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Abstract

We present the first data to link physiological responses and pathogen presence with
subsequent fate during migration of wild salmonid smolts. We tagged and non-
lethally sampled gill tissue from sockeye salmon (Oncorhynchus nerka) smolts as they
left their nursery lake (Chilko Lake, BC, Canada) to compare gene expression profiles
and freshwater pathogen loads with migration success over the first ~1150 km of their
migration to the North Pacific Ocean using acoustic telemetry. Fifteen per cent of
smolts were never detected again after release, and these fish had gene expression pro-
files consistent with an immune response to one or more viral pathogens compared
with fish that survived their freshwater migration. Among the significantly upregulat-
ed genes of the fish that were never detected postrelease were MX (interferon-induced
GTP-binding protein Mx) and STAT1 (signal transducer and activator of transcription
1-alpha/beta), which are characteristic of a type I interferon response to viral patho-
gens. The most commonly detected pathogen in the smolts leaving the nursery lake
was infectious haematopoietic necrosis virus (IHNV). Collectively, these data show
that some of the fish assumed to have died after leaving the nursery lake appeared to
be responding to one or more viral pathogens and had elevated stress levels that could
have contributed to some of the mortality shortly after release. We present the first evi-
dence that changes in gene expression may be predictive of some of the freshwater
migration mortality in wild salmonid smolts.
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Introduction

Anadromous salmonids have complex life histories that
involve substantial migrations during several stages of
their life cycle (Hinch ef al. 2006). After rearing in fresh
water, juvenile salmonids undergo physiological and
morphological transformations (i.e. smoltification) prior
to and during their seaward migration in order to
successfully transit from freshwater to saltwater
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environments. Although salmonids have evolved to
meet the physiologically challenging demands of anad-
romous migrations, the migration of smolts to the ocean
can be associated with high mortality (Groot & Margo-
lis 1991; Welch et al. 2009, 2011). The specific causes of
mortality during smolt migrations are unknown,
although osmoregulatory stress in the ocean or estuary
(McCormick ef al. 2009), poor early ocean feeding con-
ditions (Beamish et al. 2012), and predation in both
fresh and salt water (Wood 1987; Gregory & Levings
1998; Frechette et al. 2012; Chapman et al. 2013) may be
contributing factors.
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Pathogens and relative pathogen loads have also been
proposed as potential factors causing downstream and
early marine mortality (Hostetter ef al. 2011; Van Gaest
et al. 2011; Ferguson et al. 2012; Miller et al. 2014). How-
ever, the direct and indirect roles of pathogens and fish
health on smolt migration success are largely unknown
because of the lack of data linking the physiological sta-
tus of an individual with migration performance. Indi-
vidual-based tracking using telemetry has been useful
in monitoring survival, migration rates and behavioural
patterns in salmonids (Drenner etal. 2012), and
attempts have been made to correlate morphological
indices with downstream and early marine survival in
tagged wild-caught Atlantic salmon (Salmo salar) smolts
(Halfyard ef al. 2013) and hatchery steelhead trout
(Oncorhynchus mykiss; Romer et al. 2013). While teleme-
try techniques have been successfully combined with
physiological biopsies in adult Pacific salmon (Cooke
et al. 2008), it is a greater challenge to relate physiologi-
cal indices with subsequent survival during wild smolt
migrations because of the inherent difficulties with tag-
ging and sampling tissue from such small fish without
potentially compromising their survival. Consequently,
directly linking physiological processes with down-
stream and early marine mortality of individual smolts
has proven difficult.

Wild salmonid populations are often exposed to
freshwater pathogens; however, the role of naturally
occurring pathogens in smolt migration mortality is
poorly understood. In the Columbia River system, WA,
USA, surveys detected eight different pathogens occur-
ring in seaward-migrating hatchery-reared Chinook sal-
mon (O. tshawytscha) smolts, with many fish hosting
multiple pathogens (Van Gaest et al. 2011). In hatchery
steelhead trout, visual indices of health and condition
(Hostetter et al. 2011) and molecular biomarkers of an
immune response to a viral pathogen (Connon et al.
2012) have been used to suggest a link between patho-
gen presence and smolt mortality. Increased expression
of antiviral immune genes was shown in resident rain-
bow trout relative to migratory steelhead trout smolts
from the same Columbia River tributary hatchery, sug-
gesting that immune function may also be associated
with different life history strategies within a popula-
tion (Sutherland et al. 2014). However, these studies
were conducted on lethally sampled smolts, and there-
fore, a direct relationship between an individual's
physiological response to pathogens and subsequent
migration success remains to be shown. Nonlethal tis-
sue sampling of wild tagged smolts for physiological
assessment during downstream and early marine
migration is a necessary step towards understanding
the effect of pathogens and fish health on migration
mortality.

