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Management Summary 

The salmon gene array experiments on gill, whole brain, white muscle, liver, and 

hypothalamus tissues have uncovered a large amount of new information on the 

physiological changes associated with adult salmon migration, covering a geographic 

scale from QCI to the spawning grounds.  We were able to refute a number of hypotheses 

regarding the environmental and physiological cues associated with FW entry timing, 

while others are still left open.  For instance, differences in somatic energy, as measured 

in our study by metabolic changes in white muscle tissue and by our collaborators using 

fat probes, were not associated with entry timing of the 2006 late-run sockeye salmon.  

There was also no (directly measured) significant association between osmotic 

preparation for FW (in gill) and entry timing.  However, 2006 was a year of unusually 

high levels of FW influence (Rick Thompson, personal communication) and our data 

showed that both summer- and late-run fish were osmotically prepared for FW much 

earlier than in previous years, even as far away as QCI, but certainly by the time the fish 

reached JS.  Given that most late-run fish that were radio-tagged entered the river by the 

first week in September and did not hold in the SOG longer than a week, we contend that 

it is possible that virtually all late-run fish sampled were early entry, possibly as a result 

of their advanced osmotic preparation.  The only physiological hypothesis associated 

with entry-timing that we did not directly measure involved reproductive maturation, as 

this was not tractable using the non-destructive tissues (gill and white muscle) collected 

in 2006.  However, our brain array study in 2003 was consistent with the directed 

physiological studies by Hinch’s group, showing advanced reproductive maturation of 

early-entry fish sampled at W.   

We investigated the physiological effects of a number of variables in addition to entry-

timing.  We found that the physiological processes associated with migration (e.g. 

osmotic preparation, reproductive maturation, energy) were not well coordinated, and 

responded to different environmental cues.  Osmoregulatory physiology associated with 

gill tissue responded dynamically and was sensitive to the degree of FW influence 

present in the ocean in each year.  Reproductive physiology in the brain appeared, in the 

two years it was studied, to correlate with the migratory route fish took back to the river, 

with fish in JS showing higher levels of reproductive maturation than those taking the 

outer (JDFS) route.  The metabolic changes associated with energy metabolism and 

reproductive loading in white muscle tissue were cued by the estuarine environment and 

possibly the pheromones present at the spawning grounds.  We also showed that 

physiological changes associated with migration between adjacent locations were 

generally much greater than differences between co-migrating stocks or run-times within 

a SW location.  This means that the external environment has a stronger effect on 

physiology in the ocean than does genetics; hence, physiological assessments of 

conditions of migrating fish in the ocean can be generalized for co-migrating stocks (e.g. 

to determine levels osmotic preparation and FW influence physiologically, summer-run 

or late-run fish could be used).  However, a larger genetic affect was observed in FW 

migrating fish.  Sex-specific differences were generally minimal, but rose at the spawning 

site in the hypothalamus.  A strong physiological association with fate in-river was 

revealed through gene expression profiling of gill tissue, but did not appear to be directly 
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related to osmotic pathways.  Physiological responses of different tissues to high water 

temperature were potentially uncovered at Savona (the highest temperature site 

analysed), with the strongest signals present in white muscle tissue, and weakest in gill 

tissue.  These data will help guide our ongoing and future temperature challenge 

experiments aimed at defining stock-specific differences in adaptability to elevated 

temperatures expected to result from global climate change.  Perhaps the most 

noteworthy finding, however, was a very strong and consistent pattern of gene expression 

in the brain associated with diversion.  These data revealed that fish migrating through 

the inner (JS) route in both 2003 and 2005 (the only years brain experiments were 

conducted) differed physiologically (by over 2,500 genes) from those taking the outer 

(JDFS) route.  Moreover, a clear pattern associated with navigation was revealed, with 

fish migrating through the inner route stimulating the olfactory and visual areas of the 

brain, while fish taking the outer route used long-term memory to navigate back to the 

river.  Perhaps even more importantly, the physiological signals (including those 

associated with navigation) differentiating fish on the basis of diversion were present 

before the fish reached the inner or outer coasts (i.e. in QCI) and continued through their 

migration in river; hence it may be possible to predict which route salmon will take in 

advance, and to predict in river and at the spawning grounds which route salmon already 

took.  Future research testing the hypotheses that diversion-related brain signatures result 

from juvenile imprinting or that they stem from disparate routes of return in the ocean 

(i.e. offshore vs. along the coast) is envisioned.   

In addition to testing specific hypotheses, the arrays uncovered a suite of new genes that 

could be useful biomarkers for transcriptionally predicting fate and diversion, or staging 

osmoregulatory preparation, starvation-energy-senescence, stress, and reproductive 

maturation.  These genes offer new directions for future research.  

The results contained in this report span the range of studies we have conducted on 

sockeye salmon migration, with the portion covered by this SEF grant including 

experiments conducted on 2006 fish.  All microarray experiments under the 2005-2007 

SEF have been completed, but we are still validating individual genes and developing 

biomarkers.  We are also working closely with our collaborators to integrate the 

microarray data with the directed physiological assays and experimental studies to aid in 

the preparation of a cohesive multidisciplinary report addressing the state of our 

knowledge on late-run sockeye salmon and their abnormal entry-timing behaviour, to be 

submitted in 2008.   
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Introduction 

The normal migration pattern for late-run sockeye salmon is to hold in the estuarine water 

off the mouth of the Fraser River (FR) for 3-6 weeks before entering the river and 

beginning upstream migration to their natal streams. However, since 1995, a large but 

variable percentage of late-run sockeye salmon have foregone their holding in the estuary 

and have entered the FR 4-6 weeks earlier than expected from historical records.  This 

behavioural shift has created difficulties for fisheries managers as Fraser River fisheries 

are managed based on four run-time groups - Early Stuart, early summer, summer, and 

late (Pacific Salmon Commission 1989), with the summer- and late-runs presently highly 

overlapping.  Perhaps more importantly, the late-run fish that have entered the river early 

have undergone significantly higher levels of en route and pre-spawning mortality than 

those that entered at their normal time (Cooke et al. 2004; Lapointe et al. 2004), which 

could threaten the long-term sustainability of late-run stocks.  A number of factors may 

contribute to this higher than usual mortality.  First, it is clear that fish entering the river 

early are not spawning early, hence they are spending more time than usual in the river.  

Second, late-run fish typically enter the river during the fall (September/October) when 

river temperatures are relatively cool (mean water temperature of 14 
o
C).  Late-run fish 

that enter the river in August are being exposed to water temperatures 5-6 degrees higher 

than they would normally encounter (up to 20 degrees C).  These temperatures are 1-2 

degrees higher than normal even for summer-run fish that are more adapted to withstand 

high migration temperatures, but have also undergone significant in-river mortalities in 

some years.  Third, salmon entering the river are exposed to freshwater pathogens and 

parasites, and extended periods of time in the river can increase the severity of infection 

and impact of disease on migrating fish.  Parvicapsula minibicornus is a parasite that has 

been shown to have a high impact on mortality of some stocks of early-entry Late-run 

fish (St-Hilaire et al. 2002), with the number of degree days that fish experience strongly 

correlated with levels of infection (Wagner et al. 2005).  Finally, while there may be 

numerous environmental factors involved in the high levels of mortality being 

experienced by early-entry late-run fish, it is possible that there is also a physiological 

basis to this phenomenon (i.e. fish that migrate into the river early are either less prepared 

than normal or are overall less fit).    

Many hypotheses have been advanced to explain the behavioural shifts in entry timing of 

late-run stocks, some based on environmental triggers and others on the physiology of the 

fish.  Changing ocean circulation, higher freshwater influence, reductions in high quality 

prey, shifts in the timing of smoltification, river export and even increased killer whale 

numbers have been hypothesized as potential environmental factors.  While uncovering 

environmental triggers for entry timing, especially those that can be forecasted well in 

advance, are of interest to managers, thus far, there have been few data to support those 

hypothesized. However, there may be some very recent oceanographic data from Rick 

Thompson (stemming from this 2006 collaborative study) associating wind and up 

welling currents with entry timing which could account for annual variation in 

percentages of fish entering the river early.  However, this hypothesis does little to 

explain differences in entry-timing between co-migrating fish.   As behavioural responses 

to the environment are triggered by physiological change, another approach to 
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understanding entry-timing behaviour may be to focus on physiological correlates, which 

are largely the focus of research in this project.   

There were two major goals set out for the collaborative Late-run group of researchers 

and funded through SEF; testing hypotheses and collect novel physiological, behavioural 

and survival data.  The three hypotheses relating to the control of entry timing were, 1) 

the “stay with the school” hypothesis; 2) the maturation hypothesis; and 3) the 

osmoregulation hypothesis.   These hypotheses were tackled by non-lethal biopsy 

telemetry of fish in conjunction with a variety of experimental approaches, including 1) 

experimental manipulation (attempting to artificially reproductively advance fish using 

hormone implants; conducting holding studies in different salinities and releasing fish to 

test the osmotic hypothesis), 2) targeted  physiological measurements of hormone 

production, Na
+
 K

+
-ATPase activity and ion concentrations in the blood, and energy 

reserves measured with fat probes, and 3) gene expression profiling, targeting specific 

tissues involved in the control of each of these physiological processes.   The second goal 

was to collect additional physiological (including both targeted and gene expression 

data), behavioural and survival data for Late-run sockeye salmon.   The report herein 

documents the results of research performed at the DFO Molecular Genetics Laboratory 

using gene expression profiling (covered under objectives G and H of the original 

proposal.   

G. Collect and analyze physiological and genetic samples taken from Late-

run sockeye tagged and released near the Queen Charlotte Islands (QCI), 

Johnstone Strait (JS) or Juan de Fuca Strait (JDFS) , Strait of Georgia (SOG) 

and the lower Fraser River to identify physiological changes associated with 

“normal” migration and those associated with “abnormal” early river entry; and 

(see Table 1) 

H. If a physiological signal is present, use gene array technology to develop 

biomarkers to predict entry time of fish caught in marine test fisheries. 

 

Overview of Gene Array Experiments  

Behavioural and physiological processes are controlled at the level of gene expression.  

Gene arrays (also called microarrays) are a new genomics technology that monitors the 

expression of thousands of genes at once (16,006 genes on the salmonid GRASP array; 

von Schalburg et al., 2005), and were used in this study to enhance our understanding of 

migration physiology and to corroborate information from targeted bioassays.  In 

addition, gene arrays were used to ascertain whether physiological differences existed 

between late-run entry-time groups (early and normal), and if so, to identify entry-time 

biomarkers that could be used in future by managers to predict the proportion of fish that 

would enter the river early.  Because gene arrays examine many more physiological 

pathways than is possible with conventional bioassays, it was proposed that gene arrays 

could also be used as a data-mining tool to guide us towards alternative early migration 

hypotheses that could be tested in future years. 
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The MGL at the Pacific Biological Station began conducting gene array experiments on 

sockeye salmon in 2004, and since that time, has conducted experiments on 2003 

summer- and late-run migrating fish (liver and whole brain; Table 2), 2005 summer-run 

(whole brain, gill and liver; Table 3), and 2006 late- and summer-run fish (gill, white 

muscle, and hypothalamus; Tables 4-6).  Because the genes expressed in a tissue relate to 

the physiological function of that tissue, we conducted experiments on the tissues with 

functions that we hypothesized could be important in migration physiology and 

behaviour (e.g. liver and muscle for energy metabolism, brain and hypothalamus for 

reproductive maturation, sensory development and signalling, and gill tissue for 

osmoregulation and response to disease and stress).  Gill and white muscle tissue were of 

particular interest because these tissues could be sampled non-destructively in 

conjunction with the radio-tagging program; hence entry-timing behaviour and fate in the 

river (whether fish made it to spawning grounds or went missing in the lower or upper 

river) were known.  By incorporating tracking information directly into the array 

experiments we could explore the physiological associations with behaviour and fate.   

Much of the microarray research that has been carried out thus far has been funded 

through DFO (e.g. the 2003 and 2005 datasets), with only the 2006 datasets being 

covered by PSC funding.  However, we have chosen to include in this report a summary 

of all findings to date, as the multi-year dataset is far more powerful than that of a single 

year in determining the physiological basis of migration and in deciphering what aspects 

of physiology are consistent over years, between stocks and run-time groups, and even 

between tissues.    

Our discussion of the microarray results will focus on three levels of detail, which are 

described briefly below.   

1) SIGNIFICANCE AND PATTERN: Focus on understanding the patterns and scale of 

physiological change, including the physiological relationships among individuals within 

and between sites, entry-time behaviours, and fate categories.  Could also focus on 

difference between sexes or fish categorized by other physiological parameters (e.g. high 

and low stress indicators, ion balances, etc.).  

Specific questions may include 

• Are there distinctive expression profiles (relating to physiological change) along 

the migration path?   

• If so, how distinctive are they?   How many genes are involved? 

• Are the physiological relationships resolved among individuals the same for 

different tissues?  (this question addresses the linkages between specific aspects 

of physiology relating to migration—e.g. osmoregulation, energy utilization, and 

reproductive maturation) 

• Are there individual “outliers”? 

• Where or when do the switch points in physiology take place? 

 

2) MOLECULAR CONTROL OF PHYSIOLOGY: Focus on the resolution of 

physiological processes that are changing during migration in relation to the function of 

each tissue.  
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Specific questions could include   

• What are the genes involved that differentiate sites, physiological “outliers” 

within sites, entry-times, sex, and fate? 

• What physiological pathways are over-represented? 

• What can we hypothesize about the biology of the fish from the physiological 

signals? 

3) BIOMARKERS: Focus on the resolution of individual genes, and their ability to 

classify individuals by particular treatments (e.g. entry-time, fate, diversion, etc...).  At 

this level, we are looking for highly differentially expressed genes that are key regulators 

or downstream indicators of pathways considered important.  Quantitative PCR (QPCR) 

assays are developed for promising “biomarker” genes and validated on the samples used 

in the array experiments.  If they pass validation, they are then assessed over a larger 

array of samples, if available.  They can even be used to assess annual variability in 

signal.  Biomarkers are the genomic tools that will, in future, be most useful in 

forecasting behaviour, fitness and fate for management applications.   

Specific questions may include   

• Are there highly differentially regulated genes that can be used as predictors of 

entry timing or fate (BIOMARKERS)? 

