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Infectious agents and gene expression differ between sockeye
salmon (Oncorhynchus nerka) smolt age classes but do not
predict migration survival
Christine F. Stevenson, Arthur L. Bass, Nathan B. Furey, Kristina M. Miller, Shaorong Li,
Erin L. Rechisky, Aswea D. Porter, David W. Welch, and Scott G. Hinch

Abstract: In some salmonid populations, multiple smolt age classes co-emigrate owing to variation in the duration of freshwater
residence. While it is assumed that smolts prolong freshwater residence to maximize survival, infectious agent profiles and host
gene expression (GE) have not been compared between concurrently migrating age classes. We coupled molecular assays of gill
samples from nonlethally biopsied Chilko Lake sockeye salmon smolts with acoustic telemetry to study variation in infectious
agent profiles and GE between age classes and survival groups. Although neither infectious agent profiles or GE were associated
with survival, age-2 smolts exhibited higher mortality in the first 14 km of the downstream migration. There were measurable
differences between the age classes in GE and the prevalence and load of “Candidatus Branchiomonas cysticola”, a bacterium
commonly found in British Columbia salmonids. Relative to age-1 smolts, age-2 smolts displayed elevated GE related to inflam-
mation and a molecular-based mortality-related signature. Although not associated with migration failure in this study, these
patterns of GE are suggestive of mortality and could have implications for smolt survival.

Résumé : Dans certaines populations de salmonidés, des saumoneaux de différentes classes d’âge émigrent ensemble en raison
de variations du temps de résidence en eau douce. S’il est présumé que les saumoneaux prolongent leur résidence en eau douce
afin de maximiser leur survie, les profils d’agents infectieux et l’expression génétique (EG) d’hôtes de différentes classes d’âge
migrant ensemble n’ont pas été comparés. Nous avons jumelé des analyses moléculaires d’échantillons de branchies prélevés de
manière non létale de saumoneaux de saumon rouge du lac Chilko à la télémétrie acoustique afin d’étudier les variations des
profils d’agents infectieux et de l’EG entre classes d’âge et groupes de survie. Bien que ni les profils d’agents infectieux ni l’EG ne
soient associés à la survie, les saumoneaux de 2 ans présentaient une mortalité plus grande dans les premiers 14 km de la
dévalaison. Il y avait des différences mesurables entre les classes d’âge sur le plan de l’EG et de la prévalence et de la charge de
« Candidatus Branchiomonas cysticola », une bactérie répandue dans les salmonidés en Colombie-Britannique. Par rapport aux
saumoneaux de 1 an, les saumoneaux de 2 ans présentaient une EG élevée associée à l’inflammation et une signature reliée à une
mortalité à base moléculaire. Bien qu’ils ne soient pas associés à l’échec de la migration dans la présente étude, ces motifs d’EG
indiqueraient une mortalité et pourraient être importants pour la survie des saumoneaux. [Traduit par la Rédaction]

Introduction
The seaward migration of juvenile anadromous Pacific salmon

smolts (Oncorhynchus spp.) is an impressive annual event in which
millions of fish travel from freshwater rearing areas to marine
environments. During this period, smolts undergo metabolically
and physiologically demanding processes in preparation for the
transition to saltwater and are exposed to new environments,
shifting predators, and a plethora of pathogens (Miller et al. 2014;
Tucker et al. 2018). Consequently, mortality rates are typically
higher than at other stages of the salmon life cycle (Bradford
1995). In particular, predation (Ruggerone and Rogers 1984;
Hostetter et al. 2012; Cavallo et al. 2013), prey availability (Beamish
and Mahnken 2001; Hertz et al. 2016), and environmental condi-
tions (Beamish and Mahnken 2001; Friedland et al. 2014) have
been considered primary influences on smolt survival. Small size
and slower growth rates are often associated with increased smolt

mortality (Beckman et al. 1999; Beamish et al. 2004; Farley et al.
2007). Moreover, osmotic stress can impair fish that are inade-
quately prepared for saltwater transition (Brauner et al. 1992;
Handeland et al. 1996). Other aspects of salmon condition, includ-
ing infection, stress, and immune system activity, can also affect
smolt survival (Hostetter et al. 2011; Van Gaest et al. 2011; Ferguson
et al. 2012; Jeffries et al. 2014). However, linking fish health and
condition with migration success is difficult because mortalities
are rarely observable in the wild (Bakke and Harris 1998; Miller
et al. 2014).

Within the Oncorhynchus genus, sockeye (O. nerka), coho (O. kisutch),
and Chinook (O. tshawytscha) salmon, and steelhead trout (O. mykiss)
all demonstrate some variability in age at smolting (Groot and
Margolis 1991). Studies comparing survival of different smolt age
classes from the same population have found that older smolts
fare better than younger smolts (Bugert et al. 1997; Theriault et al.
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2010), while within age classes, multiple studies have shown that
“bigger is better” for out-migrating smolts (Ward et al. 1989;
Henderson and Cass 1991; Tomaro et al. 2012). On the other hand,
although few studies have contrasted infectious agents among
smolt age classes, it is likely that fish residing longer in freshwater
environments are more likely to be exposed to freshwater infec-
tious agents. This could lead, for example, to elevated prevalence
(Romer et al. 2013) or infectious load in older smolts, as well as the
development of adaptive immune components (Arkoosh and
Kaattari 1991).

Chilko Lake sockeye salmon, which rear in freshwater for 1 or
2 years, are one of the largest wild populations in the Fraser River
watershed and are a key “indicator stock” for sockeye salmon
management in British Columbia (Cass 2000; Irvine and Akenhead
2013). Chilko Lake sockeye salmon smolts are generally composed
of 96% age-1 and 4% age-2; a study spanning 50 years indicated that
smolt to adult survival did not differ between these age classes
(Irvine and Akenhead 2013). Telemetry-based survival estimates
for Chilko smolts, all based on age-2 fish, were 4%–14% during
downstream migration and through the Salish Sea (1044 km mi-
gration to open ocean; Clark et al. 2016; Rechisky et al. 2019).
Survival was lowest in the first 14 km of the Chilko River (10%–26%;
Clark et al. 2016; Rechisky et al. 2019). In particular, smolts posi-
tive for infectious haematopoietic necrosis virus (IHNV) experi-
enced low survival in this section of river (Jeffries et al. 2014), but
this finding is based on age-2 smolts in a single year. It is not
known if a similar phenomenon occurs in the more abundant and
smaller age-1 smolts.