Nonlethal gill samples have been successfully taken
from juvenile Chinook salmon and steelhead trout
tagged with small passive integrated transponder (PIT)
tags with no apparent effect on subsequent survival
and behaviour during downstream migration (Schrock
et al. 1994). The use of PIT tags for monitoring smolt
migration is beneficial because the small size of the tag
(~8.4-12.5 mm, ~0.01 g) minimizes tag burden (i.e. mass
of the tag relative to fish mass), yet this approach
requires the PIT-tagged fish to move through physical
constrictions along the migration path in order to be
detected at the very short ranges required by PIT tag
receivers (generally 20-30 cm). Because this is not feasi-
ble in most salmon-bearing streams or in the ocean, lar-
ger radio or acoustic tags are often required to track
migrating smolts, with concomitant increases in tag bur-
den. Acoustic tags transmit signals over much greater
distances than PIT tags (generally <500 m, but up to
1 km in certain conditions) and therefore provide the
opportunity to track freely migrating smolts over vast
migratory distances in both fresh and salt water (unlike
radio tags, where the signals are rapidly attenuated in
salt water) and can potentially provide insight into
areas of high mortality for out-migrating smolts (e.g.
Welch et al. 2009, 2011; Rechisky et al. 2013). Although
we are unaware of any studies that have non-lethally
sampled gill tissue from acoustic-tagged smolts, gill
samples have been successfully collected from radio-
tagged hatchery-reared juvenile Chinook salmon with-
out imposing additional mortality in a laboratory-based
study (Martinelli-Liedtke et al. 1999). Much of the previ-
ous smolt tagging work though has been conducted on
hatchery smolts that tend to be larger than wild smolts
and thus experience a proportionately lower tag bur-
den. To date, acoustic telemetry combined with nonle-
thal tissue sampling to evaluate gene expression
patterns and pathogen profiles associated with migra-
tion mortality has not been conducted on wild smolts,
which is a significant knowledge gap given the conser-
vation concerns of many wild salmonid populations.

The goal of this study was to combine pathogen pro-
filing with gene expression patterns and acoustic telem-
etry to identify the location and causes of some of the
mortality observed in wild sockeye salmon (O. nerka)
smolts during their seaward migration in the Fraser
River, BC, Canada’s most economically important sal-
mon-producing river system. We collected gill tissue
from wild 2-year-old sockeye salmon smolts that were
captured and tagged as they left Chilko Lake. The Chilko
Lake sockeye salmon population is one of the largest in
the Fraser River system and is an important indicator
stock for salmon management in BC. We monitored
survival from their nursery lake to northeastern Van-
couver Island, a migration distance of ~650 km in fresh
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water and ~500 km through the Fraser River estuary
and Strait of Georgia (Fig. 1), as part of a larger multi-
year telemetry project on sockeye salmon smolt migra-
tion survival.

Recent transcriptomics research on wild adult sockeye
salmon has described gene expression changes associated
with migration survival and immune responses (Miller
et al. 2009, 2011), saltwater to freshwater transitions
(Evans et al. 2011), and patterns associated with exposure
to high water temperatures and senescence (Jeffries et al.
2012, 2014). These studies along with numerous gene
expression studies associated with disease challenge
research (e.g. see references in Table S1, Supporting
information) laid the foundation for developing the
molecular markers associated with stress and immune
responses used in this study. We assessed smolt gill tis-
sue for a suite of 18 pathogens and 50 genes involved in
immune and general stress responses using a targeted
quantitative polymerase chain reaction (QPCR) screening
approach. Gill tissue was chosen because it can be safely
removed from smolts without influencing survival (e.g.
Schrock et al. 1994; Martinelli-Liedtke et al. 1999). Addi-
tionally, it is an important tissue for identifying gene
expression changes associated with smoltification and
immune function (e.g. Sutherland et al. 2014). We
hypothesized that naturally occurring pathogens may
contribute to downstream and early marine mortality, a
source of mortality that has generally been unmeasured.
We further hypothesized that some migration mortality
of individually tagged fish could be predicted based on

© 2014 John Wiley & Sons Ltd

gene expression profiles and pathogens that were present
at the onset of seaward migration. Additionally, we
examined archived gill samples collected from fish in
previous years to assess variability in pathogen levels
from related cohorts of Chilko Lake smolts and the
spawning adults in 2009, the parent generation of the
2012 tagged smolts.

Materials and methods

Tagging and gill sampling

Prior to the field study, the potential effect of gill tissue
sampling on the survival of smolts was investigated.
Laboratory-raised smolt-sized sockeye salmon [fork-
length (FL) = 99.0-129.0 mm; mass (M) = 10.1-23.0 g]
were surgically implanted with ‘dummy’ acoustic trans-
mitter-sized tags (6 mm diameter, 16.5 mm length, 1 g
in air; n = 30) or were dummy-tagged and had the tips
of 2-3 gill filaments removed (1 = 31) using small bone-
cutting forceps. Dummy tags were implanted through a
~7 mm ventral incision and closed with two single
interrupted sutures (5-0 Monocryl; Ethicon Endo-
Surgery, Inc.) following protocols previously described
(Collins et al. 2013); however, surgical instruments used
were sterilized between fish. Prior to surgery, fish were
anesthetized with buffered tricaine methanesulfonate
(MS-222, 100 mg/L). Surgery occurred with fresh water
pumped over the gills and recovery was in fresh water.
Survival of these two treatment groups after 30 days of