 

Microarray Methods (detailed for 2006) 

Field sampling for array experiments 

2006 was a dominant year for returns of Lower Adams sockeye. Returning sockeye were 

captured by commercial purse seines at 4 ocean sites: the Queen Charolotte Islands 

(QCI), Juan de Fuca Strait (JDFS), Johnstone Strait (JS), and the Strait of Georgia (SOG).  

Specific sampling details include: Queen Charlotte Islands: Rennell Sound, DFO 

management area 142, statistical area 2W, approximately 850 km from the Fraser River 

(FR), sampled July 28- Aug 3, 2006, collected non-destructive samples from radio-tagged 

fish (n= 197) and destructive samples (n= 37), Juan de Fuca: DFO statistical area 20, 

southern approach to FR, approximately 300 km from the FR, sampled (from Belina) 

Aug 6 - 10, 2006, collected non-destructive samples from radio-tagged fish (n=236) and 

destructive samples (n=54 ).  Johnstone Strait: Discovery Passage, statistical Area 13, 

northern approach to FR, approximately 200 km from the FR, sampled (from Sunfisher) 

Aug  11-12, 16-19, 24-27, 2006, collected non-destructive samples from radio-tagged 

fish (n=424) and  destructive samples (n=50).  Strait of Georgia:  DFO statistical area 29, 

estuarine, approximately 25 km from the FR, sampled (from troll Pacific Skye) Aug 29-

31, 2006, collected destructive samples (n=71) only, but fish were also collected for the 

WVL experiments manipulating salinity and hormones (n=279), and these fish were also 

biopsied for gill tissue before being released. On Sept 11, nine fish in SOG were 

destructively sampled (3821-3829). The marine-caught fish were biopsied by UBC 

and/or DFO personnel and either radio- or acoustically-tagged by LGL or Kintama 

personnel, respectively.  Physiological sampling was carried out as described by Cooke et 
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al. 2005 and 2006. Radio-tagging at JDF, JS and Glenlyon was carried out as in described 

Robichaud and English (2007).  

Between July 9 and Sep 1, 2006 sockeye (n=378) were captured, radio-tagged and 

physiologically sampled in the Fraser River at a site adjacent to Glenlyon Provincial Park 

(W), about 69 km from the mouth of the FR and ~10 km downstream from Mission. The 

tips of 2 or 3 gill (~0.03 g) filaments were cut from each fish and frozen immediately on 

dry ice or in liquid nitrogen vapor. 

Tissue samples (gill, liver, kidney, heart, muscle, hypothalamus portion of the brain; 

Table 1A) were collected from destructively sampled fish in the Fraser River and South 

Thompson watersheds between Aug and Nov 2006. Sampling times were determined to 

maximize the probability of capturing Late-run Lower Adams sockeye (S. Latham, PSC, 

pers. comm.) Fish were netted and killed quickly by a blow to the head.  The stock of 

origin of all fish sampled, except for those sampled on spawning grounds, was 

determined by DNA analysis at MGL (Table 1).   

The migration progress and timing of individually tagged fish was reconstructed from 

data downloaded from radio signal receivers deployed along the Fraser River to natal 

subwatersheds by LGL Limited. 

Non-destructive (array) sampling during Radio-tagging:  

Sockeye salmon from QCI, JS, JDFS and W were dip netted out of purse seine and 

placed into sampling trough with flowing seawater for sampling.  Radio-tagging was 

carried out by LGL and Kintama, and will not be detailed here.  Non-destructive samples 

for array experiments included gill and muscle tissue. The tips of 4-6 gill filaments 

(approximately 0.3 g) were cut and immediately frozen in a liquid nitrogen (LN2) dry 

shipper or on dry ice. Muscle biopsy samples were taken with a 3 mm biopsy punch 

between the lateral line and the dorsal fin for fish tagged at JS and JDFS only.  An 

adipose fin clip was sampled from all fish and preserved in ethanol for later individual 

DNA stock identification at the Molecular Genetics Lab at the DFO Pacific Biological 

Station. Physiological sampling and radio-tagging was performed within 3 minutes to 

minimize stress on the fish (Table 1 B and C). 

 

Destructive sampling 

Fish were collected by various netting methods then dip netted out of the water and 

euthanized quickly by a blow to the head. Tissue samples for the arrays were taken after 

caudal bleeding and immediately frozen in a LN2 dry shipper or on dry ice.  

Approximately ~0.3 g tips of 4-6 gill filaments were biopsied first.  Approximately 0.5-2 

g biopsies of liver, mid- kidney, and heart were then excised, followed by a muscle 

biopsy taken with a 3 mm biopsy punch. The muscle biopsy was taken half way between 

the lateral line and the top of the fish and included mainly white muscle sample (with a 

little red muscle near the the skin).  The horizontal position of this sample was anterior to 

the adipose fin and basically in line with the mid-point of the anal fin insertion. Lastly, 

the portion of the brain containing the hypothalamus was removed and preserved in 

RNAlater™ , according to the manufacturer's instructions so that the hypothalamus could 
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later be dissected away from the rest of the brain tissue. An adipose fin clip was 

preserved in ethanol for later DNA analysis. 

 

Total RNA isolation 

With the exception of brain (hypothalamus) tissue, samples were stored in a charged 

liquid nitrogen cryoshipper for a few days until they were brought to PBS, at which time 

they were transferred to -80 ºC until analyzed. Brain tissue stored in RNAlater was also 

transferred to -80 ºC after pouring out the majority of the liquid preservative.  Total RNA 

was purified from individual fish gill, hypothalamus and white muscle tissue using  

Magmax™-96 for Microarrays Kits (Ambion Inc, Austin, TX, USA) with a Biomek FXP 

(Beckman-Coulter, Mississauga, ON, Canada) automated liquid-handling instrument.  

Approximately 10 mg of frozen tissue was homogenized with stainless steel beads in 

TRI-reagent (Ambion Inc, Austin, TX, USA) on a MM301 mixer mill (Retsch Inc., 

Newtown, PA, USA).  One hundred microliter aliquots of homogenates were pipetted 

into 96 well plates and extractions were carried out according to the manufacturer's 

instructions using the "No-Spin Procedure" for tissues that had been frozen (gill, muscle) 

or the "Spin Procedure" for hypothalamic tissues that had been preserved in RNAlater 

(Qiagen), on the Biomek FXP.  In the final step, RNA was eluted with RNAase-, 

DNAase-free water and RNA yield was determined by measuring the A260 of the eluate. 

Purity was assessed by measuring the A260/A280 ratio of the eluate. Solutions of RNA 

were stored at −80 
◦ 
C until use for cDNA synthesis or qPCR. 

 

Microarray methodological overview 

A cDNA microarray is a slide that contains thousands of individual gene clones (also 

called expressed sequence tags, or ESTs) spotted in a grid pattern that can be used 

quantitatively to determine which genes are transcriptionally turned on (up-regulated) and 

turned off (down-regulated) within and among treatments.  The slides used in this study 

contained 16,006 EST features and were produced by the Genome Canada funded 

Genomics Research on Atlantic Salmon Project (GRASP http://www.uvic.ca/cbr/grasp; 

B.F. Koop & W. Davidson; von Schalburg et. al., 2005).   Array slides are hybridized 

(bound) with fluorescently-labeled RNA from tissues collected from fish with different 

backgrounds (i.e. Summer-run, peak- or early-entry Late-run) or different localities (Juan 

de Fuca, Queen Charlotte Islands, and Georgia Strait in the marine environment, 

Whonnock and natal sites in the freshwater environment) and a reference control RNA.   

Each probe gene on the array binds its complementary fluorescently-labeled target, and 

subsequent analysis of the microarray with a high-resolution fluorescent scanner allows 

assessment of the fluorescent signal strength that originates from the probe-bound target.  

The ratio of the sample to the reference control is used to compare profiles across 

microarrays.  Given that the salmon microarray contains 16,006 gene fragments, this 

technology allows the simultaneously measurement of gene expression levels of ¼ to ½ 

of the salmon genome.  When levels of genome-wide expression are compared among 

different sample groups, the differential up- and down-regulation of thousands of genes 

representing hundreds of physiological pathways is determined.  The expression data 
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from all of the genes on an array can be sorted into physiological pathways that are up- or 

down-regulated and the collective output is termed the expression profile.  Gene 

expression profiles can then be compared along the migration route (in a spatio-temporal 

series analysis) and among fish from different stocks, run-times (Summer vs. Late-run), 

freshwater entry times (peak- vs. early-entry of Late-run stocks), migratory fates (e.g. fish 

that did and did not make it to spawning grounds), sexes, years, etc… to determine the 

normal sequence of physiological changes that occur during migration, and which 

physiological pathways contain altered expression patterns among each group of samples.   

aRNA Labelling and Arrays 

Because the tissue samples were small (especially the destructive samples), in order to 

obtain enough RNA to run on a microarray slide, we had to first amplify (create more 

copies of) the total RNA.  500 ng to 5 ug of total RNA was amplified using a 

MessageAmp
TM

II-96 kit (Ambion, TX, USA), performed manually according to 

manufacturer’s instructions.  Five micrograms of aRNA were reverse transcribed into 

cDNA and labelled with Alexa dyes using the Invitrogen Indirect Labelling Kit, with 

modifications from the manufacturer’s instructions.  Briefly, the cDNA was purified 

using Zymo-25 Clean-Up columns (Zymo Research, Orange, CA) and eluted using the 

2X coupling buffer, supplied by Invitrogen.  During dye labelling, samples were 

processed individually by first adding DMSO, then cDNA to the Alexa dye tube and 

incubating for 1h at room temperature.  All individual (experimental) samples were 

fluorescently tagged with Alexa 555 and references were labelled with Alexa 647.  

Samples and references were cleaned up by adding 50 µl of DNA binding buffer (Zymo) 

to each Alexa tube and then combining the sample and references for each slide into 

Zymo-25 Clean-Up columns.  The unbound portion of the labelled cDNA was removed 

by centrifugation at 13,000 rpm/min.  The labelled cDNA was washed three times with 

DNA wash buffer (Zymo) and eluted in 9 µl of 1X TE buffer.  Two microliters of poly 

dA was added to the targets, which were then denatured for 10 min at 80
 o

C, followed by 

the addition of 125 µl of  pre-warmed SlideHybe3 buffer (Ambion, TX, USA) before 

loading into the hybridization chamber in Tecan-HS4800 Pro Hybridization Station 

(Tecan Trading AG, Switzerland) 

 

Salmon Arrays  

Each fish examined in the array experiments was run on a single slide against a reference 

control that was a pool of all of the fish used in the experiment sampled from different 

locations.  Microarray data were expressed in terms of normalized (background 

corrected) log2 ratios between each fish and the reference control.   

All slides were processed on Tecan-HS4800 Pro Hybridization Station (Tecan Trading 

AG, Switzerland). All steps from washing, hybridization, denaturation, and slide drying 

were carried out automatically. 

The fluorescent images were scanned using a Perkin Elmer ScanArray Express (Perkin 

Elmer, Boston, MA), adjusting the PMT gain for optimized visualization of each image.  

The images were quantified using Imagene (BioDiscovery, El Segundo, CA, 

www.biodiscovery.com) and normalized using the local LOESS algorithm in GeneSight 
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(version 4.1, BioDiscovery, Inc. El Segundo, CA, www.biodiscovery.com).  Spots with 

poor quality or no signal at both wavelengths were flagged and replaced by the 

experimental means for each gene.   

  

Statistical Analysis of Array Data  

I.  Significance and Pattern 

In defining significance, we often focus on the intensity of physiological change, i.e. how 

many genes statistically differentiate expression profiles of one treatment from another 

(treatments in this study included sites, run-times, entry times, fates, stocks, and years).  

However, it is also important to look closely at the pattern of physiological change, i.e. 

the physiological relationships among individuals and treatments.  We can ask questions 

such as:   

• Do salmon sampled at sites along the migration path carry unique expression profiles 

indicative of physiological change?   

• Are there regional clusters of sites that carry similar patterns?   

• Are there specific points along the migration path where major shifts in expression 

occur?   

• How interconnected are different aspects of physiology known to affect migrating 

salmon, such as osmoregulation, reproductive maturation, and energy metabolism?   

• Are the physiological relationships among individuals and sites similar in profiles of 

different tissues which target different aspects of physiology?   

In the statistical analyses to resolve pattern and physiological pathways, we used a 

combination of ANOVAs and pairwise T-tests to determine whether sites (2003, 2005, 

and 2006), entry-times (2006 only), run-times (2006 only), stocks (2005 study only), in-

river fates (2005 and 2006) and years (2006 only) were statistically differentiated from 

one another on the basis of gene expression data stemming from the 16,006 genes on the 

array.   We implemented a conservative p-value cut-off of 0.001, which gave us a false 

positive rate (that was empirically confirmed) of approximately 16 genes.  Therefore, we 

assumed, conservatively, that if over 30 genes were identified as significant, there was a 

significant difference between treatments being compared.  Even so, treatments with less 

than 50 genes differentiating them were not considered highly significant. 

From these initial statistical analyses, we identified the genes that were significantly up-

regulated (turned on to make proteins) and down-regulated (turned off) between 

treatments of interest (locations-for migratory changes, run-times [summer vs. late], 

stocks [2005 summer-run only], years [2005/2006 summer-run], sex, entry-times [early 

vs. “normal” late-run], and fate groups [spawning ground vs. missing between Hell's Gate 

and the spawning grounds; this last category is covered in more detail in our 2007 SEF 

grant, but will be touched on briefly here]).   Hence, we reduced the 16,006 gene probes 

on the slide to smaller, statistically significant sets of “genes of interest”.  These genes of 

interest were clustered using unsupervised hierarchical clustering to reveal the 

relationships among individuals and sites for each tissue.  Hierarchical clusters resolve 

physiological relationships among individuals (x-axis) AND genes (y-axis) 

simultaneously, and identify where major shifts in physiology take place.  They also 
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reveal how distinctive sample sites are and whether there are “outlier” fish within sites 

that do not match the predominant physiological signatures.    