This study aimed to identify links between infectious agents,
physiological state (i.e., immune and stress responses, and osmo-
regulatory preparedness), and survival for both age classes of out-
migrating Chilko Lake sockeye smolts. We collected nonlethal gill

biopsies from acoustic-tagged Chilko smolts that were tracked
over the first >1000 km of their migration. Using molecular meth-
ods, gill biopsies were screened for infectious agents and the ex-
pression of host stress and immune genes. We directly compared
infectious agent prevalence and load, gene expression (GE), and
survival between tagged age-1 and age-2 smolts. We predicted that
smolts carrying key infectious agents known to cause disease in
juvenile salmon, such as IHNV, and (or) with GE profiles indicat-
ing immune activation and (or) stress responses would experience
reduced survival.

Methods

Study system
Chilko Lake is a 180 km2 lake in British Columbia, Canada, and

is located in the Fraser River watershed 660 km upstream from
the Pacific Ocean (Fig. 1). Up to 70 million sockeye salmon smolts
exit the lake during spring each year and migrate downstream
into the Chilko and Chilcotin rivers, through the Fraser River, and
into the Salish Sea. Smolts then predominantly travel northwest
through the Discovery Islands, Johnstone Strait, and Queen Char-
lotte Strait before moving offshore into the open Pacific Ocean
(Fig. 1). Fisheries and Oceans Canada (DFO) have estimated daily
smolt abundances during the out-migration period since the
1950s using an enumeration fence located at the outlet of the lake.

Acoustic tagging and gill biopsies
Acoustic tagging and gill biopsy methods were performed fol-

lowing procedures outlined in Jeffries et al. (2014) and Healy et al.
(2018). The cutoff fork length (FL) between age-1 and age-2 smolts,
as determined by DFO biologists from scale aging, was 107 mm
(Brian Leaf, DFO, personal communication), and we avoided se-

Fig. 1. Study area for Chilko Lake sockeye salmon smolts in 2016. Blue star represents the release site. Yellow circles and lines represent
either individual receivers or receiver arrays able to detect V7 (69 kHz) tags. Red circles and lines represent individual receivers or receiver
arrays able to detect V4 (180 kHz) and V7 tags (used in age-1 and age-2 smolts, respectively). The immediate mortality group was not detected
after release, the river mortality group was detected at any receivers prior to the Fraser River mouth but not beyond (B–F), and river survivors
were detected at the Fraser River mouth or beyond (G–K). Map data sources: Esri; lakes and bathymetry: Government of Canada (Natural
Resources Canada); Fraser River: Government of British Columbia (Ministry of the Environment). [Colour online.]
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lecting smolts close to this length to prevent misclassification.
Two hundred age-1 (85–100 mm FL) and 99 age-2 (117–143 mm FL)
smolts were collected from the DFO enumeration fence (17–
23 April 2016) and surgically implanted with acoustic transmitters
(Table 1). As Chilko smolts primarily migrate at night, smolts were
collected between 2200 and 0230 and were held until morning in
a covered �200 L flow-through tank. Age-1 smolts were implanted
with VEMCO V4 transmitters (180 kHz, 3.6 mm height, 5.7 mm
width, 11 mm length, 0.42 g in air) and age-2 smolts with VEMCO
V7 transmitters (69 kHz, 7 mm diameter, 18 mm length, 1.4 g in
air). Prior to surgery, smolts were anaesthetized in 100 mg·L−1

tricaine methanesulfonate (MS-222) mixed with 200 mg·L−1

NaHCO3 buffer for �1–2 min. Mass (g) and fork length (FL; mm)
were measured before smolts were transferred into a V-shaped
trough on a surgery table, where they were biopsied (see below)
prior to surgery. A maintenance dose of MS-222 (50 mg·L−1) buff-
ered with NaHCO3 (100 mg·L−1) flowed continuously over the gills
to maintain sedation during surgery. All water baths were contin-
uously aerated, and temperatures were maintained within 4 °C of
the river temperature. Tags were inserted into the abdominal
cavity through a �6 mm (V4 tag in age-1) or 7 mm (V7 tags in age-2)
incision on the mid-ventral line. Incisions were closed using one
suture (Ethicon Monocryl 5-0 monofilament with a 3/8 circle re-
verse cutting 13 mm (P-3) needle) for age-1 smolts, and two inter-
rupted sutures for the larger incision on age-2 smolts.

Using epoxy-coated carbon steel bone-cutting forceps, we col-
lected nonlethal biopsies of �1 mm of tissue from the ends of
2–3 gill filaments from half of the tagged age-1 smolts (n = 100) and
from nearly all the tagged age-2 smolts (n = 89). Forceps were
sterilized between each smolt. We used gill tissue because it can
be removed without affecting smolt survival (Jeffries et al. 2014)
and is sufficient for identifying infectious agents and changes in
GE (Jeffries et al. 2014; Healy et al. 2018). Gill biopsies were placed
in sterile vials containing RNAlater (Life Technologies, Grand Is-
land, New York) and stored at –20 °C for 2 weeks before being
frozen at –80 °C prior to laboratory work. After surgery, smolts
were transferred to an in-river release pen located below the
counting fence and near the center of the river. Smolts were al-
lowed to recover for an average of �11 h before being released at
midnight. Surgeries and biopsy procedures took an average of
3 min per fish.

Acoustic telemetry array framework
Tagged smolts were detected by dual-frequency acoustic re-

ceiver arrays (VEMCO VR2W, VR3, and VR4; 69 and 180 kHz) de-
ployed along the migration route (Fig. 1). Array A was located near
the release pen (i.e., 0 km from release) and Array B was 14 km
downstream in the Chilko River. Arrays C (79 km) and D (178 km)
were in the Chilcotin River. Arrays E (599 km), F (627 km), and G
(658 km) were in the lower Fraser River and into the estuary.
Marine arrays H (800 km; Northern Strait of Georgia), I (875 km;
Discovery Islands), J (944 km; Johnstone Strait), and K (1044 km;
Queen Charlotte Strait) were located in the marine area between
Vancouver Island and mainland British Columbia. The marine
arrays were maintained by the Ocean Tracking Network and Kin-

tama Research Services. Both age-1 and age-2 smolts could be de-
tected on all arrays, with the exception of Array K (the final array),
which could only detect 69 kHz tags in the age-2 fish. Therefore,
Array J was the last array along the migration route able to detect
both age classes. In addition, only a few receivers on Array H were
able to detect both tag types, with the majority only detecting
69 kHz tags. Consequently, no age-1 smolts (180 kHz tags) were
detected by Array H. An array with 69 kHz receivers also exists in
the Juan de Fuca Strait, but did not detect any smolts. Over 4 years
of study and >1850 acoustically tagged smolts, the Juan de Fuca
Strait receiver has only ever detected three smolts (all in 2011;
Clark et al. 2016). Receiver efficiency is presented in Supplemen-
tary Table S21.