Fig. 1 Locations of the Chilko Lake sock-
eye salmon (Oncorhynchus nerka) smolt
release site (black star) and the acoustic
receiver sites (yellow circles) in the Chil-
ko, Chilcotin and Fraser Rivers, BC, Can-
ada. The yellow lines indicate receiver
arrays forming part of the Pacific Ocean
Shelf Tracking system. Smolts were col-
lected, tagged and gill-sampled between
21 April and 16 May 2012.
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identical holding and feeding conditions was compared
with a control group of fish (n =26) that were not
tagged or gill-sampled. Survival was 100% in all groups
at the end of the study, and there were no differences
in the length-weight relationships between fish that
were dummy-tagged and gill-sampled [FL = 112.3 mm
(£1.3 SE); M = 13.31 g (£0.54 SE)] and those that were
only dummy-tagged [FL =1109 mm (£1.5 SE);
M = 12.77 g (£0.52 SE); ancova, P = 0.93]; however, fish
in the control group [FL =107.1 mm (£1.1 SE);
M = 12.72 g (+0.39 SE)] were significantly heavier at a
given length than the fish in both tagging treatments
(ancova, P < 0.0001). The 30-day holding time approxi-
mates the amount of time it takes for Chilko Lake
smolts to migrate through the ~1150 km study area.
The results of this study indicated that non-lethally gill
sampling wild sockeye salmon smolts should have min-
imal effects on postsampling survival.

Between 21 April and 16 May 2012, a total of 378
migrating 2-year-old Chilko Lake sockeye salmon
smolts were implanted with Vemco V7 acoustic trans-
mitters (7 mm diameter, 1.6 g mass in air; Vemco Ltd.,
Bedford, NS) at the Fisheries and Oceans Canada Chil-
ko Lake smolt counting fence (Fig. 1). Fish were col-
lected and tagged between 22:00 and 05:00, as Chilko
Lake smolts migrate predominantly at night. Tagging
and gill sampling was performed in an identical man-
ner to the laboratory-based sampling validation study,
except that fish were transferred postrecovery to an
in-river pen for a ~24-h period prior to release. We
selected the largest migrating smolts [FL = 123.3 mm
(£0.2 SE); M =14.00 g (£0.08 SE)] for tagging, which
were estimated to be 2-year-olds based on prior length-
at-age relationships developed as part of the monitoring
programme for this population. Gill samples were col-
lected from 184 of the tagged fish to quantify pathogen
presence and gene expression patterns using qPCR. Gill
samples were preserved in RNAlater (Life Technologies,
Grand Island, NY) for 24 h and then frozen in liquid
nitrogen until they were transported to the laboratory
and stored at —80°C. Pathogen loads from other smolt
cohorts [I-year-old smolts from 2007, 2011 and 2012
(n = 14-16)] and adults from 2009 (n = 23) were exam-
ined from archived gill samples, also preserved in
RNAlater, transported on dry ice or in liquid nitrogen
and stored at —80°C, to assess the variability in patho-
gen type and prevalence in the Chilko Lake system.

Telemetry array details and survival analysis

Acoustic receivers (Vemco VR2W-69 kHz) wused to
detect tagged smolts were deployed at multiple sites
along the freshwater migration path in the Chilko River
(around the release site; Henry’s and Siwash Bridge, 14

and 80 km downstream of the release site, respectively),
the Chilcotin River (Farwell Canyon, 178 km down-
stream of the release site) and the Fraser River [Mission,
Derby and Fraser River mouth (northern and southern
arms), 599, 627 and 657 km downstream of the release
site, respectively; Fig. 1; Table S2, Supporting informa-
tion]. Acoustic receivers (Vemco VR2W, VR3 and VR4)
forming the Pacific Ocean Shelf Tracking system subar-
rays in the northern Strait of Georgia and Queen Char-
lotte Strait (804 and 1044 km from the release site,
respectively) were used to detect tagged fish that
migrated north between the mainland and Vancouver
Island upon entering the marine environment. A subar-
ray in Juan de Fuca Strait was available to monitor fish
that migrated south; however, this array was removed
from the analyses because no smolts were detected.

Detection histories for each of the 378 individuals
were formed from the receiver detection data. Estimates
of survival (¢) for each migration segment and
detection probability (p) on each subarray [¢ (segment)
p (subarray)] were calculated using a modified
Cormack-Jolly—Seber (CJS) model (Cormack 1964; Jolly
1965; Seber 1965) for live-recaptured animals in Pro-
gram MARK (White & Burnham 1999) through the R
(R Core Team 2013) package RMark (Laake 2013). The
CJS model uses maximume-likelihood estimation to
derive estimates of ¢ and p parameters and the sam-
pling variance of those parameters. Standard CJS model
assumptions applied for all subarrays: (i) every tagged
individual has equal probability of survival and detec-
tion following release; (ii) sampling periods are instan-
taneous; (iii) emigration is permanent; and (iv) tags are
not lost. A second CJS model was created that included
a group covariate to specify whether a gill tissue sam-
ple was obtained. This model estimated survival for the
gill-sampled group (n = 184) and the non-gill-sampled
group (n = 194) separately [¢ (segment*treatment type)
p (subarray)] and was compared to the model described
above to test whether there was support for differential
survival of the two groups. Detection probability was
modelled identically in both models.

Prior to parameter estimation, we assessed the good-
ness of fit of our data to the CJS model by fitting a
model where ¢ and p were estimated for each treat-
ment type (gill sampled and non-gill sampled) in each
segment and on each subarray and assessed goodness
of fit with the median ¢ test to yield an overdispersion
factor, ¢ (Cox & Snell 1989). Overdispersion due to lack
of fit to the model was ¢ = 1.4, and therefore, estimated
¢ and p standard errors were inflated by this amount.
The adjusted errors were used to estimate confidence
intervals using the profile likelihood method.