 

Validation using Quantitative PCR (qPCR) 

Quantitative RT-PCR is more sensitive to minor changes in gene expression than the 

hybridization-based microarray technology and is often used to validate microarray 

results. QRT-PCR was performed on a subset of genes identified through the microarray 

experiments as significantly differentially regulated.  Genes for validation were chosen to 

cover the widest possible range in pathways, and an effort was made to validate genes of 

key importance to the pathway of interest.  Primers for qRT-PCR were designed using 

AlleleID version 4.0 (Premier Biosoft, Palo Alto, CA).  Because of residual tetraploidy 

present within the salmon genome, careful attention was taken to insure that assays 

detected only the gene copy of interest (i.e. most genes contain two copies) represented 

on the slide.  Gene homologs and orthologs were determined through alignments of all 

tentative consensus (TC) sequences present in TIGR (http://www.tigr.org/tdb/tgi/) for S. 

salar and Oncorhynchus mykiss.  In some instances, primers were designed to each 

duplicated gene, labelling homologs A- and B-, with A- generally representing the gene 

most differentially expressed on the slide.   

Total RNA of each sample run on the microarrays, was used to synthesize cDNA.  Two-

step reverse transcription-PCR was performed using SuperScript
Tm

 III First-Strand 

Synthesis SuperMix for qRT-PCR (Invitrogen, CA, USA), and Power SYBR Green PCR 

Master Mix (Applied Biosystems, CA, USA) according to guidelines from the 

manufacturer. Reverse transcription was performed on 1 µg total RNA template and a 1:5 

dilution of the resulting cDNA was used as template in quantitative RT-PCR (qRT-PCR).  

The qRT-PCR assays were performed on an ABI 7900HT PCR system (Applied 

Biosystems, CA, USA) in 384-well plates using 20 µl reaction volumes containing 1X 

Power SYBR Green  PCR master mix (Applied Biosystems, CA, USA) with 300 nM of 

forward and reverse primers and 2 µl of diluted cDNA.  The standard cycling conditions 

were 95
o
C for 15 min followed by 40 cycles of 94

o
C for 15s and 60

o
C for 1 min. All 

samples were run in duplicate and non-template controls included.  

The cycle threshold (Ct) value was determined by the ABI 7900HT Sequence Detection 

System (SDS) Relative Quantification ∆∆Ct Study. Target gene expression (unknown 

sample) was normalised to a reference (endogenous control) gene (Acidic ribosomal 

phosphoprotein PO [ARP]) and adjusted for amplification efficiency (E) from each PCR 

kinetic curve (Liu and Saint, 2002). For each target gene, average E of the PCR reaction 

was calculated from triplicates of the two samples. Efficiencies between 0.7 and 1.0 were 

accepted. Expression levels (RQ) relative to an average Ct value of duplicates of QCI 

samples were then calculated by the ∆∆Ct method adjusted for E.  

Statistical analysis of qRT-PCR data was performed using GraphPad InStat V3.05 

statistics package, GraphPad Software, San Diego California USA, www.graphpad.com, 

One-way Analysis of Variance (ANOVA) test was used to compare differences among 

groups. 
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Results  

Microarray experimental designs 

Figures 1-5 outline the microarray experimental designs upon which the data that are 

presented herein are based.  Experiments were designed to address specific questions in 

each year; therefore, there are many variables that are not addressed over all experiments.  

In addition, while carefully designed experiments will provide statistical power for 

addressing questions of interest, the data often drove the analysis in new directions.  It is 

important to note, again, that microarray data do not provide absolute values of 

expression, but are instead relative measures of expression. Thus, only the genes that are 

differentially expressed between experimental parameters will be resolved.  There will be 

many highly expressed genes that do not appear on significant gene lists that may be 

ubiquitously expressed, but regulated at the level of translation or protein activation.  

Furthermore, what we “see” in the data depends upon what questions we ask of the data; 

hence these experiments offer endless mining opportunities as new gaps in knowledge are 

uncovered.  The variables of interest that we will discuss in this report include: 

Tissue—Are the genes differentially expressed within a tissue reflective of the function 

of that tissue?  How well connected are the physiological patterns between tissues?  Are 

the key physiological processes hypothesized to be of important to migration and FW 

preparation changing in concert with one another, or are they functionally independent?  

While experiments in different tissues were independent, in 2005 (Table 3) and in 2006 

(Tables 4-6), there was a large overlap in the individuals used in the experiments on 

different tissues.  There was not complete overlap, however, as gill and muscle tissues 

were often collected non-destructively whereas brain, hypothalamus and liver were only 

collected destructively.  We utilized the overlapping individuals in these years to assess 

the physiological correlations among tissues.  A brief description of the physiological 

processes and reasons to target specific tissues follows:  

GILL: Osmoregulation, homeostasis, stress and defence response were the key 

physiological processes of interest in relation to salmon migration. We were particularly 

interested in using gene expression profiles of the gill to measure degree of FW 

preparedness, which we hypothesized could be associated with FW entry timing or fate in 

river.   

BRAIN: Reproductive maturation, sensory development, circadian rhythm, stress, and 

homeostasis are the main processes within the brain that were of interest in relation to 

migration.  The brain is a multi-organ tissue, and while more precise estimates of 

expression may have been gained by limiting analyses to one region at a time (e.g. 

hypothalamus or pituitary for reproduction, olfactory bulb for olfaction, etc…), by using 

whole brain, we could measure changes in the widest possible array of pathways of 

interest.   

HYPOTHALAMUS: In 2006, we switched from whole brain to the hypothalamus for 

array experiments to increase our sensitivity to detect genes involved in the early control 

of reproductive maturation (through the hypothalamus-pituitary-oocyte axis).  We were 

looking for (indirect) evidence that early maturation could drive early entry into the river.  
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WHITE MUSCLE: White muscle was targeted because of its important role in fuelling 

energy metabolism for swim performance and reproductive maturation during the non-

feeding phase of migration.  We hypothesized that after fish stopped feeding, they would 

start breaking down their white muscle tissue through proteolytic mechanisms, and that 

during the freshwater phase, there would be a shift from proteasomal proteolysis to 

lysosomal proteolysis (Mommsen 2004).  Processes relating to energy metabolism may 

be key to understanding senescence, as once energy is exhausted, senescence and 

ultimately death will ensue.  Hence, we were also interested in finding biomarkers that 

could be used to “scale” the degree of energy-driven senescence that individual salmon 

may have reached.   

LIVER: The liver was targeted for its roles in energy metabolism and reproduction.  The 

liver is a key organ involved in the digestion of food and the storage of fats, 

carbohydrates, iron and vitamins A and D.  The liver also functions in the excretion of 

nitrogenous waste, detoxification of endogenous waste and xenobiotics, and removal of 

circulating bacteria and aged red blood cells. The production of bile salts in the liver is 

crucial for fat digestion.  In addition to these roles, the liver is also a central organ for 

reproduction, as most yolk for developing embryos is synthesized in the liver by the 

protein precursor vitellogenin.  For migrating salmon, we specifically targeted liver tissue 

to elucidate the patterns of energy use and storage in response to starvation and to 

identify shifts in reproductive development through the production of vitellogenin.    

Location—How does physiology change during the course of migration, and are there 

certain points along the migration path where major shifts in physiology occur?  Are fish 

that use different routes to return to the Fraser River (i.e. the inside JS route or the outer 

coast JDFS route) physiologically similar?  Are fish predisposed physiologically to use 

one route or the other? All of our experiments were designed to address questions about 

spatial variation in physiology, and this information formed the backbone of our general 

understanding of migration physiology, without which we could not put into context the 

remainder of the questions we were addressing.  Spatial variation in physiology also tells 

us something about potential environmental cues that cause major shifts in physiology.  

While this was a major focus, our experiments in different years were performed at 

different scales.  In 2005, only three locations were sampled: JS, JDFS and W, to 

specifically focus on shifts from the SW to FW environment and physiological 

differences between fish using the inner versus the outer routes in their return to the 

Fraser River.  In 2003, we also incorporated QCI and the spawning grounds (Lower 

Adams and Horsefly).  In 2006, we applied the most intensive sampling regime, with the 

addition of samples from the SOG and Savona (in the Thompson River). 

Stock—Are physiological signatures stock-specific? Are there certain points along the 

migration route where stocks differentiate physiologically?  These questions are 

important if we are going to use “indicator” stocks to make generalizations about the 

physiology of migrating fish.  Experiments in 2005 were designed to address stock-

specific differences, with sufficient sample sizes in three summer-run stock complexes: 

Chilko, Stuart, and Quesnel. 

Run-time—How different physiologically are summer- and late-run fish?  Are early-

entry late-run fish more similar to co-migrating summer-run fish than to normal-entry 
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fish?  These questions are important in much the same way that stock-specific 

comparisons are important.  In addition, run-time differences in physiology, or lack 

thereof, will also help resolve the interactions between environmental cues and 

genetically based physiological responses driving entry into the river.  This variable was 

addressed most powerfully in 2006, but there are sufficient sample sizes for some 

locations in the 2003 brain experiment as well.   

Year—Are physiological patterns consistent over years?  How important are fluctuations 

in environmental parameters on the physiology of different tissues? Inter-annual variation 

in physiology is, in hindsight, one of the more important parameters that we should have 

been measuring, but as funding has always been obtained on a year to year basis, most 

experiments were not designed to specifically address inter-annual variation.  Without 

information on annual variation, we have little ability to address the interplay between 

physiology and the environment, to determine which tissues are most responsive to 

environmental change or to determine which findings are stable over time.  The only 

study to specifically incorporate year as a variable was our 2006 gill study, in which we 

included a subset of fish that were part of our 2005 gill study.  Indirect comparisons of 

years in separate experiments on brain tissue in 2003 and 2005 were also made.   

Sex—Are there sex specific differences in physiology, and if so, in which tissues at 

which locations?  Previous physiological data have indicated high variability in 

physiological signals between sexes.  To reduce “noise” in our expression data, prior to 

2006 we limited the experiments to only female fish, with the exception of QCI fish in 

the 2003 whole brain study.  However, in 2006, we incorporated sex as a variable so that 

we could more fully evaluate differences among the sexes.     

Entry-time—Are fish physiologically cued to enter FW, and if so, in which tissue?  Does 

osmoregulatory preparedness cue the behavioural movement of fish into FW?  Do 

senescence signals manifested by lower levels of somatic energy availability cue entry 

into FW?  Is entry cued through signals stemming from reproductively mature fish?  To 

determine the relationship between physiology and FW entry-timing, in 2005 we tracked 

the entry timing of radio-tagged fish sampled non-destructively for gill and muscle tissue.  

Because gill and muscle were the only tissues available to test for physiological signals 

associated with entry timing, we were limited in which aspects of physiology we could 

test: osmoregulation and energy/senescence.  Experiments focussing on entry-timing of 

late-run fish sampled in the SW environment were only conducted in 2006.   

Fate—Are some fish physiologically predisposed to succumb to high temperature 

stressors in the river?  Is there a physiological signal associated with successful migration 

to the spawning grounds?  Fate was determined by tracking radio-tagged salmon through 

their full migration in FW back to spawning grounds, hence was again limited to the two 

tissues we could sample non-destructively, gill and muscle.  Fate associated with gill 

tissue gene expression was incorporated in a small study of fish tagged in W in 2005 and 

a larger study of fish tagged in JS, JDFS and W in 2006.  Fate associated with white 

muscle physiology was only addressed in the two SW sites, JS and JDFS, in 2006.  
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Major Findings of Array studies 

I.  Significance and Pattern 

Location and spatial patterns of physiology 

1. DIVERSION  

Physiological distinction of fish that migrate on using the inner (JS) vs. the 

outer (JDFS) routes:  
• BRAIN—Powerful Diversion-associated physiologies:  

Biomarkers for diversion?   

2005 Experiment (Fig. 1 and 2A; Table 3A): Female fish from three summer-

run stocks: Chilko, Quesnel and Stuart, sampled in JS, JDFS and W were 

incorporated in a 67 slide experiment.  There were two highly distinct expression 

profiles (involving roughly 3,000 genes) that largely segregated fish migrating 

along inner and outer routes: Profile-A contained 72% of the JS samples, 10% of 

JDFS samples, and 8% of W samples, Profile-B contained 90% of JDFS samples, 

92% of W samples, and 28% of JS samples.  Most notably, there was no 

significant physiological difference between JDFS and W (largely in profile-B).  

We originally hypothesized, based on 2005 data only, that B was the more 

“mature”,  “ready for freshwater” profile-And A was “immature” (because 

virtually all W carried the B profile).  However, significant new perspective was 

gained in our second year of study (2003) that incorporated more sites and both 

late- and summer-run samples, and showed that both profiles persisted in 

freshwater all the way to the spawning grounds. 

2003 Experiment (Fig. 1 and 2B; Table 2): Largely female fish (only the QCI 

sample contained both sexes) from a mixture of late- and summer-run stocks 

sampled in QCI, JS, JDFS, W, and spawning sites (LA, Horsefly) were utilized in 

a 66 slide experiment.  Two highly distinct profiles segregated 100% by use of 

inner and outer routes: Profile-A contained all JS fish, 30% of W samples, 20% of 

QCI samples, and 62% of spawning samples.  Profile-B contained all JDFS fish, 

80% of QCI samples, 70% of W samples, and 37% of the fish sampled at 

spawning grounds.  Over 2,600 genes differentiated JS and JDFS fish (16% of the 

genes on the slide), with >4,100 genes differentially regulated over all sites.  Over 

1,300 genes overlapped between the 2005 and 2006 significant gene lists, and in 

almost all cases, the direction of change was the same (i.e. JS fish were 

physiologically highly similar to JS fish in 2005).  Hence, the physiologies 

appeared annually stable, at least over the two study years.   

While there were indications of reproductive maturation in spawning salmon, it 

appears that the basic physiological distinctions between inner and outer route 

migrating fish remained with the fish as they migrated through the river.  The 

distinct A/B physiologies were present before fish reached the inner or outer 

coast—i.e. in QCI.  Hence, it appears that these physiological profiles stemmed 
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from conditions further up the coast and not simply conditions in JS and JDFS.  

This could mean that fish were physiologically predisposed to use one route or the 

other and that we could potentially use biomarkers to predict which route they 

would take (i.e. diversion biomarkers; see biomarker section).  We hypothesize 

that the A and B profile fish arose from different pools of migrating fish in Alaska 

(e.g. those coming down along the coast vs. from offshore) or potentially from 

imprinting of post-smolts.  We would require further sampling to test this 

hypothesis. 