Molecular methods
Gill tissue biopsies were analyzed using high-throughput re-

verse transcriptase quantitative polymerase chain reaction (HT
RT-qPCR) on the Fluidigm BioMark HD platform (Fluidigm, San
Francisco, California, USA) at the Molecular Genetics Laboratory
at the DFO Pacific Biological Station, Nanaimo, British Columbia.
We screened for the presence of 16 salmon infectious agents
known from previous studies to infect gill tissue of adult salmon
migrating in freshwater (Tables 2 and S11) and ran these assays in
duplicate. These infectious agents are suspected or known to
cause disease in Pacific salmon (Jeffries et al. 2014; Miller et al.
2014, 2016). We also assessed 59 host genes, including genes
(Tables 3 and S11) associated with stress response, immune de-
fense, and osmoregulatory preparedness, as well as gene panels
predictive of viral disease (Miller et al. 2017) or associated with
premature mortality (Miller et al. 2011). Host genes were run sin-
gularly on cDNA from gill tissue biopsies, along with three refer-
ence genes run in duplicate (Table 3; Miller et al. 2016; Teffer et al.
2017).

Gill tissue samples were homogenized using TRI-reagent (Am-
bion Inc., Austin, Texas) and 1-bromo-3-chloropropane was added
to the homogenate. Aliquots of the aqueous phase (100 �L) were
then dispensed into 96-well plates. Total RNA was extracted using
the “spin method” for MagMAX-96 for Microarrays Total RNA Iso-
lation kits (Ambion Inc., Austin, Texas) on a Biomek FXP liquid
handling instrument (Beckman-Coulter, Mississauga, Ontario,
Canada), as described in Miller et al. (2011) and Jeffries et al. (2014).
DNase treatment was used to prevent DNA contamination. RNA
quality was assessed by measuring the A260/A280 ratio via spectro-
photometry. RNA was normalized to 62.5 �g·mL−1 so that 1 �g of
RNA was used to synthesize cDNA (SuperScript VILO MasterMix,
Life Technologies).

The cDNA (1.25 �L) from each gill sample was pre-amplified
with primer pairs corresponding to all 76 assays in a 5 �L reaction
mix using TaqMan PreAmp Master Mix (Life Technologies), follow-
ing the BioMark protocol, to increase sensitivity of the small assay
volume (7 nL) used on the BioMark platform. Following specific
target amplification, unincorporated primers were eliminated us-
ing ExoSAP-IT PCR Product Cleanup (MJS BioLynx Inc., Ontario,
Canada). Gill samples were then diluted 1:5 in DNA Suspension
Buffer (TEKnova, Hollister, California). An assay mix containing

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2019-0113.

Table 1. Summary of tagged and released Chilko Lake sockeye salmon smolts in 2016.

Age class No. tagged No. gill-clipped

Fork length (mm) Mass (g) Tag burden (%)

Mean (±SD) Range Mean (±SD) Range Mean (±SD) Range

Age-1 200 100 93 (±3.8) 85–100 5.9 (±0.7) 4.2–7.6 7.3 (±1.0) 5.5–9.9
Age-2 99 89 128 (±5.7) 117–143 15.3 (±2.2) 10.6–20.9 10.7 (±1.6) 7.7–14.9

Note: Gill-clipped refers to a nonlethal gill biopsy for infectious agent and gene expression analysis. Non-gill-clipped smolts were used by Stevenson et al. (2019) in
combination with gill-clipped smolts to estimate survival using Cormack–Jolly–Seber mark–recapture models.
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9 �mol·L−1 primers and 2 �mol·L−1 probes was prepared for all
assays. Positive and negative controls were included at each step
in the protocol to monitor the potential for false-negative and
false-positive results. A serial dilution of artificial positive con-
structs (APC clones) containing all infectious agent assays was run
as six samples on each dynamic array. The APC clones contained
an additional probe (labelled with fluorescent dye VIC) that al-
lowed for the detection of contamination that could be caused by
the high copy number clones. For biomarker assays, five 3× serial
dilutions of pooled host pre-amplified cDNA were run on each
dynamic array (Miller et al. 2016). Host gene assay efficiencies
were calculated using the serial dilution of host cDNA and infec-
tious agent assay efficiencies were calculated using the APC clone
serial dilution.

The qPCR assays and individual samples were loaded onto
96.96 dynamic arrays and run on the BioMark platform. The same
distribution of assays was used for each array and smolt samples
were randomly stratified among arrays. The 2× Assay Loading
Reagent (Fluidigm) was mixed with primer pairs and probes to
make 5 �L (per well) of assay loading mix. A 5 �L sample loading
mix was prepared using 2× TaqMan Gene Expression Master Mix
(Life Technologies), 20× GE Sample Loading Reagent, and 2.7 �L of
pre-amplified cDNA. The reaction mixes were added to the assay
and sample inlets of the dynamic array as per the manufacturer’s
protocols. After loading the assays and samples into the chip by an
IFC controller HX (Fluidigm), PCR was performed under the fol-
lowing conditions: 50 °C for 2 min, 95 °C for 10 min, followed by
40 cycles of 95 °C for 15 s and 60 °C for 1 min.

