 
p<0.05. Ratio under species indicates the number of salmon in the analysis for the respective species 
(coastal : GoA). See Table 1 for infectious agent and pathogen abbreviations and Sup. Table 1 for all 

prevalences. 
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Figure 3: Gene expression and pathogen profile heatmap of overwintering salmon in the Gulf of Alaska. 
Gene expression of salmon is depicted in the left heatmap, where the relative delta-delta cycle threshold 

value (RddCt) detected in the Fit-Chip analysis is shown (blue to red) and individuals (rows) are 
hierarchically clustered based on similarities in gene expression (dendrogram and cluster number on left). 
Columns correspond to genes and are sorted by Fit-Chip biomarker panel (color scheme above). Load of 
pathogen detections associated with the individuals are depicted on the right heatmap in relative cycle 
threshold value (RelCt, black to red). Annotation graphs to the far right show Relative infection Burden 

(RIB), temperature (TEM) at the capture site, dissolved oxygen saturation (DO), and zooplankton size class 
abundance (ZooS/L). 
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Figure 4: Gene expression analysis of salmon captured in the Gulf of Alaska during the winter 2019. (a), 
(b): chum, (c), (d): sockeye, (e), (f): coho, (g), (h): pink. PCA plot of gene expression is overlaid with 
meta-data (infectious agents, intrinsic variables, and environmental metadata). Dots depict individual 

salmon. Annotations (bold black) show superimposed data correlating with differential gene expression. Only 
data with a correlation significance of p < 0.05 are shown unless noted with “*”. Gene expression influence 

summarized by biomarker panels are indicated by the colored vectors (see main text for description of 
specific biomarkers driving these findings). For a full figure depicting individual genes see Sup. Fig. 9. For a 

full list of infectious agent abbreviations and corresponding factors see Table 1. 
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Figure 5: Association of primary prey species biomass, Relative Infection Burden, and temperature with 
gene expression in the Gulf of Alaska during the winter 2019. Primary prey species such as euphausiids , 

hydromedusae , and pteropods are highlighted in relation to immunosuppression (Imm_Sup: inverse vector 
of summarized biomarker panels immune stimulation, inflammation and viral disease development). 
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Figure 6: NMDS of infectious agent profile overlaid with corresponding gene expression, intrinsic and 
environmental metadata. Dots depict individuals and infectious agent vectors are indicated by the infectious 
agent abbreviation (see Table 1 for abbreviations). Corresponding superimposed data with a significance of 

p<0.05 is depicted. 
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