Akaike’s information criteria corrected for low sample
size and overdispersion (QAIC,) was used to evaluate

© 2014 John Wiley & Sons Ltd
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the strength of evidence for the two competing models.
The model with the lowest QAIC, and highest probabil-
ity of fitting the data as indicated by the QAIC. weight
(Burnham & Anderson 2002; Wagenmakers & Farrell
2004) was used to determine whether gill tissue sam-
pling reduced survival. For each treatment type, cumu-
lative survival was estimated in the comigration
corridor from Chilko Lake to the Queen Charlotte Strait
subarray as the product of the segment-specific survival
estimates. Variances on cumulative survival estimates
were estimated with the delta method.

For all models, p of the Queen Charlotte Strait subar-
ray was fixed to 0.67. A fixed value was used because
survival and detection are confounded at the final
detection site within the CJS model. The Queen Char-
lotte Strait subarray cannot be independently assessed
because no subarrays lie further along the migration
route to estimate the proportion of smolts that reached
Queen Charlotte Strait and were not detected; therefore,
by fixing p, ¢ could be estimated conditional on this
assumed value. This fixed value was chosen because
CJS analyses of p for other marine subarrays in the
Strait of Georgia area showed that marine detection
rates averaged 0.67 for V7 acoustic tags (see fig. S2 in
Welch et al. 2011).

The fish tagged and gill sampled were divided into
three distinct groups using the point of last detection
by a receiver: (i) ‘imminent mortality’ [IM; n = 2§;
FL = 123.5 mm (0.8 SE); M = 13.8 g (+0.47 SE)], which
were never detected downstream of the release site; (ii)
‘river mortality’ [RM; »n =112; FL = 124.0 mm (+0.4
SE); M = 14.2 g (+0.16 SE)], which were detected down-
stream of the release site, but not in the lower Fraser
River or ocean; and (iii) river ‘migration survivor’ [MS;
n=44; FL =1239 mm (+0.6 SE); M =145 g (£0.30
SE)], which were detected in the lower Fraser River or
ocean. Because of a lower detection probability of the
ocean array in the Northern Strait of Georgia (56%;
Table S2, Supporting information), we were unable to
determine with certainty that fish only detected in the
lower river died before reaching the ocean receiver sta-
tions; therefore, we pooled all fish detected in the lower
river and ocean into the MS group. The genes glucocor-
ticoid receptor 2 (GR-2; P = 0.015) and SUMO-activating
enzyme subunit 2 (SAE; P = 0.025) were significantly
downregulated (t-test) in the fish detected in the lower
Fraser River, but not in the ocean, relative to the fish
detected in the ocean.

Pathogen detection and gene expression

Gill tissue samples from the 2012 smolt collections and
the archived samples were screened using qPCR for the
presence of 18 salmon pathogens (19 different assays)
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known to infect gill tissue (Table S3, Supporting infor-
mation). The pathogen qPCRs were run in duplicate,
and the average cycle threshold (Cy) was used to deter-
mine pathogen load for an individual. A conservative
Ci <27 was used as the cut-off for a highly repeatable
measure of pathogen presence (repeatable within and
between platforms); however, individuals that showed
amplification in the qPCR assays at C; <30 but were
not below the C, <27 threshold are also presented.
These individuals contained very low concentrations
(<100 copies/pL) that may potentially only have been
detected using the Fluidigm BioMark microfluidics plat-
form (Fluidigm, South San Francisco, CA). A C; <20
was used to indicate high levels of infection (generally
>10 000 copies/uL) where fish may show adverse
symptoms of infection. The expression of a suite of 50
genes associated with general stress, immune response
and osmoregulatory processes was also examined on all
gill samples from the 2012 2-year-old smolts (Table S1,
Supporting information). Total RNA (0.1 pg) was
extracted using methods previously described (Miller
et al. 2011, 2014; Jeffries et al. 2012). Briefly, gill tissue
was homogenized in TRI reagent (Ambion Inc., Austin,
TX), 1-bromo-3-chloropropane was added to the
homogenate, and aliquots of the aqueous phase were
pipetted into 96-well plates. Extractions were carried
out using MagMAX™-96 for Microarrays Total RNA
Isolation Kits (Ambion) with a Biomek FXP (Beckman-
Coulter, Mississauga, ON, Canada) automated liquid-
handling instrument using the ‘spin method” according
to the manufacturer’s instructions. Purity was assessed
by measuring the A260/A280. Total RNA was used to
synthesize ¢cDNA (SuperScript VILO MasterMix; Life
Technologies) following manufacturer’s instructions.
Sixty-nine qPCR assays plus three reference genes
were examined using either probe-based TagMan or
EvaGreen qPCR assays (Tables S1 and S3, Supporting
information), which were run separately on the Bio-
mark. Details of the qPCR protocol are described in
Miller et al. (2014). Briefly, a pre-amplification step is
required to accommodate the small assay volume
(7 nL) used for qPCR on the BioMark. Therefore,
1.25 pL of ¢cDNA from each sample was pre-amplified
with primer pairs corresponding to all assays in a 5-uL
reaction volume using TaqgqMan Preamp Master Mix
(Life Technologies) according to the BioMark protocol.
Unincorporated primers were removed using ExoSAP-IT
High-Throughput PCR Product Clean Up (M]S BioLynx
Inc, Brockville, ON), and samples were diluted 1:5 in
DNA Suspension Buffer (TEKnova, Hollister, CA). A
10x assay mix was prepared containing 10 um primers
and 3 um probes for the TaqMan assays. The qPCR
assays were run on the BioMark with dynamic arrays
(96.96 arrays for the TagMan assays and 48.48 arrays
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for the EvaGreen assays). The amplified cDNA was
diluted 1:2 with 2x Assay Loading Reagent (Fluidigm).
A 5-uL reaction mix was prepared [2x TaqgMan Master-
mix (Life Technologies), 20x GE Sample Loading
Reagent, nuclease-free water and 2.7 uL of amplified
cDNA], which was added to each assay inlet of the
array following manufacturer’s recommendations. After
loading the assays and samples into the chip by an IFC
controller HX (Fluidigm), PCR was performed with the
following 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. Gene expression data were preprocessed using
GenEx (www.multid.se), normalized to the three refer-
ence genes, and relative gene expression was assessed
using the 2724% method (Livak & Schmittgen 2001).