Cycle threshold (CT) for each assay was determined using the
BioMark Real-Time PCR analysis software (Fluidigm, www.fluidigm.
com). For infectious agent assays, samples with detection in only
one of the duplicates were removed, and duplicates were aver-
aged. Contaminated samples (indicated by VIC positives) were
removed. Amplification curves of all assays were visually assessed
for any irregularities, consistency between replicates, and con-
tamination. R statistical software (R Core Team 2017) was used to
calculate the efficiencies for each assay using the slope of a regres-
sion between CT values and serial dilutions. We removed values
that were not distinctly within the linear relationship, often ei-
ther the lowest or highest RNA concentrations, to improve accu-
racy of assay efficiency estimates and (or) R2 values. Only assays
with an amplification factor of 1.80–2.20 (i.e., efficiencies of 80%–
120%), an R2 value of ≥0.98, and with normally shaped amplifica-

tion curves were used in analyses. Consequently, all 17 infectious
agents, and 46 of the 59 biomarkers were included. Minimum
average CT values indicating infectious agent detection with high
statistical certainty for each specific infectious agent assay (95% of
the time, a.k.a. limit of detection (LOD)), were defined by Miller
et al. (2016). Because the BioMark platform is very sensitive and we
were performing exploratory research, we did not remove posi-

Table 2. Infectious agents assayed by high-throughput reverse tran-
scriptase quantitative polymerase chain reaction analyses on age-1
and age-2 Chilko Lake sockeye salmon smolts collected in 2016.

Assay
abbreviation Infectious agent name

Taxonomic
classification

c_b_cys “Candidatus Branchiomonas cysticola” Bacteria
de_sal Dermocystidium salmonis Mesomycetozoea
fl_psy Flavobacterium psychrophilum Bacteria
ic_mul Ichthyophthirius multifiliis Protozoa
ihnv Infectious hematopoietic necrosis virus Virus
lo_sal Loma salmonae Microsporidia
pa_min Parvicapsula minibicornis Myxozoa
pa_pse Parvicapsula pseudobranchicola Myxozoa
pa_ther Paranucleospora theridion

(Desmozoon lepeophtherii)
Microsporidia

pch_sal Piscichlamydia salmonis Bacteria
prv Piscine reovirus Virus
pspv Pacific salmon parvovirus Virus
rlo Rickettsia-like organism Bacteria
sch Salmon (gill) chlamydia Bacteria
te_bry Tetracapsuloides bryosalmonae Myxozoa
ye_ruc Yersinia ruckeri Bacteria

Note: Primer and probe sequences, as well as assay amplification factor, are
available in Supplementary Table S11.

Table 3. Host genes assayed by high-throughput reverse transcriptase
quantitative polymerase chain reaction analyses on age-1 and age-2
Chilko Lake sockeye salmon smolts collected in 2016.

Assay
abbreviation Gene name

Type or
function

52RO 52 kDa Ro protein-2 VDD
ACTB_v1 �-Actin OSM
C1Qc Complement C1qC chain APR
C3_onmy Complement factor C3 APR
C7 Complement component C7 precursor APR
CA054694 Mitochondrial ribosomal protein VDD
CA4_v1 Carbonic anhydrase 4 OSM
CCL4_v1 CC chemokine 4 CMR
CD4 Complement factor C4 CMR
COMMD7 COMM domain-containing protein 7 MRS
DEXH ATP-dependent RNA helicase VDD
FYB FYN-T-binding protein MRS
GAL3 Galectin-3-binding protein precursor VDD
HBA_v1 Hemoglobin subunit � TS
HEP Hepcidin APR
HSC70 Heat shock cognate 70 protein TS
HTA HIV-1 Tat interactive protein MRS
IFI44 A Interferon-induced protein 44-1 VDD
IFIT5 Interferon-induced protein with

tetratricopeptide repeats 5
VDD

IgMs Immunoglobulin CMR
IL-11 Interleukin 11 APR
IL-15 Interleukin 15 CMR
IL-17D Interleukin 17D APR
IL-1B Interleukin 1 � APR
IL-8 Interleukin 8 APR
IRF1 Interferon regulatory factor 1 MRS
JUN Transcription factor TS
KRT8 Cyclokeratin-8 MRS
MHCII-B Major histocompatibility complex class II CMR
MMP13 Matrix metalloproteinase-13 APR
MX_ONTS Antiviral protein VDD
NFX Zinc finger NFX1-type VDD
NKA-a3 Na+/K+ ATPase a3 subunit OSM
NKAa1-a_v2 Na/K ATPase �-1a OSM
NKAa1-b_v2 Na/K ATPase �-1b OSM
PCBL Precerebellin APR
PRAS G-protein MRS
RSAD_MGB2 Radical S-adenosyl methionine domain-

containing protein 2
VDD

SAA Serum amyloid protein a APR
SCG Secretogranin II (Ctenopharyngodon idella) MRS
SRK2_MGB3 Tyrosine-protein kinase FRK VDD
STAT1 Signal transducer and activator of

transcription 1-�/�
VDD

TCRb T-cell receptor � CMR
TF Transferrin APR
VHSV-P10 VHSV-induced protein-10 VDD
VHSVIP4 VHSV-inducible protein-4 VDD
78d16.1P Si:dkey-78d16.1 protein (Danio rerio) REF
COIL Coilin REF
MrpL40 39S ribosomal protein L40 REF

Note: Gene categories include viral disease development (VDD), acute phase
and inflammatory response (APR), cell-mediated response (CMR), osmoregula-
tion and smoltification (OSM), mortality-related signature (MRS), temperature
and stress (TS), and reference genes (REF). Primer and probe sequences, as well as
assay amplification factor, are available in Supplementary Table S11.
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tive detections below the LOD, but present the LOD on figures.
RNA copy numbers of infectious agents were calculated from CT
values measured in samples using the standard curve method on
the curves created using the APC clone dilutions (Larionov et al.
2005). Sockeye salmon gene CTs were converted to relative expres-
sion by normalizing against the average of three reference genes
followed by normalizing against the average for the entire popu-
lation on each chip, with efficiency correction (Pfaffl 2001). Chip
heatmaps were visually assessed for failed assays or samples and
samples with low expression of reference genes were removed.
Thus, a maximum of 170 (n = 85 for both ages) samples were
included in subsequent analyses.

Statistical analysis

Infectious agent presence and GE profiles
Infectious agent prevalence was calculated as the percentage of

individuals testing positive for a given infectious agent. Infectious
agent load was the number of RNA copies of a given infectious
agent in an individual testing positive. To examine differences in
infectious agents between age classes, we compared prevalence
between age classes using Fisher’s exact test. Infectious agent load
was compared between age classes using Student’s t tests (often
log-transformed to reduce skew).