• GILL- Differentiation in physiology between JS and JDFS likely 
relates to differences in FW cues: Striking annual variations in 
JS, less in JDFS 

2005 Experiment (Figs 1 and 3, Table 3): All female fish from each of three 

stock groups: Chilko, Quesnel and Stuart, sampled at three locations: JS, JDFS 

and W were incorporated in a 67 slide experiment.  Our JS sample included fish 

from both areas 12 (highly mixed water column) and 13 (more stratified) to 

examine the fine-scale responses to salmon to their environment.  While distinct 

expression profiles for each of JS, JDFS and W were resolved, there was no 

statistically significant differentiation between areas 12 and 13.  The JS fish as a 

whole contained a large number of up-regulated genes (Fig. 3) that were involved 

in a number of physiological processes (defence, osmoregulation, cellular 

processes, protein biosynthesis; see physiology section below).  Alternately, JDFS 

fish had generally down-regulated (green) many of these same genes.  It appeared 

from the genes being expressed that the JS fish were less osmotically prepared for 

FW than the JDFS fish.  However, JS fish may also have been responding to 

disease, as there was a strong defence signal in these fish.  We hypothesize from 

these physiological signatures that JS contained less FW influence than did JDFS 

in 2005.  Subsequent consultation with Rick Thompson’s group suggested support 

for this hypothesis from oceanographic data.  We are still attempting to isolate 

pathogens from the JS fish to account for disease signals (IHNV was negative). 

2006 Gill (Figs 1 and 5, Table 4): We conducted a large scale microarray study 

in 2006 that included both summer- and late-run fish sampled in 2005 and in 

2006, and comprised 171 slides.  Annual variation in the physiology of the gill 

was the most notable difference observed, with a highly distinct 2005 JS and W 

cluster (far right), and a somewhat distinct 2005 JDFS cluster (far left) (Fig 5).  

Most notably, the two 2005 clusters were most differentiated from each other.  

While 2006 JS and JDFS fish formed moderately distinct clusters, they were not 

highly differentiated from one another (69 genes), and most closely resembled 

fish from 2005 JDFS.  2006 W fish were also distinctive, both from 2005 and 

from marine sites in either year.  The relatively lower degree of change occurring 

between JS/JDFS/W in 2005 compared to 2006 is also reflected by the number of 

genes differentially regulated between them (Fig. 5), and the degree of fold-

change in expression levels observed. 

Unlike the brain tissue, gene expression in gill tissue appears to change 

dynamically, and we hypothesize that the differences in physiology between fish 
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migrating via the inner and outer routes are reflective of the oceanographic 

conditions at those sites and not necessarily reflective of differences over longer 

time-frames or spatial scales.   Specifically, we hypothesize that there was more 

FW influence at both JS and JDFS marine sites in 2006 than in 2005, and that the 

osmotic changes necessary for FW acclimation were already complete at both 

sites in 2006 (see physiology section).  Oceanographic/wind data offer supporting 

evidence for this hypothesis (Rick Thompson, personal communication). This 

finding could play into the fact that there were few, if any, normal entry-timing 

late-run fish in 2006.  Furthermore, as there were fewer signals associated with 

defence up-regulated in 2006, we hypothesize that these fish were not, on 

average, responding to pathogen exposure during the marine phase of their 

migration.   

• LIVER, WHITE MUSCLE, HYPOTHALAMUS— 

There were no strong physiological distinctions between fish migrating on the 

inner versus outer routes in these tissues (Muscle Table 5; Hypothalamus Table 6; 

data not shown, Switch Points presented in following section).   

2. SWITCH-POINTS  

The location of major shifts (or switch-points) in physiology may tell us 

something about the environmental cues 

In this section, we attempt to define specific locations on the migratory route of 

sockeye salmon returning to their Fraser River spawning sites whereby, within each 

tissue, the largest physiological shifts occur.  Although for many tissues, minor 

physiological changes occur between most sites, there existed for all tissues sites that 

appeared more significant, and we reasoned that the delineation of these sites could 

provide information on prospective environmental cues used to drive physiological 

responses that could potentially influence behaviour.  Hence, in this section, our focus 

will be mostly on these large scale events, but we will provide some detail on smaller 

scale differences in the section on molecular control of physiology. 

General Description by tissue 

• Gill (2005, 2006): (Tables 3 and 4, Figs 3-6; see also Diversion section)   

Major switch-points occurred between QCI and JS and/or JDFS and at the 

spawning grounds.  The location of the marine switch-point appears to be 

dependent on the year of sampling.  The most dramatic differences in physiology 

in gill tissue occurred between JS and JDFS in the 2005 experiment (618 genes; 

QCI was not sampled that year), but these sites were highly similar in 2006 (only 

69 genes differentiating them).  However, significant changes in gene expression 

were observed between QCI and both sites in 2006.  Notably, in both years only 

moderate shifts in physiology occurred upon FW entry (accounting for only 10% 

of the total variation in 2006), supporting the hypothesis that osmotic changes for 

FW preparation are occurring in the ocean in advance of river entry (Shrimpton et 
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al. 2005; Wagner et al. 2006).  Interestingly, the estuarine environment in the 

SOG did not elicit a strong physiological response in the gill either.  In 2006, the 

largest switch-point occurred at the spawning grounds, with over 500 genes 

differentially regulated between LA and W (accounting for 39% of the total 

variation).  

As discussed in the section on DIVERSION, we hypothesize that there exists an 

oceanographic link to the observed changes in physiology associated with the 

marine switch-point.  It is unclear whether shifts in water temperature could have 

contributed to the signal associated with the spawning ground switch-point, but 

given that most affected genes were down-regulated (Fig 6), it is more likely a 

function of senescence, or the general degradation of gill tissue (see physiology 

section) that occurs during late-stage migration.  We also noted (in the physiology 

section) a sharp decline in adaptive immunity at the spawning site.  

• White Muscle (2006): (Figs 5, 7, 8)   

Major switch-points occurred upon arrival to the SOG (estuarine environment) 

and arrival to the spawning grounds. Although over 1,000 genes were 

differentially expressed between JDFS and W fish versus 400 between JDFS and 

SOG, it was clear from the hierarchical clustering that the major physiological 

shift between FW and SW was triggered upon arrival to the estuarine environment 

of the SOG (i.e. all SOG fish clustered closely with fish sampled in FW; Fig 7).  

In fact, there was only a weak shift in physiology between SOG and W (only 57 

genes differentiating them).  The shift in physiology between JS and SOG/W was 

less profound (176 genes), in part due to a high degree of variation in muscle 

tissue expression among JS fish; one fish clustered directly with the FW fish, 

some clustering at an intermediate position between FW and marine groups, and 

others clustering amongst other marine samples (Fig. 7, red coloured fish on the 

x-axis).  Although it is not particularly clear from the hierarchical clustering that 

included all sites, there was also a strong physiological shift in muscle tissue at 

the spawning grounds (involving over 500 genes differentially regulated between 

W and LA), with Savona fish being somewhat intermediate to W and LA fish.   

This shift was clearer when we clustered FW samples separately (Fig 8). 

The SOG shift in physiology of muscle tissue could be derived through a couple 

of mechanisms.  First, as white muscle tissue is known to be an important source 

of fuel for starving, migrating salmon, and through field sampling, we determined 

that most fish had ceased feeding in JS and JDFS, the signal in SOG could merely 

reflect that expected from salmon that have been starving for 1 week or more.  

Alternately, the enhanced FW signal (i.e. lower salinity, enhanced olfactory cues) 

could provide a cue that drives the physiological shifts, as metabolic needs for 

migration in river could be very different from those in the ocean, and as there is 

greater need for maximizing efficiency in metabolism to conserve energy.  

Furthermore, we know that the degradation of white muscle tissue is not only 

used to meet energetic needs for swim performance, but it is also used in the 

development of the maturing gonads.  Hence, it is possible that the estuarine 

environment is the cue also for reproductive maturation, and that part of that 
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signal is levied on the white muscle tissue needed as fuel for maturation.  There 

are a number of ways to determine which of these hypotheses is correct.  

Comparison with species or stocks that do and do not stop feeding in the marine 

environment during spawning migration would be one way to tease out the effects 

of starvation from those cued by energy needs in FW.  Certainly the addition of 

multiple years of data or perhaps more fine-scale resolution could provide insight 

into the stability of this finding.        

• Brain (2003, 2005): (Figs 2 and 5)  

The key switch-point was found in the diversion between the inner (JS) and outer 

(JDFS) coast (discussed in previous section).  There was also a significant switch-

point at the spawning grounds.  Much of the shift at the spawning grounds is 

clearly associated with reproductive maturation (See physiology section), and 

may not be triggered directly by environmental cues.  However, it could be 

driven, in part, by pheromones in the environment.  

• Hypothalamus (2006):  (Figs.5 and 9)  

The degree of physiological change during migration was relatively modest in the 

hypothalamus tissue (676 significant genes total).  The statistical analyses 

indicated modest switch-points at two locations along the migratory route: a 

marine shift between QCI and JDFS/JS (123-146 genes) and upon entry into 

FW (92-134 genes), but the FW shift was less clear in the hierarchical cluster.  

Each of these switch-points accounted for 13-20% of the total change in gene 

expression, and judging from the genes expressed, appeared to relate most closely 

to osmoregulation/homeostasis, with oceanographic features/salinity the likely 

environmental cues.  The DIVERSION-associated physiological patterning 

observed (in previous years) in whole brain did not likely stem from differences 

in expression in hypothalamus tissue, as only 9 genes (insignificant) differentiated 

JS and JDFS sample locations. Interestingly, there was also no measurable 

physiological change upon arrival to the spawning grounds, despite the purported 

role of the hypothalamus in the control of reproductive maturation. There are 

three explanations for this finding, 1) the hypothalamus does not control late-stage 

maturation as expected at the spawning grounds, 2) the hypothalamus in salmon is 

not a main control center for reproductive development in salmon in general, or 3) 

there existed too much variation in the expression of genes involved in maturation 

in the hypothalamus to find measurable differences at the spawning grounds 

(which were all female fish), the later of which we consider somewhat unlikely. 

• Liver (2005):  (Figs 5 and 10)  

The most significant change occurred upon Entry into FW, but we do not have 

data extending to the spawning grounds or north to QCI, and we are also missing 

data from the SOG, which was an important switch-point in white muscle tissue.  

Like white muscle tissue, the liver is also important in providing fuel for energy 

to other tissues, but unlike white muscle tissue, should be most active when fish 

are actually feeding.  Also similar to white muscle tissue, while the observed shift 
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could be cued environmentally by salinity changes, they may also be influenced 

by the length of time since the salmon last fed.  Support for the latter hypothesis 

derives from the number of fish that carried intermediate signatures between FW 

and SW, which could signify differences in the timing among fish in the cessation 

of feeding.  A direct comparison of the physiology of liver and white muscle 

tissue using the same fish and sites would be beneficial to unravel the relative 

importance of starvation and environmental cues in the largely metabolically-

based shifts that occur in this tissue.   

 

3. PHYSIOLOGICAL CONGRUENCE AMONG TISSUES (Fig 11) 

 

The physiologies of different tissues within individuals are not highly connected.  Our 

2005 study compared gill, brain, and liver physiology on largely overlapping 

individuals (summer-run Chilko, Quesnel, and Stuart).  We classified the physiological 

profiles of the fish in each experiment as follows: In gill tissue, there were dominant 

physiological signatures associated with location (classified as An--JS, Bn--JDFS, and 

C--W), but there also existed subdominant physiologies (Ao and Bo) that were still 

most closely associated with the same location, and a small number of “outlier” fish 

with physiologies most closely resembling dominant physiologies in other locations.  

For brain, there were only two distinct physiologies, A—JS and B—JDFS/W, but there 

were a small number of “outlier” JS fish that carried the B-type physiology, and a small 

number of JDFS fish that carried the A-type physiology, and one W fish carrying the A-

type physiology.  In liver, there were also only two distinct physiologies, A-Marine (JS 

and JDFS) and B-FW (W), but there were a number of individuals at all sites that were 

somewhat intermediate (I).  If we classify individual fish as such, we find that there is 

no relationship between fish carrying dominant, subdominant, or outlier physiologies 

among tissues, i.e. a fish carrying a sub-dominant or “outlier” physiology in one tissue 

may carry the dominant physiology in another tissue.  A similar discordance between 

the physiological profiles at different tissues was observed in the 2006 microarray 

experiments (data not shown).  These data, along with the finding that major switch-

points in physiology occur in different locations along the migratory tract for different 

tissues, led us to conclude that the physiological processes associated with 

osmoregulation (gill), reproductive maturation and sensory development (brain) and 

energy utilization (liver) are not well connected, but instead are likely cued by different 

environmental factors.  We hypothesize that in the brain, the physiological signatures 

are largely influenced by factors outside of our experimental design (fish converging 

from different water masses/environments, year-classes, juvenile migration routes, 

etc.), such that the expression profiles are retained for a long time-period and are not 

highly influenced by environmental variables (even entry into FW) occurring along the 

migration path.  Furthermore, given the high correlation between physiological profile-

And diversion, irrespective of stock or run-time, it may be possible to develop 

biomarkers from brain tissue to predict rates of diversion, but this would first require 

information on the geographic distribution of these distinct profiles north of QCI.  

Alternately, we hypothesize that gill physiology is much more transient, and responds 

quickly to small amounts of environmental change (e.g. exposure to small amounts of 
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FW--which can affect salinity, oxygen, pH, pathogens, toxins), with individuals 

potentially varying in their sensitivity and reactivity to these changes.  As we will show 

below, there is also some evidence that expression in gill tissue is linked to fitness.  In 

the liver, we hypothesize that physiological signatures are largely influenced by the 

energetics of individual fish--whether they are still feeding, the time since they last fed, 

metabolic rates and efficiencies, and stress.  Muscle tissue expression, like gill, appears 

to be linked to salinity changes, but unlike gill, requires higher level changes, i.e.  that 

present in an estuarine environment.  

4. STOCKS  

Physiological Distinctions between co-migrating STOCKS are low to 

insignificant, especially in the marine environment.  

The experiments based on gill, brain, and liver tissue in 2005 were designed to examine 

physiological differences among stocks (all summer-run; Chilko, Stuart, and Quesnel) 

and locations (JS, JDFS, W), whereas experiments in 2006 incorporated primarily late-

run Lower Adams/Shuswap fish, and small numbers of a variety of summer-run stocks 

(not enough to measure stock effects).  The Brain experiment in 2003 also included a 

variety of stocks, but not sufficient numbers of each to statistically evaluate stock as an 

effect.   