Statistical analysis

Linear discriminant function analysis (DFA) was used
as a dimensionality reduction tool to determine the
major patterns in the gene expression profiles within
and between survival groups. We used predictive DFA
to test the separation between categorical groupings (i.e.
survival groupings) as well as to predict what group an
individual might belong to based on gene expression
profiles. Differences in gene expression between survi-
vor groups were analysed using one-way aANovas with
Tukey’s post hoc tests. Relationships between the signif-
icant genes, pathogen load and fish morphology were
assessed using Pearson’s correlations with a multiple-
test-corrected critical alpha of 0.0033 (0.05/15 = 0.0033).
Length—weight relationships were assessed by aNcova
on Logjo-transformed data. All statistics on the gene
expression results were performed using sas jvp 10
(SAS Institute, Cary, NC).

Results

Migration survival

Survival in the Chilko River (release to Siwash Bridge)
was 56.3% (+4.6% SE) for gill-sampled and 57.5%
(+4.4% SE) for non-gill-sampled fish (Fig. 2). Survival
from release to the Fraser River mouth was 27.4%
(+4.6% SE) and 29.4% (+4.4% SE) and to the last recei-
ver station at Queen Charlotte Strait was 6.5% (£2.7%
SE) and 7.7% (+2.8% SE) for gill-sampled and non-gill-
sampled fish, respectively. Additional information
regarding the survival analysis results and the detection
efficiencies is available in Table S2 (Supporting informa-
tion). There was a rapid decline in initial survival with
migration distance in the clear water of the Chilko
River compared with much lower mortality in the tur-
bid waters of the Fraser River mainstem.
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Fig. 2 Cumulative survival estimates (£95% confidence inter-
vals) of acoustic-tagged 2-year-old Chilko Lake sockeye salmon
(Oncorhynchus nerka) smolts by treatment type (i.e. gill sam-
pled, n = 184, or non-gill sampled, n = 194) in the fresh water
(Chilko, Chilcotin and Fraser Rivers) and marine [Strait of
Georgia (SOG) and Discovery Islands/Johnstone Strait/Queen
Charlotte Strait (DI/]JS/QCS)] stages of the migration.

Although there was slightly lower survival in the fish
that were gill-sampled, survival model comparison
results indicated that there was little support for the
model where gill tissue collection was used as a covari-
ate. The AQAIC of the model with gill sampling as a
covariate (QAICc = 1061.2, n par = 16) relative to the
model without the covariate (QAICc = 1055.0, n
par = 11) was 6.22. This model had only 4% of the
QAICc weight, while the model without the gill tissue
covariate had 96% of the model weight providing
strong support that gill tissue sampling during tagging
did not affect survival. Detection probability estimates
for tagged smolts were >0.96 in the Chilko River (p
Henry’s Bridge = 0.99, SE = 0.01; Siwash Bridge = 0.96,
SE = 0.02), 0.71 (SE = 0.07) at the mouth of the Fraser
River and 0.56 (SE = 0.14) in the Strait of Georgia.

Pathogen presence and physiological assessment

Three pathogens were detected (C; < 27) in the tagged
2-year-old smolts in 2012 (Table 1), although only two
were detected in more than one fish [infectious haema-
topoietic necrosis virus (IHNV) and Nucleospora salmo-
nis]. The most commonly detected pathogen was IHNV
with 7.6% of the sampled fish having levels at C; < 27
(Fig. 3), and IHNV was the only pathogen observed at
high loads (C; < 20). We utilized two qPCR assays for
IHNV (IHNV_G and IHNV_N) for each fish that were
highly ~correlated (r=0.89, P =4.01 x 10°*°) and
showed the same trends in the 2012 2-year-old smolts
(14 fish with IHNV loads below C; <27 for both
assays). Where discrepancies between the two IHNV
assays occurred, we used the mean number of positive
detections between the two assays as our estimate of
prevalence. One-year-old smolts in 2011 carried an even

© 2014 John Wiley & Sons Ltd
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Fig. 3 Relative pathogen loads for the two most commonly
detected pathogens in 2-year-old Chilko Lake sockeye salmon
(Oncorhynchus nerka) smolts in 2012. The numbers in parenthe-
ses indicate the number of fish from each survivor group with
no amplification in the gPCRs. Sample sizes for the imminent
mortality, river mortality and migration survivor groups were
28, 112 and 44, respectively. Dashed reference lines are
included at 40-C; = 13 (=C, = 27; threshold for considering fish
to have a positive detection of a pathogen) and at 40-C, = 20
(=C; = 20; threshold for considering fish to have high levels of
infection). The two columns of data for infectious haematopoie-
tic necrosis virus represent the results of the two different
qPCR assays [IHNV_G on the left (circles) and IHNV_N on the
right (triangles)].

higher prevalence of IHNV with 25% of fish with IHNV
loads at C; < 27, while no comigrating 1-year-old smolts
in 2012 had positive detections (Table 1). Interestingly,
IHNV was not observed among the fish sampled from
the parent generation of the 2012 2-year-old smolts
(2007 1-year-old smolts and 2009 spawning adults).
Unique to the spawning adults were detections of the
marine-origin parasites Parvicapsula pseudobranchicola
and Paranucleospora theridion.