To examine the main trends in sockeye salmon GE, we used an
unsupervised principal component analysis (PCA). The PCA ranks
GE of individual smolts and portrays their contribution (in terms
of variance) to each principal component (PC; i.e., the loading). To
interpret the PCs, genes were categorized into groups broadly
representing putative function. Some of these groups were cu-
rated from previous studies; for instance, genes in the mortality-
related signature (MRS) group (Miller et al. 2011) and the viral
disease development (VDD) group (Miller et al. 2017). We acknowl-
edge that because many genes are pleiotropic, the categorization
here may be simplistic and therefore incomplete. However, by
providing redundancy and focusing on consistent patterns within
gene groups, we believe that our interpretation is appropriate.

To test for differences in stress and immune profiles between
age classes, we used a permutational multivariate analysis of vari-
ance (PERMANOVA) using distance matrices based on Euclidean
distance metric (Anderson 2001). This analysis partitions distance
matrices (gene expression) among sources of variation while fit-
ting linear models (linear predictor = smolt age). The relevant
centroids were identified and the squared deviations from these
points were calculated. The permutation test is based on sequen-
tial sums of squares from permutations of the raw data. The PER-
MANOVA was run using the vegan package (Oksanen et al. 2008)
in R statistical software (R Core Team 2017). To further character-
ize the relationship between GE and age, we compared the first
three PCs (which explained >50% of the variation in the data; see
Results) between smolt ages and tested for differences using t
tests. To investigate GE on an even finer scale, we calculated the
fold change for each gene. Age-2 smolts were normalized against
the age-1 smolts for presentation, but significance was deter-
mined by t tests conducted on GE data normalized as described in
the Methods.

Migration survival
Due to low detection efficiency at some receivers (Table S21), we

chose to categorize smolt detections into three survival groups.
The decision to categorize detections was reinforced by the oppor-
tunity to enable comparisons with the results of Jeffries et al.
(2014). The three survival groups included (1) Imminent Mortality
(IM; smolts not detected at receiver B or beyond), (2) River Mortal-
ity (RM; smolts detected in freshwater (receivers B through D), but
not at the Fraser River mouth array or beyond), and (3) River
Survivor (RS; smolts detected at the Fraser River mouth or be-
yond). Furthermore, we limited the survival groups to freshwater
survival due to few detections in the marine environment

(Table S21). There is some uncertainty in the assignment of the RM
and RS groups because the ability of the receivers at the mouth of
the Fraser River to detect the tagged smolts varied by tag type and
hence by age group (detection efficiency = 43% for age-1 and 68%
for age-2; Stevenson et al. 2019). Therefore, it is likely that some of
the age-1 smolts placed in the RM group actually belong in the RS
group. This does not affect the IM group because the detection
efficiency of the associated receivers was close to 100% for both tag
types. In a concurrent study, we used the Cormack–Jolly–Seber
(CJS) model (and variants; Cormack 1964; Jolly 1965; Seber 1965) to
more formally estimate survival and the associated error, and to
test if gill biopsy affected survival, which it did not (Stevenson
et al. 2019).

Infectious agent prevalence was compared between survival
groups (for ages combined and separately for each age) using Fish-
er’s exact test. We used planned contrasts (total = 9) within a
linear model to test specific hypotheses relating GE (first three
PCs) and infectious agents to survival groups. To test whether
there was an effect of GE or infectious agents on survival, we
contrasted the IM group against the RM and RS groups (separately)
for both smolt ages combined and for each age alone. To test for
differences between smolt ages within each survival group, we
contrasted the age classes for each survival group. For each set
of contrasts, p values were Bonferroni-adjusted. In addition, the
PERMANOVA approach described above was utilized to compare
GE between survival groups (linear predictor = survival category).

Results

Infectious agent presence and GE profiles
Three of the 17 infectious agents assessed were detected in gill

samples: two bacteria, “Candidatus Branchiomonas cysticola” and
Flavobacterium psychrophilum, and one virus, IHNV. “Candidatus
Branchiomonas cysticola” was found in 91% of samples, whereas
F. psychrophilum and IHNV were each present in 9% of samples.
Age-2 smolts had significantly higher prevalence of “Ca. Branchi-
omonas cysticola” (96% versus 85%, Fisher’s exact test, p = 0.02)
and log RNA copies per well (mean= 7.1, SD = 3.7, t[152] = 3.80,
p < 0.001) compared with age-1 smolts (Fig. 2). No significant dif-
ferences were observed between age classes for the other two
agents.

The first PC explained 30% of the total variation in the GE data
and was associated with several genes indicative of a viral disease
state (VDD genes from Miller et al. 2017; i.e., NFX, STAT1, SRK2,
VHSV.P10, DEXH, IFIT5, IFI44A, MX, GAL3, RSAD, VHSVIP4, 52RO,
and CA054694) loading positively together along the PC1 axis
(Fig. 3). PC2 explained 13% of the GE variation and showed positive
loading of genes associated with smoltification and osmoregula-
tory preparedness (NKAa1-b, NKAa1-a, ACTB) and the MRS (defined
in Miller et al. 2011; KRT8, HTA, FYB). PC3 explained 11% of the GE
variation and was dominated by genes from both the adaptive
(cell-mediated; IL-15, IGMS, MHCII-B, CCL4) and innate (acute
phase and inflammatory; IL-8, IL-11, SAA, PCBL) arms of the im-
mune system.

The PERMANOVA of GE by age revealed that GE profiles differed
between age classes (p = 0.01). Age-2 smolts had significantly
higher PC2 (t[168] = 2.59, p = 0.01) and PC3 (t[168] = 4.36, p < 0.001)
scores compared with age-1 smolts, but no difference in distribu-
tion along the PC1 axis. These differences in PCs were concordant
with differences in GE on the level of gene groupings, where genes
from the MRS and acute phase response groups were expressed
higher in age-2 smolts, while there was no difference in VDD
between the ages (Fig. 4). Hemoglobin subunit alpha (HBA) pre-
sented the strongest difference between age classes and was ex-
pressed 2.6 times higher in age-1 smolts (t[168] = 10.67, p < 0.001).

Regardless of age, smolts with IHNV loads over 30 RNA copies
per well (max. = 213 272 RNA copies per well) had high PC1 scores
(Fig. 5A), a pattern indicating that these individuals were in a state
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of viral disease (Miller et al. 2017). Individuals with less than
10 RNA copies per well of IHNV were not distinguishable from the
IHNV-negative population on PC1 (Fig. 5A). It appeared that the
molecular signature of VDD was abruptly expressed somewhere
between 10 and 30 RNA copies of IHNV but had a similar level of
expression across a wide range of IHNV loads (Fig. 5B).