Stock-specific differences in gene expression were generally not significant within 

sites, and were always considerably less relevant than differences between sample 

locations.  In the 2005 gill samples, modest levels of differentiation (involving 50-69 

genes) were observed between fish from the Stuart stock and those from Chilko or 

Quesnel, but only in the FW (W) site and in JS (Chilko comparison only).   These 

levels of differentiation contrasted sharply with that observed between locations, 

involving 171-618 genes.   Similarly, in 2005 brain samples, differentiation among 

stocks was largely restricted to the FW W site (61 genes), which contrasted sharply 

with the over 2,600 genes differentiating fish migrating using the inner vs. outer routes 

around Vancouver Island, and was lower than observed differences in W between run-

times (147 genes, 2003 experiment; see next section).   

 

5. RUN-TIMES  

Co-migrating Summer- and Late-run fish share remarkably similar 

physiologies in most tissues (Fig 12) 

• Gill:   

Physiological differences between summer- and late-run stocks were minimal in 

the 2006 gill experiment (31-56 genes), with the strongest differences observed in 

fish sampled at JDFS.  Run-time specific variances were similar to levels 

observed between stocks in the 2005 gill experiment.  These levels of 

differentiation were also similar to those correlating with entry-timing, also 

performed separately within each site, but in JS, substantially less than differences 



Page 25 of 121 

observed between fate categories (400+ genes; see below).  As 2006 was a year 

when very little change occurred among JS and JDFS marine sites, or upon entry 

into FW (W), it is not clear whether stronger differences may exist in years with 

more variable ocean conditions between sites.  However, it appears from the data 

at hand that gill tissue is largely responding to the ocean conditions the fish are 

experiencing, and that there is little genetic influence on the direction of this 

response.  

� Muscle:  

In most tissues, when run-time differences existed, they were generally restricted 

to the FW environment (W).  However, the opposite pattern was observed in 

muscle tissue, as higher levels of distinction between summer and late-run fish 

were observed further from the river mouth (QCI--98 genes;  JDFS--87 genes, JS-

-31 genes, < 30 genes in SOG and W).   Because shifts in metabolism of muscle 

tissue appear to be cued by conditions encountered in the estuarine environment 

of the SOG, these data suggest that genetics do not largely influence the response 

to FW cues, and perhaps that the major shifts that occur as a result are little 

influenced by differences in energy content (this could be tested) or other 

potential variables.  However, as noted below, time, or more specifically entry-

time, can influence the physiology of white muscle tissue in FW (98 genes).    

� Brain:   

Significant differences between summer- and late-run stocks were observed in 

brain tissue sampled at W in 2003, with 147 genes differentially regulated.  This 

level of differentiation was over three times that observed between late-run entry 

time groups (which was barely significant at 40 genes), but an order of 

magnitude, on average, less than differences observed between locations (JS-

JDFS over 2,600 genes, W-LA over 1000 genes).  It should be noted that the 

profoundly different profiles (A and B) that segregated on the basis of diversion 

contained both summer- and late-run W fish.   

� Hypothalamus:   

Summer and late-run fish sampled in Whonnock in August 2006 were distinct 

(127 genes), especially when put in the perspective of relatively low level change 

occurring between sites.  This level of distinction was similar to the level of 

differentiation between late-run entry-timing groups in W (sampled in August and 

September; 135 genes), and in hierarchical analyses, run-time and entry-time fish 

(late-run only) formed discrete clusters (Fig.13).   The only other site showing 

significant variance among summer and late-run fish was JS (69 genes)  

 

6. ANNUAL VARIATION:  

A high degree of annual variation was observed in gill tissue, with less 

evidence in brain tissue.  
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• Gill:  

Gill was the only tissue for which we were able to incorporate multiple years of 

data into a single experiment, making it possible to directly compare physiologies 

between years (2005 and 2006; Fig. 5).  Annual variation had the greatest affect 

on gill physiology of all variables tested, with a mean of 448 genes differentially 

regulated between 2005 and 2006 by location.  This was only slightly higher than 

the level of distinction between pairwise locations in 2005 (mean of 380 genes), 

but much greater than distinction between pairwise locations in 2006 (144 genes).  

In essence, these data (and the physiological analyses stemming from them; see 

below) support the hypothesis that gill physiology is dynamically regulated 

through direct interactions with the external environment.  In 2005 and 2006, gill 

physiology appeared strongly influenced both by degree of FW influence in the 

marine environment (e.g. salinity; stronger in 2006) and by exposure to pathogens 

(in 2005). 

• Brain:   

Although comparisons were indirect (and already noted in the section on 

DIVERSION), it is worth reiterating the very similar expression profiles between 

brain tissue collected in 2003 and 2005, with over 1,300 genes overlapping on 

significance lists between JS and JDFS, and similar trends in direction of fold 

change in the remaining genes.  This will be discussed in greater detail in the 

physiology section.  

We have come to the conclusion that much can be gained in our understanding 

both of migration physiology and of potential environmental cues associated with 

physiological change by conducting experiments in multiple years.  This is 

especially important if we are to attempt to develop biomarkers to predict 

behaviour or fitness, as detailed in the Entry-time and Fitness BIOMARKER 

sections. 

 

7. BEHAVIOUR AND SURVIVAL 

The elucidation of physiological signals associated with entry timing and fate in 

river required the use of non-destructively sampled tissues collected from fish that 

were radio-tagged and subsequently tracked over their migration into FW and to the 

spawning grounds.  Our ability to carry out analyses looking for physiological 

correlates with entry timing and fate is dependent, in part, on our ability to 

accurately classify the fish upon which physiology will be compared.  For entry 

time, while there is some judgement implied in determining the classification 

system to define early and normal entry timing groups, their actual timing (when 

they passed Mission) is known with relatively high certainty (shown in previous 

studies by LGL that by reaching Mission, fish have committed to staying in FW and 

migrating up the river).  Detection efficiency is the only potential source of 

uncertainty, but as our experiments utilized and compared the physiology only of 

fish that were detected, this would not have affected the accuracy of our 
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classifications.  On the other hand, fate, defined in our study as whether fish made it 

to the spawning grounds or went missing en route, carries with it a higher degree of 

uncertainty, because among the fish that go missing, we are looking for 

physiological signals (or predispositions) associated ONLY with natural sources of 

mortality that may be influenced by environmental stress (high temperature, flow), 

but there are, most certainly, fish that are also lost due to other factors—tagging-

related stress, predation, unreported fisheries, and straying, to name a few.   In 

addition, we do not know (with certainty) that fish reaching the spawning grounds 

actually survived to spawn; in fact, we know that many fish arriving to the Lower 

Adams spawning grounds late in the season in 2006 suffered high levels of pre-

spawning mortality (David Patterson, personal communication).  Thus, when we 

simply compare the physiology of fish that go missing en route to those that make it 

to the spawning grounds, there will be some proportion of the fish that are 

“misclassified” from the outset of our experiments.  This fact adds a level of 

difficulty in both the statistical analysis of the data and the ascertainment of 

“successful” classification.  This problem could, in part, be addressed if we could 

estimate misclassification rates at the outset (e.g. if we could estimate, from the 

dates that the fish were sampled, the levels of fisheries impacts at the “loss” sites 

and the levels of pre-spawning mortality at the spawning grounds).  While 

misclassification estimates were not done in the preliminary analyses presented 

herein, they should certainly be considered in future analyses.  Instead, to limit the 

effects of tagging and unreported fisheries on misclassification of “natural” 

mortalities, we limited most of our analyses to fish that went missing in the upper 

river, which were at least four days from the W tagging site, and 1.5-2 weeks from 

the marine tagging sites (to minimize tagging effects), contained limited pressure 

from aboriginal, commercial and sport fisheries (minimizing fisheries effects), 

contained high water temperatures and/or flow (maximizing physiological 

challenge), and were known to be areas in the river where high losses occur.  “Loss” 

sites (also defined as upper river mortality, or URM) of specific focus included 

Hell’s Gate and Spence’s Bridge.   

   

A. ENTRY-TIME 

One of the main objectives of this study was to determine if there existed a 

physiological basis to entry-timing behaviour in late-run sockeye salmon that 

could be measured through gene expression profiling of gill and muscle tissue, the 

two non-destructively sampled tissues.  If so, we intended to identify the genes 

that were the best classifiers of early entry and develop biomarkers from them that 

could potentially be used in future to predict FW entry timing of late-run fish.  

The genes affected would also provide valuable information on the pathways 

affected, which could lead us to speculate on potential environmental triggers.  

Experiments based on gill tissue tested the osmoregulation hypothesis, which 

postulates that the mal-adaptive shift in river entry timing by late-run sockeye 

salmon is a response to changes in the osmoregulatory physiology brought about 

by exposure to low salinity water at the time of entry to the Strait of Georgia 

(SOG), and that more sexually mature sockeye are more sensitive to low salinity 
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cues (which we were not directly testing) (Cooke et al. 2004, Cooke et al. 2006, 

Young et al. 2006).  Alternately, experiments based on white muscle tissue tested 

the energy hypothesis, which postulates that advanced senescence brought about 

by low somatic energy reserves cues the mal-adaptive shift in earlier entry timing.    

We focussed this study on the two marine test fishing areas, JS and JDFS, where 

we classified radio-tagged fish by FW entry-timing (at Mission).  To maximize 

our ability to detect differences, we utilized the tails of the normally distributed 

entry-time distributions from 2006 late-run sockeye salmon to define early and 

normal entry timing groups (Fig. 14).  Early entry fish were defined as those 

passing Mission <10 days after being sampled at JS or <12 days at JDFS, and 

entering the river by August 30
th

.  Normal entry fish were defined as those 

passing Mission >15 days after being sampled at JS or >18 days at JDFS, and 

entering the river after August 30
th

.  These travel times took into account the 

number of days it takes for summer-run fish to move between the test fishing 

areas to Mission (minimum 5 days from JS and 7 days from JDFS), such that fish 

classified as early would have spent no more than a few days holding in the SOG 

and those classified as normal holding for at least a week.  Over 50% of the fish 

sampled in JS and 30% of the fish sampled in JDFS fell between our two entry-

time categories, with peak travel time at JS between 11 and 13 days and at JDFS 

on day 15.   

We also included in our analysis fish sampled in W, again demarcating fish 

sampled by August 30 as “early” and those or after August 30 normal.  This 

comparison was unlike the others, as fish were actually sampled on different 

dates, hence we could not differentiate entry-timing with timing in general.   

We did not identify strong physiological signals associated with entry-timing in 

gill or muscle tissue at either SW site, although a low level of differentiation 

(involving 40-60 genes) was observed in muscle tissue at JS and in gill tissue at 

JDFS.  Stronger signals were observed at the FW W site for muscle (98 genes) 

and hypothalamus (>130 genes) (Fig 12).  It is interesting to note that the SW site, 

JS, predicted (by our data and oceanographic data from Rick Thompson) to be 

more strongly influenced by FW, carried the weakest physiological signal in gill 

tissue but strongest in white muscle tissue. The opposite was true for signals 

associated with fate (see below).   

 

B. FATE 

While there is a large and growing body of research on migrating salmon, our 

knowledge on the physiological, genetic and environmental factors that 

differentiate a successful migrant from one that dies en route to the spawning 

grounds is quite sparse (Lucas and Baras 2001, Hinch et al. 2006).  LGL radio-

tagging data have demonstrated that a high percentage of sockeye salmon lost en 

route to spawning grounds go missing in high water temperature regions of the 

river (e.g. Spence’s Bridge, Hell’s gate).  There also exists evidence that disease 

can play a major role (St-Hilaire et al. 2002; Gilhousen 1990).  A recent study by 
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Cooke et al. (2006) identified a number of physiological correlates with fate, 

including elevated plasma estradiol levels in female fish sampled at W (i.e. overly 

mature fish), low gross somatic energy, and elevated levels of acute and chronic 

stress.    

Our telemetry-array study to assess the physiological basis of fate in river was not 

funded within the Late-run SEF envelope, but has been funded (in 2005) by 

money from DFO and in 2007-08 by a separate SEF that will be reported on at the 

end of this fiscal year.  Even so, we are presenting some preliminary analyses of 

the data, recognizing that these experiments and their statistical analyses are not 

complete.   

Our 2006 experiments were run on fish radio-tagged in JS, JDFS, and W and 

tracked through their migration in river.  Gill tissue was collected from radio-

tagged fish at all sites (W study is not completed), while muscle tissue was 

collected at only the two SW sites (over worries that muscle plugs may unduly 

stress the fish at high water temperatures and potentially lead to higher incidence 

of fungal infections and disease).  Experiments were run and analysed in two 

phases, the first to determine whether there were any potential physiological 

signatures on a small sample size of fish (8 each of “survivors” and “losses”), and 

the second, testing the power of such signatures for classification of independent 

fish (which is still in progress).   

White muscle 

The way in which energy is allocated during migration can have serious 

implications for reproductive spawning success (Roff 1992).  A large fraction 

(50% to 70%) of stored somatic energy is typically utilized during up-river 

migrations, and in years when river conditions are energetically demanding (e.g. 

elevated temperatures, high flows), migrating salmon may exhaust energy stores 

and die before spawning (Macdonald 2000, Crossin et al. 2004; Cooke et al. 

2006).  In a study comparing somatic energy densities of migrating sockeye 

salmon from Chilko and Stuart stocks from 1956-57, 1999-2000, and 2001-

2002, Crossin and colleagues (2004) showed that somatic energy densities were 

highly influenced by the ocean conditions characterized by two indicators of 

ocean climate: SST and the North Pacific Index.  They speculated that the 15% 

reduction in energy density between the 1950’s to 1999-2000 could have 

contributed to the 50% in-river losses that occurred in the 1997 return spawning 

run and suggested that management take into account assessments of energy 

states of migrating fish, along with predictions on river conditions in their in-

river escapement estimates, perhaps limiting harvest in years where conditions 

and energy contents are poor.  We undertook an array study based on gene 

expression in white muscle tissue to determine whether, in 2006, metabolic 

shifts in white muscle, a major source of fuel for migrating fish, were correlated 

with fate in river.  Although somatic measures of energy content were also 

taken, these were not yet correlated with the expression data by the time of this 

report.  
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For fish sampled at JDFS, we compared the gene expression profiles between 

both the survivors (those fish that made it to the spawning grounds) and the fish 

that went missing in the lower river (Lower river morts—LRM) or the upper 

river (upper river morts—URM), whereas for JS, only the latter comparison was 

made.  The only statistically significant result was from the comparison of S-

LRM for fish sampled in JDFS, with 91 genes found associated with fate (Fig. 