The IM group had 16.1% of the fish with positive
detections of IHNV compared with the RM (6.3%) and
MS (5.7%) groups (Fig. 3). Of the fish with positive
detections of THNV, 82.1% were in the IM and RM
groups and none of the fish with high IHNV load
(C; < 20) were in the MS group. Fish with a high IHNV

I Imminent mortality
[ River mortality
I Migration survivor

Canonical variate 2

Canonical variate 1

Fig. 4 Canonical plot showing correctly classified (circles) and
misclassified (triangles) Chilko Lake sockeye salmon (On-
corhynchus nerka) smolts from the imminent mortality, river
mortality and migration survivor groups as determined by dis-
criminant function analysis using a suite of 50 genes associated
with general stress, immune response and osmoregulatory pro-
cesses. Sample sizes for the imminent mortality, river mortality
and migration survivor groups were 28, 112 and 44, respec-
tively.

load were 12.8 times more likely to die without detec-
tion downstream than all other individuals sampled
(Fisher’s exact test P < 0.001). There were no significant
differences in length-weight relationships between the
survivor groups (P = 0.08).

A DFA that included all 50 genes assayed was used
to predict which survival group an individual might
belong to based on gene expression profiles. This
approach correctly classified 86.1% of the IM and MS
groups; however, only 66.1% of the RM group was clas-
sified into the correct survival group, with most being
misclassified as MS (Wilks” lambda, F = 1.17, P = 0.17).
The fish from the IM group were clearly the most dis-
tinctive, separating from the RM and MS groups along
the positive end of Canonical Variate 1 (Fig. 4). The RM
and MS groups showed only minor separation along
Canonical Variate 2. Fifty-four per cent of IM fish had
values >2 along Canonical Variate 1, compared to only
1.8% of RM and 4.5% of MS fish. Fish with Canonical
Variate 1 values >2 carried a 43.8 times greater odds of
not being detected downstream of the release site com-
pared with all other fish sampled (Fisher’'s exact test
P < 0.001). There were no similar physiological signals
separating the RM and MS groups.

There were 10 genes differentially expressed between
survivor groups at P < 0.05 (aNova), with heat-shock pro-
tein 90-beta (HSP90; P = 0.003), immunoglobulin M
(IGMS; P = 0.004), interferon-induced GTP-binding pro-
tein Mx (MX; P = 0.004) and matrix metalloproteinase 13
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Fig. 5 Differences in the mean expression (with SE bars) of 10
genes significant at P < 0.05 between the imminent mortality,
river mortality and migration survivor groups of Chilko Lake
sockeye salmon (Oncorhynchus nerka) as determined by one-
way ANovas for each gene. Different letters indicate statistical
significance between survivor groups for each gene. Sample
sizes for the imminent mortality, river mortality and migration
survivor groups were 28, 112 and 44, respectively.

(MMP13; P = 0.008) being the most significant (Fig. 5)
and contributing strongly to the position of fish along
Canonical Variate 1 (Table S4, Supporting information).
Additionally, interleukin-1b (IL-1B) and interleukin-11
(IL-11) strongly influenced the positions on Canonical
Variate 1. These patterns were generally driven by the
fish in the IM group. The genes complement factor C3
(C3), 1I-11, MX and phospholemman-like (PHOSA)
heavily contributed to the positions of individuals on
Canonical Variate 2 (Table S4, Supporting information).
Most of the differentially expressed genes were signifi-
cantly correlated with MX and signal transducer and
activator  of transcription 1-alpha/beta  (STATI;
P < 0.0033), which are involved in a response to viral
pathogens. Eight of the ten genes significantly different
between survival groups were also strongly correlated
with THNV levels (P < 0.0033; Table S4, Supporting
information). An additional four genes [interferon alpha
(IFNA), interleukin-1 receptor I (IL-IR), precerebellin
(PCBL), retinoic acid receptor responder protein (RIG-
1] not significantly different between survival groups
were positively correlated with IHNV levels, and one
[hyperosmotic protein 21 (SHOP21] was negatively cor-
related (data not shown).