Migration survival
Approximately half of age-2 smolts (44 of 84: 52%) and 27% (22 of

83) of age-1 smolts were assigned to the immediate mortality cat-
egory (IM), indicating mortality between release and Array B

(Fig. 1), located 14 km downstream. Importantly, mortality for
age-2 smolts in this river segment (47% in 2016 by CJS modelling;
Stevenson et al. 2019) was much higher than previously estimated
over 5 years of study (2010–2014, average CJS mortality = 22%, next
lowest single year (2014) = 34%; Rechisky et al. 2019). River mortal-
ity (RM), occurring somewhere between Array B and the Fraser
River mouth, claimed the greatest proportion of age-1 smolts
(35 of 83: 42%) and 15% (13 of 84) of age-2 smolts. However, mortality
for age-1 smolts in the RM category is likely overestimated due to
the lower detection rates of the V4 acoustic tag used in this age

Fig. 2. Infectious agent prevalence and load in Chilko Lake sockeye smolts in 2016, split by smolt age (n = 85 for both ages). Bars represent
infectious agent prevalence and points represent infectious agent load (RNA copies). Dark horizontal lines indicate mean load in each age
group. Dashed lines indicate the assay limit of detection. The asterisk (*) indicates that there was a significant difference in prevalence and
load between age-1 and age-2 smolts for “Candidatus Branchiomonas cysticola”, but not for Flavobacterium psychrophilum and infectious
haematopoietic necrosis virus (IHNV).

Fig. 3. Loading of 46 genes on the first three principal components (PCs) from a principal component analysis of Chilko Lake sockeye salmon
smolts (n = 170; ages combined). Variance explained by PCs: PC1 = 30%, PC2 = 13%, PC3 = 8%. Genes are categorized by putative function in the
context of this study. [Colour online.]
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Fig. 4. Gene expression of Chilko Lake sockeye smolts presented as fold-change (age-2 smolts (n = 79) normalized against age-1 smolts (n = 76)).
Cells contain the mean fold-change relative to age-1 smolts with the 95% confidence interval (geometric mean for both). Orange colored cells
indicate lower gene expression for a given gene in age-2 relative to age-1 smolts, blue cells indicate higher expression, and white cells indicate
neutral. Single and double asterisks (*) indicate significant differences in gene expression at p < 0.05 and p < 0.001, respectively. Genes are
organized by putative function. [Colour online.]

Fig. 5. The relationship between infectious haematopoietic necrosis virus (IHNV) load (RNA copies) and viral disease development genes,
represented by PC1, in Chilko Lake sockeye salmon smolts (n = 170). Panel A shows the separation of smolts with higher infections from the
non-IHNV-positive population in multivariate space based on gene expression. Panel B shows the relationship between IHNV load and PC1,
which does not vary with age. The horizontal dashed line represents the median PC1 value for the IHNV-negative smolts. The vertical solid
line represents the lower cutoff for “high load” smolts from Jeffries et al. (2014). [Colour online.]
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class (at the Lower Fraser receivers). Based on CJS survival esti-
mates (Stevenson et al. 2019), 18% of the age-1 smolts were in the
RM category (Fig. 6). A similar proportion of both ages were cate-
gorized as river survivors (RS) due to detection at the Fraser River
mouth (26 of 83 to 27 of 84: 31%–32%). The CJS survival estimate
indicates that 58% of age-1 smolts were in the RS group (Stevenson
et al. 2019).

For the three infectious agents present, there was no associa-
tion between either prevalence or load and survival (Fig. 6) with
age classes pooled or separately. When separated, age-2 smolts
had significantly higher loads of “Ca. Branchiomonas cysticola”
than age-1 smolts did in both the IM and RS categories (Fig. 6; IM:
t[145] = 3.43, p = 0.01; RS: t[145] = 3.10, p = 0.02). Although there
appeared to be a declining trend in F. psychrophilum prevalence
(Fig. 6), there was no significance between survival groups (Fisher’s
exact test, p = 0.07). IHNV had no apparent or statistically signifi-
cant patterns in prevalence or load across the survival categories,
but interestingly, IHNV prevalence was highest in the furthest
surviving age-1 group.

The PERMANOVA indicated that there was not a significant
difference in the multivariate space of GE between the three sur-
vival categories (p = 0.16). However, there were significant differ-
ences between ages within certain survival categories. Age-2
smolts in the IM group had significantly higher (relative to the
age-1 IM group) scores for PC1, which was representative of VDD
(Fig. 7A; t[161] = 3.03, p = 0.03). For PC3, which was positively asso-
ciated with innate and adaptive immune genes, age-2 smolts had

higher scores than age-1 smolts in the RM group (Fig. 7C; t[161] =
2.95, p = 0.03).

Discussion
This study provides a novel, direct comparison of infectious

agent and transcriptomic profiles between two age classes of mi-
grating sockeye salmon smolts. We found that although “Ca. Bran-
chiomonas cysticola” prevalence and load was higher in age-2
smolts, none of the three detected infectious agents (including
IHNV, which was associated with a GE pattern indicating VDD)
was associated with freshwater migration survival. Similarly,
while groups of genes, including those representing VDD, a MRS,
and inflammation, were expressed higher in age-2 smolts, there
were no associations between GE and survival. However, these
patterns of GE were reminiscent of those associated with salmon
mortality in previous studies (Miller et al. 2011; Jeffries et al. 2014;
Teffer et al. 2017), and age-2 smolts did experience two times
greater immediate mortality (over the first 14 km) than age-1
smolts. Furthermore, survival of age-2 smolts in this section was
the lowest recorded in 6 years of study while age-1 survival was
close to the age-2 multiyear average (Rechisky et al. 2019). Despite
the lack of a significant connection of individual signatures to
migration survival, the measured differences between age classes
may still be biologically meaningful.