12).  

Gill 

Salmon that are not physiologically prepared for the transition between SW and 

FW exhibit stress that can affect behaviour and survival (Beckman et al. 1999).  

We targeted our “fate” experiments on gill tissue to test the hypothesis that fish 

that are not osmotically prepared for FW when sampled in the marine 

environment will experience higher rates of mortality in travelling through the 

high water temperature regions of the river than those that are prepared.  

Additionally, because gill tissue responds readily to pathogen exposure, we 

tested the hypothesis that defence signatures would correlate with fate.   

  Our primary experiment was carried out on fish sampled and tagged at JS.  In 

the analysis of the first set of individuals (8 each survivors and URM), a very 

strong physiological signature associated with fate in-river was revealed in fish 

radio-tagged in JS, with 441 genes differentially regulated (Fig 12).  

Hierarchical analysis revealed a complete separation between survivors and 

URMs.  However, subsequent data from LGL revealed that one of the URM fish 

entered the spawning grounds late in October, hence, by our classification 

system, would be considered a survivor.  In addition, one “survivor” had made 

it to the spawning grounds, but was later detected in a mobile tracking survey 

below the spawning grounds and classified by LGL as a pre-spawn mortality.  

These “new” data diminished our “perfect”classification system to 88% correct 

classification.  While there were no statistically significant physiological 

signatures associated with fate of fish sampled at JDFS (there were also very 

few URMs), by clustering  JDFS fish with the JS fish using the genes significant 

in JS, many of the JDFS clustered correctly by fate (Fig 15).   

  

II. Gene Expression: Molecular Control of 
Physiology 
 

Most of the data presented in this section is discussed at the level of pathways, not 

individual genes.  Most pathways involve a wide variety of interacting genes, some of 

which are transcriptionally activated (hence can be monitored by gene expression levels) 

while others are ubiquitously expressed but are activated by protein modification or 

translational processes.  Hence, we do not expect all genes in a pathway to be 

transcriptionally up-regulated for a pathway to be stimulated.  In fact, many genes are 

negative regulators of pathways, hence will be down-regulated when a pathway is 
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activated, and this type of information is available through the gene annotations.  In 

addition, most genes can be involved in multiple physiological pathways.  The 

coordinated potential role of a gene within a given tissue and its expression in concert 

with other genes needs to be assessed prior to ascribing its functional role within a 

physiological pathway.   Pathways come in different sizes and are not all equally 

represented on the slides.  Pathways involved in metabolism, transcription, protein 

synthesis, and proteolysis are large and well annotated (i.e. the genes are easily 

recognized because they do not evolve quickly, and the functions of individual genes are 

well understood); hence we tend to get very strong signals representing a large number of 

genes when these pathways are turned on or off.  Other smaller pathways give a signal of 

only a few activated genes, which may be sufficient to affect the pathway.  In 

determining whether a pathway is stimulated, we used a combination of information: 1) 

whether over 75% of the differentially regulated genes within the pathway were up-

regulated, 2) the number of genes differentially regulated in the pathway relative to the 

size of the pathway (or representation of the pathway by genes on the GRASP slide), and 

3) the functional roles of the genes that were up-regulated.  For the most part, the data 

shown are those that were quite clear and relevant to the questions we were asking.   We 

did not make any attempt to cover all of the pathways involved in this discussion, but 

more detailed presentations of these data will be available on the DFO website 

(http://www.pac.dfo-mpo.gc.ca/sci/mgl/data_e.htm) and in future publications in the 

primary literature. 

 

II-A.  LOCATION:  

What are the (molecular) physiological processes, identified through gene 

expression profiling, that change in the ocean and freshwater environments 

as salmon migrate back to natal streams to spawn?    

1.  Gill—Osmoregulation, homeostasis, stress and defence 
response were the key physiological processes of interest in relation to 

salmon migration.  

The fish gill is a morphologically and functionally complex tissue that is the site of 

numerous interconnected physiological processes vital to maintaining systemic 

homeostasis in the face of changing internal (e.g., acidosis) and environmental (e.g., 

salinity) conditions (Evans et al. 2005).  The fish gill is one of the few organs that 

comes in direct contact with the external environment (in addition to the skin) and is 

the main body surface across which diffusion of water and ions occurs (Fromm 1968; 

Isaia 1984). The roles of active ion transport and water pumping in the gill are 

important osmoregulatory processes that maintain ionic homeostasis in the face of 

changing salinities.  Na
+
K

+
-ATPase is the enzymatic basis for active transport of ions 

in a variety of biological membranes. The gill is also the primary site for gas 

exchange, plasma pH regulation, and excretion of excess nitrogen. Being in direct 

contact with the environment, the gill also responds vigorously to toxins, pathogens 

and other stressful conditions.    
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During the spawning migration, maturing adults depart SW for FW and undergo 

physiological changes to maintain ionic balance. In SW, fish largely maintain 

hypoosmotic state by actively drinking and secreting ions from the intestine, kidney, 

and gill epithelia that have high Na
+
/K

+
-ATPase activities (see reviews by Evans 

1984; Wendelaar Bonga 1997; Høga°sen 1998). For fish in FW, the hyperosmotic 

state requires ion uptake at the gills that is facilitated by a lower Na
+
/K

+
-ATPase 

activity than in SW as well as water excretion by the kidney.  

We expect that the physiological shifts in gill associated with migration involve an 

integrated response to changes resulting from salinity transition, nutrition, 

reproduction, pathogen exposure and temperature.  While there has been considerable 

study regarding the morphological, behavioural and physiological changes that occur 

during the downstream migration of juvenile salmon smolts as they prepare for entry 

into seawater (McCormick and Saunders 1987), comparatively little is known 

regarding migration of adults from seawater back to the freshwater spawning grounds.  

In fact, most of our understanding of osmoregulatory regulation comes from the 

process of smoltification, and the assumption is that this process is merely reversed 

when salmon prepare for their return to FW.   Just as smolts prepare for entry into SW 

well in advance of reaching the ocean, we assume that returning adult sockeye also 

prepare for FW entry in advance of reaching their natal drainages, but exactly where 

the necessary osmoregulatory changes occur and how they are triggered is largely 

unknown.  Given the unusual holding pattern of late-run sockeye salmon in the SOG, 

one could hypothesize that, in contrast to co-migrating summer-run sockeye salmon 

that move straight into the river upon arrival, the late-run fish may have historically 

delayed making the osmotic shifts necessary for FW adaptation until they reach the 

SOG (j.e. they were less sensitive to low level FW cues in the marine environment).   

We can further hypothesize that late-run fish that enter without holding have made the 

osmotic changes for FW preparation in advance of those that hold.   

There has been considerable research undertaken through direct physiological 

measurements of Na
+
K

+
-ATPase protein levels as well as plasma osmolality and 

chloride levels to test the osmoregulatory hypothesis prior to our 2006 gill study.  

Shrimpton et al (2005) reported that in 2003, gill Na
+
K

+
-ATPase activity, plasma 

osmolality and chloride levels of fish arriving at the spawning grounds was 

significantly lower than values obtained from fish captured before entry into 

freshwater.  Declines in gill Na
+
K

+
-ATPase activity have also been observed during 

migration in SW, leading researchers to conclude that osmotic preparation for FW 

occurs well in advance of FW entry (Hinch et al. 2006) The focus on gill tissue in our 

experiments was undertaken to 1) refine our understanding of the molecular control of 

osmoregulation and FW preparation, 2) test the hypothesis that entry timing is 

correlated with osmotic preparation for FW, and 3) determine whether there is a link 

between gene expression in the gill and fate in river, be it osmoregulatory or 

otherwise.  As gill tissue could be sampled non-destructively, it was considered our 

most important tissue.   

As noted earlier in the significance and patterns section, there were striking 

differences in gill gene expression between 2005 and 2006, especially at JS (Fig 13).  

This difference was manifested by an overall higher level of stimulation (more up-
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regulated genes) in 2005 JS gill tissue.  Because of the potential importance of gill 

tissue in preparation for FW, which we hypothesized could be associated with entry-

timing behaviour and fate in-river, these findings were met with a great deal of 

interest.  Below, we will discuss the physiological processes that change in gill tissue 

during migration in general, and address where differences between years were most 

apparent.  

Osmoregulation (Fig. 16) 

The most significant genes involved in osmoregulation/salinity adaptation that 

changed in expression levels over the course of migration measured in our 

experiments (from QCI to the spawning grounds) in gill tissue were not generally what 

we expected.  We identified 64 osmoregulatory genes on the array that were not 

generally differentially regulated along the migratory tract measured in our 

experiments, many of which carry fundamental roles in smoltification.  For example, 

prolactin has been shown to exert a sodium-retaining effect in many teleosts, allowing 

them to maintain electrolyte homeostasis in fresh water (Clarke and Bern 1980; 

Hirano et al. 1987), but none of prolactin-related genes were up-regulated upon entry 

to FW.  Growth hormone is also known to regulate osmotic shifts (Seidelin and 

Madsen 1999), but there were no changes within the gill tissue in the growth hormone 

genes present onto the arrays.  We suspect that both of these genes may be activated 

post-transcriptionally.  Importantly, Na
+
K

+
 ATPase is the enzyme responsible for 

pumping sodium out of cells, and is the benchmark used to assess osmoregulatory 

preparedness during FW/SW transitions.  There are at least two isoforms of  Na
+
K

+
 

ATPase in salmon, and previous studies have shown that at least one of these (α1a) is 

up-regulated in FW, and associated with a decrease in Na
+
K

+
 ATPase activity, while 

the other is up-regulated at the spawning grounds (α1b) (Shrimpton et al. 2005). While 

there are multiple copies of Na
+
K

+
 ATPase on the slide, only one showed any 

significant variation among sampling locations, and then, it was only significantly 

differentially regulated in summer-run (SR) fish (JS-JDFS sampled in 2006), with a 

higher level of expression observed in JDFS (i.e. JDFS more osmotically prepared).  

This same gene was also differentially regulated by run-time, with higher 

transcriptional levels observed in JS LR fish (more osmotically prepared) and lower 

levels in JDFS LR fish.  Hence, it appears that the patterns of expression between JS 

and JDFS were opposite in the two run-times.  As well, this same gene was expressed 

at a higher level in JS in 2006 than in 2005 (indicating greater osmotic preparation in 

2006).  Strong annual and weaker locational changes in sodium/potassium transporting 

ATPase and sodium and chloride-dependent taurine transporter were also 

demonstrated, always showing greater osmotic preparation in the 2006 fish.    

We have identified a subset of less well studied genes involved in salinity adaptation 

that change dynamically and consistently during migration over the geographic scale 

measured in our experiments, and may be better predictors of osmotic preparedness as 

fish get closer to the river.  Cold-inducible RNA-binding protein (CIRP) and 

hyperosmotic glycine rich protein, which are names given to similar genes that appear 

to derive from a multigene family, were consistently down-regulated with FW 

exposure, and changed dynamically in all years and all tissues.  While these genes 

respond to temperature in mammals, they are known to respond to salinity in fish, but 
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their role in osmoregulation is not defined (Pan et al. 2004).  Similarly, 

phospholemman-like protein, which associates with Na
+
 K

+
-ATPase and regulates its 

transport proteins, was also down-regulated with FW exposure, as were multiple 

copies of carbonic anhydrase, important in pH regulation.  All of these genes were 

summarily down-regulated upon entry into the river in 2005.  However, when we 

directly compared the expression levels between the two years (using JS 2005 as a 

reference), we found that in 2006, these genes were down-regulated in advance of FW 

entry at all sites, including QCI, and most notably in JS (e.g. Fig 16).  This result 

extended to both late- and summer-run fish sampled in 2006.  From this finding, we 

hypothesized that there was greater FW influence in 2006 than in 2005, which was 

confirmed by oceanographic data from Rick Thompson.  Hence, in the year when 

virtually all late-run fish entered the river early (2006), fish were prepared osmotically 

for FW entry well in advance of the river, perhaps even as far a field as the QCI (850 

km from the river mouth).  This result has been validated through QPCR of the CIRP 

gene (Fig 17). 

Heat shock protein 90, which is a stress response gene that regulates nitric oxide 

biosynthesis, was significantly up-regulated upon entry to FW in all tissues.  Nitric 

oxide carries a regulatory role in the attenuation of the smoltification-related increase 

in Na
+ 

K
+
-ATPase activity (Ebbesson et al. 2005), and may carry a similar function 

upon re-entry into FW.  As well, Hsp70 induction in chloride cells is a useful 

biomarker of osmotic shock (De Jong et al. 2005), and although this gene was not 

differentially regulated at W, it was highly up-regulated at Savona (a high temperature 

zone within the river) and in JDFS and JS fish in 2005 (which were less osmotically 

prepared than fish in 2006). 

Oxygen Transport (Figs. 18-20) 

One consistent finding that we have observed in all years and all tissues is that oxygen 

transport, as defined by the transcription of numerous hemoglobin gene isoforms 

(alpha, beta, gamma), declines during migration.  This decline always occurs upon 

entry into FW, but can also be observed in the marine environment in some years.  In 

2005 gill tissue, only a small number of individuals in JS and JDFS carried reduced 

expression of hemoglobin, but in 2006, hemoglobin levels were reduced in nearly all 

JS fish, but not as substantially in JDFS (Fig 18; but see QPCR validation, Fig. 19).  