Discussion

We assessed the relationship between gene expression
profiles and infection status with migration success in

© 2014 John Wiley & Sons Ltd

wild-caught smolts tracked over the first ~1150 km of
their migration to the North Pacific Ocean. We showed
that some smolts leaving freshwater rearing areas have
gene expression profiles consistent with activated
immune and stress responses and these fish have a low
probability of successful early migration. Fifteen per
cent of the smolts were not detected again after release
from the recovery pen (i.e. the IM group); these fish car-
ried a gene expression signature indicative of an antivi-
ral response typical of those observed in fish infected
by viral pathogens (e.g. Workenhe et al. 2010; Purcell
et al. 2011; Miller et al. 2014). Importantly, eight of the
10 genes predictive of survival were highly correlated
with the presence and load of IHNV and also dispro-
portionately observed more in fish that died soon after
release. However, IHNV alone did not explain the IM
signature, as more fish contained the signature than
were positive for IHNV. Given the very small tissue
samples taken, it is quite possible that some fish were
false negatives for IHNV (and potentially other patho-
gens). Although our study looked at a broad range of
18 pathogens, it was not inclusive of all possible viruses
or intracellular pathogens; therefore, it is conceivable
that the IM profile may have been associated with more
than one pathogen. It is also possible that some of the
monitored pathogens may have affected tissues other
than the gill. For example, Pacific salmon parvovirus
has a greater propensity to infect liver than gill tissue
(Miller et al. 2014), and IHNV has a higher likelihood to
be detected in kidney (e.g. Purcell et al. 2011). While
this is the first study to use telemetry and nonlethal tis-
sue sampling to assess the role of infectious disease on
wild smolt migration success, pathogen surveys on leth-
ally sampled smolts from the Columbia River system
have shown that many smolts can be affected by multi-
ple pathogens present in their river systems and it was
speculated that these pathogens may be associated with
some out-migration mortality in the population (Van
Gaest et al. 2011). Additionally, pathogens and morpho-
logical indicators of poor fish health have been hypoth-
esized to play a role in overall smolt mortality in the
Columbia River (Hostetter et al. 2011; Connon et al.
2012) and in Alaska (Burke & Grischkowsky 1984; Fol-
lett & Burton 1995). Collectively, these studies suggest
that pathogen-induced mortality probably contributes
to overall smolt mortality rates in many salmonid sys-
tems.

Many of the fish not detected and presumed to have
died immediately after release in the IM group were
characterized by increased expression of 10 genes
involved in immune and stress responses. Among the
differentially expressed genes were MX and STATI,
characteristic of a type I interferon response to viral
pathogens (Workenhe et al. 2010), including IHNV
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infection in salmonids (Miller et al. 2007; Purcell et al.
2011). Additionally, three genes involved in an inflam-
matory response [IL-1B, IL-11 and MMP13 (which is
involved in extracellular matrix degradation associated
with developmental processes in addition to inflamma-
tion and stress responses)] were upregulated in the IM
fish relative to the other groups, consistent with
patterns in rainbow trout infected with IHNV (Purcell
et al. 2004). The viral responsive gene CD83, involved in
B- and T-cell activity, and the secretory form of immu-
noglobulin M (IGMS), important in humoral immune
responses, were also stimulated. Finally, the fish from
the IM group had significantly higher expression of
HSP90, a marker of cellular stress. Collectively, these
data show that the fish in the IM group appeared to be
responding to one or more viral pathogens and had ele-
vated stress levels that could have contributed to mor-
tality shortly after release.

It is important to note that the immune and stress
responses measured in some smolts are probably only
associated with a portion of the mortality observed in
our study. Physiological factors unrelated to infectious
disease may or may not have been present at the time
of sampling and could have contributed to some mor-
tality. It is also highly likely that predation was a major
cause of mortality for the smolts, particularly in the
clear upper headwaters where fish are more vulnerable
to predation (Gregory & Levings 1998). It is currently
unknown what predation rates are on Chilko Lake
sockeye salmon smolts; however, based on observa-
tions, it may be significant as we have observed bull
trout (Salvelinus confluentus), rainbow trout and several
mammal species feeding on smolts. We also observed
many bird species feeding on fish around the collection
site in the Chilko River, which can markedly affect
smolt abundance (Frechette et al. 2012; Hostetter et al.
2012). Through impairment of swimming ability and
physiological performance, infectious diseases may also
increase risk of predation (Ferguson et al. 2012; Hostet-
ter et al. 2012). Chinook salmon infected with Renibacte-
rium salmoninarum, which can lead to bacterial kidney
disease, were more susceptible to predation by northern
pikeminnow (Ptychocheilus oregonensis) and smallmouth
bass (Micropterus dolomieu) under experimental condi-
tions (Mesa et al. 1998). Infection status can also influ-
ence the probability of postsmolt predation by avian
predators in the ocean (Miller et al. 2014). Therefore, it
is possible that an interaction between pathogen loads,
elevated immune and stress responses, and predation
may contribute to some of the smolt mortality that
occurs in natural systems.

A recent federal judicial inquiry into the record-low
returns of adult Fraser River sockeye salmon in 2009
(including the Chilko Lake population) suggested that