As a result of using V4 acoustic tags in age-1 smolts and V7 tags
in age-2 smolts, there were two consequences that may have con-

Fig. 6. Prevalence and load (RNA copies) of infectious agents (A–C) in, and migration survival of (D), Chilko Lake sockeye salmon smolts, 2016
(n: IM age-1 = 22, age-2 = 44; RM age-1 = 35, age-2 = 13; RS age-1 = 26, age-2 = 27). For all panels, imminent mortality (IM) = not detected post
release, river mortality (RM) = detected in freshwater but not at the Fraser River mouth or beyond, river survivor (RS) = detected at Fraser
River mouth or beyond. For panels A–C, bars represent prevalence and points represent load, both split by smolt age. Horizontal lines indicate
mean infectious agent load. In panel A, groups without shared letters have significantly different loads (p < 0.05). In panel D, bars represent
percentage of the total population for each age (blue is age-1, red is age-2) in each survival group and striped lines indicate Cormack–Jolly–Seber
survival estimates from Stevenson et al. (2019). [Colour online.]
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founded associations between survival and infectious agents or
GE. First, age-1 smolts had tag burdens of 5.5%–9.9% while age-2
smolts had tag burdens around 7.7%–14.9%. Higher tag burdens
have been found to impact swimming ability and survival (Collins
et al. 2013), and a concurrent study found reduced survival with
increasing tag burden for age-1 fish, although not in age-2 fish
(Stevenson et al. 2019). Therefore, we cannot rule out the role of
tag burden in the high immediate mortality of age-2 smolts. How-
ever, the finding of varied GE in age classes is unaffected by tag
burden, since tags were inserted after gill biopsy. The second
aspect potentially obscuring results was the low detection rate of
V4 tags in the Lower Fraser River. As revealed by CJS modelling
(Stevenson et al. 2019), it is likely that approximately 25% of the
age-1 smolts assigned to the RM group in this study actually be-
longed in the RS group. This difference in tag detectability could
have hidden, or inflated, differences in infectious agents or GE
between the age classes in the RM or RS groups. It is possible that
prevalence of all or any of the three infectious agents was actually
higher in age-1 RS fish and lower in age-1 RM fish. While it is
unknown whether these confounding factors significantly altered
this study’s findings, applying the same tag type (V4) to both age
classes in future studies would be preferable.

The most salient differences between the smolt age classes were
transcriptomic profiles. Genes previously associated with mortal-
ity in adult fish, inflammation, and the cell-mediated response
were upregulated in age-2 smolts. Interleukin-11 (IL-11), interleukin-1
beta (IL-1B), collagenase 3 (MMP13), and precerebellin (PCBL) are
all pro-inflammatory genes activated during the acute phase re-
sponse to stress or infectious agents (Bayne and Gerwick 2001;
Martin et al. 2006; Zou and Secombes 2016) and were expressed
significantly higher in age-2 fish. In a similar study of Chilko
sockeye with only age-2 smolts, Jeffries et al. (2014) found the first
three of these genes to be expressed higher in immediate mortal-
ities relative to river mortalities and survivors. Immunoglobulin
M (IgMs), an adaptive immune component involved in antibody
production to primarily extracellular infections (Evenhuis and
Cleveland 2012) was also upregulated in age-2 fish in this study
(and immediate mortalities in Jeffries et al. [2014]), along with
interleukin 15 (IL-15), which can induce the production of IgMs
(Tagaya et al. 1996). Viewed collectively, the age class differences
in GE may represent greater potential for morbidity in age-2 fish,
and this hypothesis is corroborated by higher immediate mortal-

ity of age-2 fish in this study and the GE parallels in the immediate
mortality group from Jeffries et al. (2014).

HBA, which encodes a protein associated with oxygen trans-
port, was elevated in age-1 fish and was the gene with the greatest
magnitude difference between age classes. Fyhn and Withler
(1991) found that certain groups of hemoglobins decrease as sal-
monids increase in size, but further research would be needed to
determine whether this would result in an accompanying decline
in transcription of the HBA gene. Houde et al. (2018) identified
HBA (and also CA4) as a gene that increases in expression as mul-
tiple species of Pacific salmon undergo smoltification. This could
indicate that age-1 smolts were more physiologically prepared for
migration to saltwater than age-2 smolts. Alternatively, HBA
expression could have been related to temperature exposure.
Studies featuring experimental temperature manipulations of
juvenile catfish (Ictalurus punctatus) (Liu et al. 2013) and brown
trout (Salmo trutta) fry exposed to different water temperatures
while in eggs (Meier et al. 2014) revealed elevated HBA expression
for individuals exposed to higher water temperatures. The winter
of 2015, when 2016 age-1 smolts were incubating in shallow
spawning grounds downstream of Chilko Lake, featured abnor-
mally warm weather while temperatures were average in 2014,
when age-2 smolts would have been incubating, which could have
caused the strong differences in HBA expression between smolt
ages. A controlled experiment would be required to confirm this
relationship but may provide an example of how variations in
early life history can create meaningful differences in co-
migrating smolts of different ages.

Although “Ca. Branchiomonas cysticola” was present in nearly
all samples and had greater prevalence and higher loads in age-2
compared with age-1 smolts, it was not associated with migration
survival. “Candidatus Branchiomonas cysticola” can be an agent of
gill epitheliocystis (Toenshoff et al. 2012), but in many cases, it
does not appear to be associated with mortality (Gunnarsson et al.
2017; Teffer et al. 2017; Bass et al. 2017; Healy et al. 2018). Some
studies suggest that this bacterial species may occur as a second-
ary infection (Tengs and Rimstad 2017), but it has also been sug-
gested that it is a component of the normal gill microbiota of
healthy fish (Steinum et al. 2009; Toenshoff et al. 2012). It is pos-
sible that longer exposure to “Ca. Branchiomonas cysticola”, or
perhaps reduced immune function, of age-2 smolts played a role
in the elevated prevalence and loads of “Ca. Branchiomonas cys-

Fig. 7. Boxplots of the relationship between the first three principal components and survival group, split by age (n: IM age-1 = 22, age-2 = 44;
RM age-1 = 35, age-2 = 13; RS age-1 = 26, age-2 = 27). For all panels, imminent mortality (IM) = not detected post release, river mortality (RM) =
detected in freshwater but not at the Fraser River mouth or beyond, river survivor (RS) = detected at Fraser River mouth or beyond. Blue boxes
(left of two for each survival group) represent age-1 smolts and red boxes represent age-2. The asterisks (*) indicates a significant difference
between the two boxes spanned by the horizontal line (p < 0.05). The boxes represent the interquartile range; horizontal lines within the box
represent the median; whiskers represent the 1.5 times the interquartile range; and values outside this range are outliers and are depicted as
dots. [Colour online.]
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ticola” relative to age-1 smolts. “Candidatus Branchiomonas cysti-
cola” has been found in high prevalence and load in Chilko
sockeye smolts in previous years (Furey 2016), as well as in mi-
grating steelhead smolts (Healy et al. 2018), with no impact on
migration survival. As we found no association between “Ca.
Branchiomonas cysticola” and GE or survival, we expect that the
bacteria was nonpathogenic in this study. Following this logic, we
would expect that the transcriptomic profiles reminiscent of im-
pairment in age-2 smolts do not stem from elevated “Ca. Branchi-
omonas cysticola” load (indeed, the two are not correlated).