We speculate that hemoglobin may be responding to levels of oxygen in the 

environment, which are higher in FW and on the surface layers in the ocean.  Hence, 

the declines in hemoglobin transcription in SW could occur dynamically as fish move 

towards the surface.  However, if hemoglobin is responding dynamically to oxygen 

levels in the water column, we would also expect hemoglobin transcription to rise in 

high water temperature regions of the river (e.g. Savona) that are more oxygen limited, 

but instead, they continue to decline throughout FW migration, although a few 

“outlier” fish have been observed in FW that do not decline. Oxygen limitation could 

potentially be exacerbated in high temperature regions if fish are incapable of 

responding to low oxygen levels and higher oxygen demands by increasing 

hemoglobin expression in river, which could lead to fitness consequences.  However, 

if the life-span of red blood cells is similar to that of mammals (approximately 120 

days), fish would likely spawn and die before they needed to replenish their 
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hemoglobin; hence the down-regulation of hemoglobin could merely be a mechanism 

to conserve energy that generally has no consequences on fitness.   Experimental 

manipulations will be required to determine whether reductions in hemoglobin 

transcription are reversible and can have a potential negative effect on salmon viability 

in the river.  We will be examining this theory in greater detail in a future study on 

stock-specific temperature tolerance. 

An alternate explanation for the declines in hemoglobin could lie in starvation and 

energy metabolism.  First, breakdown of food in the gut is highly oxygen demanding, 

and when salmon cease feeding somewhere south of QCI, their metabolic needs for 

oxygen could be severely diminished.  Second, as fish and mammals obtain most of 

their iron from their diet, starvation could deplete iron reserves, reducing their 

capacity to synthesis hemoglobin.  Either way, if oxygen is linked to starvation, it may 

be possible to use hemoglobin transcription as a biomarker for the cessation of 

feeding, the location and timing of which can alter in different years.    

When we isolated the subcluster containing the strong hemoglobin signature within 

the hierarchical diversity plots (Fig. 18), we identified a number of additional genes 

that contained highly correlated expression patterns with that of hemoglobin (Fig. 19), 

and found that these same genes were correlated with hemoglobin expression in all 

tissues.  One of the genes is the transcriptional regulator of hemoglobin beta in 

mammals (Tieg-2), and another cleaves hemoglobin alpha (tripeptidyl 

aminopeptidase), but most were involved in seemingly unconnected physiological 

pathways (PH homeostasis, cell cycle/proliferation, defence, proteolysis).  Somewhat 

more weakly associated was Ferritin H, involved in iron homeostasis, possibly lending 

support to the iron limitation hypothesis.  Further studies will explore in more detail 

the role of this group of genes in FW adaptation and fate. 

Defence Response (Fig. 21) 

In 2005 summer-run fish, there was a strong signal associated with defence response 

(to pathogens) in JS, while only some JDFS fish carried a defence signal, and the 

genes involved were somewhat different than those in JS.   As well, a number of genes 

involved in defence response were up-regulated upon FW entry in both years, 

including CC chemokine SCYA113, Legumain precursor, MHC class II beta, 

Interferon regulatory factor 1, interferon inducible protein 1, Beta thymosin, and 

HSP47 (also called LOPHOPHILIC protein)(see Fig 22 for QPCR validation), and we 

speculate that these genes may also carry functions related to acclimation and 

environmentally induced stress, as many were also differentially regulated in other 

tissues.  Alternately, other defence-related genes were consistently down-regulated 

upon FW entry, including proteolytic enzymes protease serine 16 and lysosomal 

carboxypeptidase, mannose binding lectin, and B-cell translocation gene 2 protein, 

involved in apoptosis.   

In 2006, genes involved in defence were up-regulated at Savona (see Potential High 

Temperature Affects on Physiology section), with a sharp decline in genes associated 

with adaptive immunity occurring at the spawning grounds (in all tissues) (Fig 21).  

As adaptive immunity is energetically expensive, and as fish die soon after they 

spawn, the down-regulation of adaptive immunity at the spawning ground may be an 
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effort to conserve energy for spawning.  Alternately, adaptive cellular immunity 

requires proteasomal proteolysis, and in some tissues (e.g. liver; data not shown), there 

is a shift away from proteasomal proteolysis (also energetically expensive) towards 

lysosomal proteolysis in the river.  The reduced capabilities of the proteasome could 

thus trigger a diminished capacity in the cellular immune system   

Cellular reconfiguration  
Uchida et al. (1997) speculated that the loss of hypoosmoregulatory ability and 

increased hyperosmoregulatory ability of migrating salmon motivated them to enter 

FW and would account for their restlessness in SW (also observed in the salinity 

challenge experiments at the West Vancouver Laboratory). They found the switch in 

osmoregulatory ability was a result of the respective loss of gill filament chloride cells 

and concomitant increase in the number of gill lamellar chloride cells.   Hence, we 

hypothesized that in addition to the expected differential regulation of osmoregulatory 

genes, there would also be significant cellular restructuring of the gill, although which 

genes would be affected is largely unknown.  We did, in fact, observe a large number 

of genes involved in cellular processes differentially regulated in either QCI or JS-

2005, or both, compared to other sites, and these included genes involved in cell cycle, 

cellular differentiation, proliferation, apoptosis, adhesion, and mobility.  Because the 

JS 2005 also contained enhanced defence signals, it is also possible that some cellular 

processes were up-regulated in response to pathogen exposure.  Teasing out these two 

processes and defining which genes are regulators of osmoregulation will require 

additional data and analysis, and potentially directed experimental investigation. 

Reproductive signals in the gill? (Fig. 23 and 24) 

While we did not expect to find any reproductive signals in gill tissue, we isolated a 

subcluster of genes that were up-regulated in freshwater and at the spawning grounds 

from the hierarchical cluster generated in the 2006 gill experiment, in which we found 

a single annotated gene that is involved in estradiol metabolism (17-beta HSD 4), and 

a number of (unidentified) additional genes with highly correlated expression that we 

speculate could also be involved in reproductive maturation (Figs 23 and 24).  These 

genes were significantly up-regulated between SW and FW, and within FW at Savona 

and the spawning grounds.  Because gill tissue can be sampled non-destructively, it 

would be highly beneficial if we could monitor reproductive maturation using this 

easy to obtain tissue so that the relationship reproductive maturation and migration 

behaviour and success could be monitored through tracking with radio-tags.  In 2006, 

however, there was no relationship between 17-beta HSD 4 transcription and fate or 

entry-timing, although a weak correlation with follicle stimulating hormone 

overproduction (in fish that died) in gill was noted.    

General Down-regulation at spawning sites 

There was a general down-regulation of genes notable at the spawning site.  Down-

regulated pathways included protein biosynthesis, defence response, oxygen transport, 

cell adhesion, maintenance, growth and proliferation, metabolism, cytoskeleton 

organization and biogenesis, and nucleosome assembly.  These processes likely signal 

a general state of senescence of the gill tissue. 
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2. Brain: Reproductive maturation, sensory development, 
circadian rhythm, stress, and homeostasis  

The main processes within the brain that were of interest in relation to migration are 

discussed in more detail.  Other more generalized processes, such as transcription and 

translation, protein modification and transport, metabolism, defence, proteolysis, 

oxygen transport, cellular processes, and muscle development were also key to the 

physiology in migrating fish, but will not be discussed in detail (see Fig. 25-27). 

There were two major aspects of migratory physiology of the brain that we will focus 

on here.  The first involves the physiological processes that were differentially 

regulated between profiles A and B.  These were physiological patterns that did not 

change appreciably during migration, but instead differentiated two groups of fish 

throughout their migration, and were strongly associated with DIVERSION, i.e. 

whether the fish chose to use the inner (JS) versus the outer (JDFS) routes in their 

migration back to the Fraser River.  Given that these two physiological patterns were 

present in the QCI fish, they were likely derived from environmental conditions that 

predated their arrival to QCI (i.e. maybe these fish were returning from different 

places and converged at QCI, or maybe the physiologies ran deeper, all the way back 

to their imprinting as juveniles).  Alternately, while we know that these profiles do not 

vary by stock, run-time, sex, or location (within our study system), perhaps they were 

associated with other biological variables that we have not yet defined (age-class has 

been ruled out by use of the size data).  In either case, over the two years in which we 

ran microarrays on whole brain (which did not include 2006), both profiles were 

present and were strongly associated with DIVERSION.   

A versus B Diversion associated Profiles 

Reproduction (Fig 25):  

There were almost as many genes involved in reproductive development differentially 

regulated between A and B profiles as there were associated with arrival to the 

spawning grounds compared to entrance into the river.  Because reproductive 

maturation is such an important aspect in the physiology of migrating fish, we provide 

a brief overview of the differentially expressed genes involved in reproductive 

maturation in the brain to support our assertion that fish carrying profile-A in both 

years were more reproductively mature.   

Two genes that are key regulators of reproductive maturation were strongly up-

regulated in profile-A fish, estradiol 17-beta-dehydrogenase 2 and vitellogenin.  

Estradiol 17-beta-dehydrogenase 2, also called estradiol (or E2), is involved in the 

control of the vitellogenesis through the induction of vitellogenin, an egg yolk protein 

precursor (Bemanian et al., 2004), and both genes were highly coordinated in their 

expression principally in profile-A fish in both 2003 and 2005 (Fig 25).  The 

stimulation of both of these genes occurred in profile-A fish from QCI all the way to 

the spawning site.  This result was somewhat contrary to previous studies in chum 

salmon, in which serum levels of E2 tapered off at the spawning grounds (Zerihun, 

2007).  Secretogranin-II (SgII) is a secretory vesicle protein and a precursor for the 

bioactive peptide secretoneurin expressed at all levels of the goldfish reproductive 
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axis, including the hypothalamus, pituitary and ovaries. While less is understood about 

this protein, it is thought to be involved in reproductive maturation through the 

stimulation of the gonodotropin leutinizing hormone (LH) release (Blazquez et al., 

1998), and was also highly up-regulated in profile-A fish in both years.   The down-

regulation of a fourth gene, vasotocin, in profile-A is also consistent with a higher 

degree of reproductive maturation of profile-A fish.  Vasotocin (VT) is a 

neurohypophysial hormone (Makino et. al., 2007) that can have behavioural effects in 

a variety of vertebrates, including those related to reproduction (Balment et al., 2006).  

Makino et al. (2007) found that expression of VT in the forebrain of female pre-

spawning chum salmon decreased during upstream migration.  Hence, the down-

regulation of this gene in profile-A is also potentially indicative of a higher level of 

reproductive maturation.  VT can also function in osmoregulation, but given that it is 

expressed similarly in two years that contained striking differences in the relative 

degree of osmoregulatory preparation for FW, it is more likely influenced, in our 

study, by reproductive development.  As support for this hypothesis, while the B-

profile fish expressed higher levels of VT during their migration from QCI to 

Whonnock, expression was down-regulated at the spawning site.  A fifth gene, Basigin 

(Bsg) (more commonly known under the name extracellular matrix metalloproteinase 

inducer, EMMPRIN or CD147), does not appear to directly support a higher degree of 

reproductive maturation of profile-A fish, however, most studies have documented 

changes in expression of this gene exclusively in ovary tissue, where Bsg is essential 

for fertilization, implantation (Xiao et al., 2002), and spermatogenesis (Igakura et al., 

1998). Basigin mRNA in human and mouse is considered a marker of cytoplasmic 

oocyte maturation (Herubel et al., 2002), and it has been shown to be up-regulated in 

mature trout ovaries. While this gene was down-regulated in the brain of most A-

profile fish, it was up-regulated in most A- and B-profile spawners.  

A number of additional genes involved in reproductive maturation were stimulated 

only in FW or at the spawning site.  Somatostatin is a hormone that inhibits the 

secretion of growth hormone, thyroid stimulation hormone, adrenocorticotropic 

hormone, and prolactin from the pituitary (Patel, 1999).  Somatostatin’s role in 

reproductive function and reproductive maturation is not well understood, but it may 

be involved in the regulation of the preovulatory surge by E2 (Vugt, 2004).  While the 

expression of somatostatin in our study was not well coordinated with that of E2 (i.e. it 

was not up-regulated in A-profile fish in general), it was consistently up-regulated in 

all fish at the spawning grounds.  Gonadotropin releasing hormone (GnRH) is thought 

to play a central role in coordinating all the events in homing migration through 

hormone cascades (Zerihun, 2007).  Expression of GnRH can be triggered through 

environmental signals, such as length of daylight, and its up-regulation signals the 

pituitary gland in fishes to produce two classes of gonadotropin, follicle stimulating 

hormone (FSH), and luteinizing hormone (LH), which enter the blood and travel to the 

gonads and stimulate synthesis of various sex steroid hormones (estrogens, progestins, 

and androgens), which then feedback to the pituitary gland and hypothalamus to 

regulate gonadotropin secretion.  GnRH mRNA levels in our study were most 

consistently up-regulated at the spawning grounds, but relatively high levels were also 

observed in a small number of both A- and B-profile fish sampled at other sites.  

Similarly, the three copies of FSH differentially regulated in our study were 
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significantly up-regulated (although still variable) at the spawning sites.  While the 

FSH levels were as much as 10-fold down-regulated in most other fish, there were a 

small number of fish from both profiles expressing high levels of this hormone. 

Strikingly similar patterns to FSH expression were observed in the multiple copies of 

somatolactin (SL), a hormone of the growth hormone–prolactin family originally 

found in a flounder pituitary cDNA library.  Onuma et al. (2003) found that the 

pituitary levels of mRNAs encoding SL during late phases of spawning migration of 

chum salmon increased in the ocean from off-shore to the coast, reaching its highest 

levels in the bay, and then decreasing to intermediate levels in the river.  Alternately, 

in a study by Bhandari et al. (2003) that focussed on the pituitary of masu salmon, SL 

mRNA levels increased with sexual maturation, and then tended to decrease toward 

the spawning period. Thus, the variable expression of FSH and somatolactin among 

Adams fish at the spawning grounds in 2003 may reflect variability in readiness to 

spawn.     

Growth Hormone (GH), a pituitary growth hormone, is involved in somatic growth, 

osmotic regulation, and sexual maturation (Bhandari et al., 2003).  In homing chum 

salmon, Oncorhynchus keta, the plasma and mRNA levels of GH in the pituitary 

increased during final maturation (Taniyama et al., 1999). However, Onuma et al. 

(2003) showed that the levels of GH mRNA in the pituitary of prespawning chum 

salmon underwent a noticeable decrease from off-shore (high mRNA levels)  to coast 

(low mRNA levels) followed by an increase from the bay  to the river. In males the 

GH mRNA levels in the river were higher than off-shore, and in females the river GH 

mRNA levels were slightly lower than the off-coast levels.  This same pattern was 

seen with prolactin in the Onuma, 2003 study.   In our study, while GH was highly 

variable among individuals, levels at W, on average, were higher under both profiles 

than observed at SW sites, but there was a significant down-regulation of GH at the 

spawning site.    