there are many factors that probably have contributed
to the decline in Pacific salmon populations in BC,
including interactions with various pathogens of con-
cern such as IHNV (Kent 2011; Cohen 2012; Miller
et al. 2014). The present data show that among the
progeny of the decimated 2009 brood year, 15% of
2-year-old smolts leaving Chilko Lake contained an
antiviral immune signature consistent with a physio-
logical response to one or more viral pathogens. Fish
carrying this signature were ~44 times more likely to
go missing early during downstream migration. More-
over, 82% of fish positive for IHNV and 100% carrying
high loads of the virus were not detected by receivers
in the lower Fraser River or estuary. While these data
cannot account for all mortality that occurred during
downstream migration, they suggest that infectious dis-
ease may be a factor in some of the early migration
mortality. Given that prevalence of IHNV was three
times higher for 1-year-old smolts leaving the Chilko
River in 2011, which represents the vast majority of the
sockeye salmon smolts produced by the 2009 adults,
infection-related downstream losses may have been
even greater for the dominant portion of the 2009
brood. Primarily a cold-water pathogen, IHNV infec-
tion can cause significant mortality in juvenile salmo-
nids (LaPatra 1998) and has been naturally present in
the glacier-fed Chilko Lake system for at least 40 years
(Williams & Amend 1976). These data probably under-
estimate the true impact of IHNV on the Chilko Lake
population as it is highly virulent in juvenile sockeye
salmon and many infected fish may die prior to start-
ing their out-migration (Burke & Grischkowsky 1984;
Follett & Burton 1995). As in the present study, IHNV
infection in these other systems was detected in seem-
ingly healthy-looking out-migrating smolts and is likely
to have caused some mortality in fish downstream of
the collection location (Follett & Burton 1995). Suscepti-
bility to IHNV decreases with age (LaPatra 1998) and
is rarely detected in Fraser River sockeye salmon in
the ocean (Traxler et al. 1997). The present study sug-
gests that IHNV-related mortality in the freshwater
portion of the smolt migration may contribute to the
rarity of IHNV-infected sockeye salmon detected in the
ocean.

The role of pathogen presence on delayed mortality
in the coastal ocean or upon return to fresh water to
spawn is currently unknown. The only other pathogen
detected in the 2-year-old smolts (although at a much
lower prevalence) was N. salmonis, a microsporidian
parasite that can cause marine anaemia and weaken the
host’s immune system, allowing for direct mortality or
secondary infection to occur (Hedrick et al. 1990). There
are also many other pathogens not assayed in our study
that affect early marine survival in smolts (e.g. Rhodes
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et al. 2006; Jacobson et al. 2008), and inclusion of addi-
tional pathogens in the screening may lead to stronger
predictive models of survival.

There is the potential that stress from the handling
and surgery procedures could contribute to mortality in
fish with poor health. However, the absence of any
mortality in the holding study conducted prior to the
field collections suggests that our sampling procedures
had little effect on postsampling survival. Additionally,
we did not find a statistically significant difference in
survival patterns between gill-sampled and non-
gill-sampled acoustic-tagged smolts, indicating that the
mortality was not associated with gill sampling.
Although there is a chance that there was some transfer
of pathogens between individuals during the collection
process, there was insufficient time for the fish to prop-
erly respond to the pathogen infection as it can take
days for peak expression of genes associated with an
antiviral immune response, including MX, to occur in
salmonids (Miller et al. 2007). Therefore, those fish that
had gene expression profiles consistent with an immune
and stress response were probably unhealthy prior to
collection.

Identifying the types and relative effects of patho-
gens, along with possible indirect effects (e.g. increased
susceptibility to environmental stressors or vulnerability
to predation), is important for determining the magni-
tude of pathogen-related mortality in wild migrating
smolts, a cause of mortality that has generally been
unmeasured. Research, like the present study, that links
telemetry with pathogen and physiological profiling
offers a unique opportunity to identify pathogens that
may impact migratory performance in wild fish.
Because of the high occurrence of smolt-pathogen(s)
interactions in many natural systems (reviewed in
Bakke & Harris 1998; Miller et al. 2014), the implications
of the present study’s results and approach used are
probably relevant to other anadromous salmonid sys-
tems globally. If pathogens are identified as a signifi-
cant cause of out-migration mortality in systems,
incorporating infectious disease dynamics into popula-
tion models may improve predictive capabilities and
lead to the development of adaptive management plans
that recognize the role of pathogens in wild salmonid
conservation.
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Table S1 Summary of the primer and probe sequences for the
50 genes involved in immune and stress (includes genes associ-
ated with osmoregulation) responses along with the three ref-
erence genes used in the qPCR assays on 2-year old Chilko
Lake sockeye salmon (Oncorhynchus nerka) collected in 2012.
References to the study that generated the primers are pro-
vided if necessary. The mortality-related signature category
refers to immune response genes associated with migration
mortality in Miller ef al. (2011)*.

Table S2 Number of V7 tagged 2-year old Chilko Lake sockeye
salmon (Oncorhynchus nerka) smolts detected on the acoustic
array and the estimated detection probabilities in 2012. All
smolts were released from a recovery pen near the fish count-
ing fence at the outflow of Chilko Lake. Note that few fish
were detected at the Farwell Canyon and Mission receiver
locations and therefore have been excluded from the table.

Table S3 Summary of primer and probe sequences for the 19
pathogen qPCR assays (18 different pathogens) examined in
Chilko Lake sockeye salmon (Oncorhynchus nerka). The Pacific
salmon parvovirus assay is available on request to K.M. Miller.

Table S4 Correlation coefficients (1) from Pearson’s correlations
performed on the morphological measurements, pathogens
detected (without applying a threshold cut-off) and genes with
significantly different levels of expression between the survivor
groups of 2-year old Chilko Lake sockeye salmon (Oncorhyn-
chus nerka). Values in bold indicate statistical significance at a
multiple test corrected critical alpha < 0.0033 (0.05/
15 = 0.0033). The standardized scoring coefficients for each
Canonical Variate and group mean (i.e., centroid) from the lin-
ear discriminant function analysis for each survival group is in
red shading for the 10 genes to indicate the relative role of
those genes in discriminating between groups.