Predation is likely a primary factor contributing to smolt migra-
tion mortality, especially in the clear upper waters of the Chilko
River (Clark et al. 2016; Furey et al. 2016). As smolts exit Chilko
Lake, they are met with an abundance of piscine and avian pred-
ators. Bull trout (Salvelinus confluentus), in particular, have been
shown to binge-feed almost exclusively on migrating Chilko
smolts at the lake outlet (Furey et al. 2016). Smolts in poor physi-
ological condition, or with high tag burdens, may have dimin-
ished swimming, schooling, or predator avoidance abilities
(Handeland et al. 1996; Dieperink et al. 2002; Miller et al. 2014),
which could increase predation risk. Furey (2016) found that
IHNV-infected Chilko smolts were much more likely to be con-
sumed by bull trout, providing a potential mechanism for the
IHNV-associated mortality detected by Jeffries et al. (2014). In our
study, IHNV was detected in 9% of the population but was not
associated with survival. As this prevalence is similar to the 11%
prevalence found in Jeffries et al. (2014), it is possible that an
inadequate sample size prevented the resolution of a survival-
associated pattern with IHNV (Jeffries et al. 2014 had 184 age-2
samples, whereas we had 85 age-2 samples). Alternatively, IHNV
may play a more important role in some years compared with
others. IHNV has been undetectable during some Chilko smolt
migrations (Jeffries et al. 2014; Furey 2016), highlighting the po-
tential for annual variation in its presence, prevalence, and influ-
ence in this system.

Although IHNV was not associated with migration survival in
our study, our results demonstrate the elevated expression of
VDD genes (Miller et al. 2017) in the presence of IHNV in a popu-
lation of wild salmon. These virus-responsive genes have been
confirmed to be capable of distinguishing fish in an active viral
disease state from those carrying a latent viral infection (Miller
et al. 2017). In addition to the smolts presenting the VDD signature
that were also positive for IHNV, there were also several IHNV-
negative smolts located on the positive end of the PC1 axis. This
suggests that IHNV could have been present but undetected in
these fish, or that these individuals may have been responding to
a virus that we did not assay, or that resides in tissues besides gill.
Our study further confirms the efficacy of the VDD genes for
detecting viral infections in wild salmon.

Flavobacterium psychrophilum was not associated with migration
survival, but its prevalence (but not load) appeared higher in the
immediate mortality group relative to migration survivors.
Flavobacterium psychrophilum is a pathogen that can cause bacterial
cold-water disease and rainbow trout fry syndrome in nearly all
salmonid species worldwide, including sockeye salmon (Nematollahi
et al. 2003). Juvenile salmonids are particularly susceptible to the
disease, and for some species, mortality can occur <10 days post
infection (Holt et al. 1989) with rates up to 90% (Barnes and Brown
2011), but much of the literature regarding F. psychrophilum con-
cerns fish in aquaculture. Hatchery-raised steelhead trout, in an
experiment with a design similar to ours, had high prevalence of
F. psychrophilum (62%) but did not suffer associated mortality or
demonstrate correlations in GE (Healy et al. 2018). On the con-
trary, in work at Chilko Lake, Furey (2016) found that F. psychrophilum
was three times more prevalent in smolts eaten by bull trout
relative to controls. As there is some evidence of pathogenicity,
we recommend additional research on the role of this infectious
agent in Chilko Lake sockeye smolts.

Our ability to detect infectious agents associated with smolt
mortality may have been limited by using gill tissue exclusively.
Although all of the infectious agents we assessed can be detected
in gill, some have a higher tendency to be detected in other tis-
sues, meaning we could be underestimating their prevalence. For
instance, IHNV is more likely to infect kidney tissues (Purcell et al.
2004), and Pacific salmon parvovirus, a DNA virus not detected
here, can be highly prevalent in liver tissue of out-migrating
smolts, but not gill tissue (Miller et al. 2014). Furthermore, due to
the small size of gill tissue biopsies, we normalized RNA to a lower
concentration than standard procedures used for larger samples
(Miller et al. 2016). Consequently, this may have increased the
possibility of false negatives for infectious agents. Additionally,
although we screened for 17 key infectious agents, there are oth-
ers that can affect smolt survival that were not included in this
study (e.g., Rhodes et al. 2006; Jacobson et al. 2008). Furey (2016)
assessed gill, brain, kidney, liver, and heart tissues of Chilko
smolts in 2014 (destructively sampled tissues are usually less size
restricted, resulting in a larger quantity of RNA) to screen for
44 microbes and detected nine. The inclusion of additional infec-
tious agent assays and a concurrent assessment of mixed-tissue
samples from the population may provide further insight to the
role of infectious agents on smolt migration survival.

This study is the first to link large-scale acoustic telemetry with
infectious agents and immune profiles of migrating age-1 sockeye
salmon smolts, the age class comprising the vast majority of the
Chilko Lake smolt population (Irvine and Akenhead 2013). We also
provided a direct comparison of infectious agent and immune
profiles between age-1 and age-2 smolts. Migrations, such as those
conducted by diadromous fish, allow both exposure to and escape
from infectious disease (Altizer et al. 2011). Our knowledge of
these processes and their importance for the population dynam-
ics of Pacific salmon is in its infancy and a greater understanding
should benefit conservation and fisheries management. This
study’s single year of data precludes the determination of
whether differences in age class GE and infectious agent profiles
are due to maturation processes, residence time in freshwater,
or environmental conditions experienced by the different age
classes. Further research spanning multiple years of age classes is
needed to determine whether GE patterns are consistent over
time and have implications for smolt survival.
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