A number of additional genes involved in steroid biosynthesis, some of which have 

roles in reproduction, were also differentially regulated between A- and B-profile fish, 

and at the spawning grounds.  We are presently working on further annotation of these 

genes to gain a better understanding of their roles.    

Sensory Development (Fig 26) 

Neuronal and sensory development, memory, and signalling pathways were so highly 

differentially regulated among the two profiles that they could easily have been used 

to classify fish.  Fish migrating through JS (A-profile) were extensively using visual 

and olfactory cues derived from their environment throughout their return to the 

spawning grounds, while fish migrating on the outer coast and through JDFS used 

memory and circadian rhythm to a higher degree (Fig 26).  Interestingly there was one 

memory gene that was turned on exclusively in A-profile fish (tropomodulin) that is 

involved in both memory and learning, and may be used to connect information from 

olfactory and visual sensory cues with memory to navigate to spawning grounds.  In 

addition, one of the memory genes, Ependymin II, was not turned off in the A-profile 

fish until they reached the JS, indicating that finding the JS may have still required a 

long term memory response.  Differential regulation of a number of additional, less 

well defined sensory and signalling pathways were also affected.  These differences 
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were stable over the two years and were not stock- or run-time specific.  Furthermore, 

whereas one could imagine that visual cues would be more important in FW, there was 

not a substantial shift in visual perception or other navigational strategies when 

salmon reached FW.  These data imply that there is a high degree of plasticity in 

navigational strategies used by homing salmon, but that in some point during their 

migration, they decide to use one strategy or the other, and that strategy is used 

throughout their migration home.  What is most interesting is the finding that there is a 

linkage between navigational strategies and diversion.  Whether the differences in 

navigational strategies relate at all to outward juvenile migration or the length of time 

spent imprinting to the SOG as juveniles is not known, but is certainly worth future 

study.   

Metabolism (Fig 27) 

The A- and B-profile fish appear to be utilizing very different sources of energy to fuel 

brain processes all the way through their spawning migration, which correlates with 

the distinctive differences in other sensory processes observed (Fig. 27).  Although the 

metabolic functions involved in ATP production in the brain are the same as in the rest 

of the body, the brain is a complex organ with many cell types specific to each 

functional region of the brain, and metabolic pathways may vary between these cell 

types (Soengas and Aldegunde, 2002).   While the visual and olfactory brain regions 

were more highly stimulated in the brains of A-profile fish, the long term memory 

region was more stimulated in the brains of B-profile fish.   Also, the A-profile fish 

showed a more progressed reproductive signature, likely stemming from the pituitary.  

We speculate that the extremely different brain metabolic profiles seen here are related 

to the different regions (and corresponding cells) in the brain, that were stimulated in 

the 2003 and 2005 migration events for both groups of fish.     

We hypothesize that the metabolic processes up-regulated in the A-profile fish are 

needed to fuel the biosynthesis of key reproductive hormones and olfactory molecules, 

both of which require fatty acids.  Both fatty acid metabolism and the gluconeogenesis 

pathway, important for the synthesis of fatty acids, were highly up-regulated in the A-

profile fish at all sites.  In addition, the A-profile fish had solely up-regulated the stage 

of the TCA cycle indicative of amino acid degradation as well as  the glyoxylate cycle 

(not well understood in fish) which is indicative of the ability to synthesize 

intermediates.  Although there is some evidence of aerobic metabolism in the B-

profile fish as indicated by the TCA and oxidative phosphorylation pathways, it is 

utilized much less than the anaerobic one early on.  Interestingly, the utilization of 

both the anaerobic and aerobic pathways is variable within sites as well as within fish.  

Some fish appear to be utilizing both pathways simultaneously which again may be 

indicative of the various regions and therefore cells of the brain being utilized at any 

one time. Although there is obviously a great variety of processes occurring in the 

brain at any one time, perhaps the overwhelming difference in gene expression 

between these two groups is that the A-profile fish are stimulating more biosynthetic 

processes to aid them in synthesizing reproductive hormones, olfactory molecules, and 

other visual related molecules, while the B- fish are stimulating more cells in need of 

fuel for neural processing related to long term memory use.     
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Alternately, the differences in brain metabolism between A- and B- profiles may 

reflect different levels of starvation or stress.  As the A-profile fish showed a more 

progressed reproductive and osmotically prepared signature than the B-profile fish, we 

would speculate that they were further along the path to senescence and starvation.  

However, we are unsure whether the metabolic signatures in the brain support this 

theory.   It is speculated that glycogen utilization in the brain is the first stage of food 

deprivation until the liver starts to provide significant amounts of glucose and ketone 

bodies (Soengas and Aldegunde, 2002).  The B-profile fish were utilizing mainly 

anaerobic glycolysis in the QCI and JDFS sites as indicated by the up regulation of the 

lactic acid fermentation pathway, however, there is no evidence of brain glycogen, nor 

ketone body utilization.  This may indicate that these fish are well into their starvation 

cycle and are being supplied with exogenous glucose or lactate from the liver 

(glycogenolysis or gluconeogenesis).   On the other hand, the A-profile fish appear to 

be using glycogen degradation as well as ketone body, amino acid, and lipid 

catabolism to supply fuel.  The glycogen synthesis and catabolism pathways are both 

up-regulated, indicating perhaps an earlier stage in the starvation process than the B-

profile fish, however there has been little research on the utilization of lipids or amino 

acids as fuel sources in teleost brains.   Although amino acids have been suggested to 

contribute only minor roles as brain fuel in teleosts (Jakeman, 1998), their role as 

precursors for neurotransmittors (i.e. tryptophan) has been studied in RT (Aldegunde 

et al., 2000b).    Perhaps we are incorrect in our assumption that the use of glycogen is 

indicative of the first stage of the starvation process, as this metabolic pathway was 

up-regulated over the entire migration.  The utilization of amino acids and lipids may 

also be an indication of a later stage in the starvation process that has not yet been 

addressed.    Another important fuel reservoir in tissues that have high and fluctuating 

energy demands such as the brain and muscle is phosphocreatine (Wallimann et al., 

1992).  During anaerobic exercise or the initial phase of prolonged stress, the 

phosphocreatine pathway is the first utilized (4-7 seconds) for the production of quick 

energy and the anaerobic glycolytic pathway (lactic acid fermentation) is second 

(Bohinski, 1983).   The B-profile fish are utilizing this pathway in the QCI as well as 

in JDFS, which correlates with the anaerobic glycolytic pattern seen in these sites.   It 

would appear that the B-profile fish in these sites are under more anaerobic conditions 

(intense exercise, hypoxia or prolonged periods of stress) than in W, the spawning 

grounds or than the A-profile fish, where a majority of the creatine kinase transcripts 

are down-regulated at all sites and a few (that were not up-regulated with the A-profile 

fish) are up-regulated.   Most of the fish in both groups also display the up-regulation 

of creatine at W, indicating the opportunity for post stress recovery in both groups 

(also seen in the muscle 2006) as well as ability to synthesize this compound.   All in 

all, if the different metabolic profiles in the brain reflect different levels of starvation 

or stress, the B-profile fish appear to be more stressed than the A-profile fish and to be 

utilizing more expected metabolic processes during their spawning migration.    

There is much research to be done on the teleost brain and its metabolic processes, 

particularly how they relate to starvation, migration and spawning in salmon.  Ideally, 

in future studies we will be able to address our theories of brain energy use and 

correlate it to other metabolically active tissues (red and white muscle and liver) in 

order to deduce if these very different energy use profiles are indeed correlated to the 
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use of different regions of the brain or different metabolic resources and stress 

encounters within the fish.    

Homeostasis 

A-profile fish in 2003 were osmotically more prepared for entering freshwater, with 

genes involved in saltwater adaptation already down-regulated in JS and A-profile 

QCI fish (CIRP, HOSGR). This result did not carry over into A-profile fish in 2005, 

however, which were similar to B-profile fish in terms of osmoregulation; thus 

osmoregulation in the brain appears to be responding to external cues (e.g. FW 

influence), as observed in gill tissue.  Genes involved in pH regulation (typically 

associated with FW entry) were also down-regulated early in A-profile fish.  These 

were also down-regulated upon FW entry in all fish (A- and B-profile).  A strong 

down-regulation in iron-binding capacity (through Ferritin H) was also noted in A-

profile fish.  

Oxygen Transport 

Oxygen transport (all isoforms of hemoglobin) was down-regulated in all fish in FW 

and in 2003, and in all A-profile fish except those sampled in QCI.  The down-

regulation of oxygen transport upon entry into FW has been observed in all tissues 

(except liver) in all years that we have conducted microarray studies (2003, 2005, and 

2006), and in years with high FW influence, it has been down-regulated in some SW 

locations as well, correlating weakly with osmoregulatory processes.  Because 

hemoglobin transcription is controlled by levels of oxygen in the environment, its’ 

down-regulation in FW is predicted, as FW carries higher oxygen concentrations than 

SW.   

3. Hypothalamus—Initiation of reproductive maturation, 
homeostasis, and temperature response were the key physiological 

processes of interest in the hypothalamus. 

The hypothalamus is one of the most important parts of the brain for the regulation of 

homeostasis (Campbell, 1986).  It links the central nervous system to the endocrine 

system (organs that produce extracellular signalling hormones) via the pituitary gland. 

The hypothalamus responds to many external (temperature, environment, photoperiod, 

pheromones), and internal (biological clock, nutritional status) stimuli (Weltzien et al 

2004).  It receives information and signals from the peripheral nerves, and other parts 

of the brain, and then initiates endocrine signals in response to the environmental 

conditions.  The hypothalamus signals the pituitary to synthesize its own hormones 

(anterior pituitary lobe), and also to release hormones (posterior pituitary lobe stores 

and releases hormones). The pituitary hormones regulate many other endocrine 

functions, but the pituitary receives its orders from the hypothalamus. The 

hypothalamus is the initiator of the reproductive hormonal cascade necessary for 

sexual maturation and breeding.  

In teleosts, activation of the gonadotropin-releasing hormone (GnRH) system is the 

key event that begins puberty (Weltzien et al., 2004). Gonadotropin-releasing hormone 

is released from the hypothalamus and directs the pituitary to synthesize, and release 
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two gonadotropins, follicle stimulating hormone (FSH), and luteinizing hormone (LH) 

(also called gonadotropin I, and II respectively). These two hormones travel to the 

gonads, and stimulate the gonads by binding to specific membrane receptors.  The 

gonads then synthesize various sex steroids (estrogens, progestins, and androgens), 

and growth factors. Sex steroids act within the gonads to intiate spermatogenesis (in 

males), and vitellogenesis (in females), as well as feedback upon the pituitary and 

hypothalamus to regulate gonadotropin secretion (Kim et al., 2006).  A complex 

network of environmental conditions, paracrine, autocrine, and endocrine signaling 

controls, regulates and induces the physiology and behaviour that leads to spawning.  

We chose to look at gene expression in the hypothalamus to identify when the earliest 

reproductive signals were being initiated.  The hypothalamus was also of interest due 

to its primary role of maintaining homeostasis, and potential stimulation via external 

cues (e.g. temperature). 

The hypothalamus provided the weakest physiological signals relating to locational 

change of all of the tissues surveyed in 2006.  The finding of larger than average 

relative differences associated with run- and entry-timing within W led us to question 

whether genetics and timing of sampling has a greater influence on expression in the 

hypothalamus than in other tissues.  We know as well that the hypothalamus 

simultaneously responds to both external and internal stimuli, and is especially 

sensitive to diurnal rhythms, which could enhance the individual variability even 

further.  All of these factors made this tissue difficult to analyse on the broad time and 

spatial scale utilized in our study.    

Despite the relatively weak signals and high individual variation, there were some 

generalizations that could be made about the physiology of the hypothalamus in 

relation to salmon migration.  There existed two moderate locational switch points 

along the migration path, one between QCI and SW sites south of QCI 

(JS/JDFS/SOG) and the other upon entry into FW.  The most consistent pathways 

differentiating QCI from southern sites included oxygen transport (which was the most 

highly differentially regulated pathway), proteolysis, glycolysis, amino acid 

metabolism, cell cycle, and apoptosis, all up-regulated once salmon leave QCI, with 

oxidative phosphorylation, cell growth, oxidative stress, protein biosynthesis, and 

calcium signalling down-regulated at SW locations south of QCI.  Entry into FW 

resulted in further down regulation of oxygen transport, as well as down regulation of 

the same key osmoregulatory genes active in other tissues (cold inducible RNA 

binding protein and hyperosmotic glycine rich protein), but also included Na
+
K

+
 -

ATPase that we believe, from protein data, switches in gill tissue much earlier.   Stress 

response via HSP90 beta was strongly up-regulated upon FW entry, similar to patterns 

observed in all tissues.  While there were mild shifts in defence response at both 

switch points, much stronger defence signals were present in comparisons of run- and 

entry-time groups in W.  Notably absent were strong reproductive signals emanating 

from hypothalamus tissue.  In fact, the only reproductive gene differentially regulated 

among sampling locations was 17-beta-hydroxysteroid dehydrogenase type IV, 

important in the synthesis of estradiol, which was down-regulated in JS and some fish 

sampled in JDFS, and generally highest in QCI, W, and Savona.  This did not fit well 

with the patterns observed in brain tissue in 2003 and 2005, whereby JS fish appeared 
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more reproductively mature.  Furthermore, while sex-specific differences were 

observed at the spawning site, none of the differentially regulated genes were directly 

involved in reproduction. 

There were over 130 genes differentially regulated between run-times (late and 

summer-runs) and between entry times (early and normal late-runs), but was 

somewhat difficult to establish a clear picture at the level of pathways.  Notably, five 

genes involved in stress response (HSPc70, creatine kinase, serine/threonine protein 

kinase, peptidyl-prolyl cis-trans isomerase C, ornithine decarboxylase antizyme, 

protein kinase C inhibitor protein 1) were down-regulated in normal entry-timing 

(Sept) late-run fish, possibly indicating reduced stress in late-run fish sampled in FW 

that entered at their normal time.   

We undertook our experiments on hypothalamus to uncover genes involved in early 

regulation of reproductive maturation, but none were uncovered.  There are a number 

of explanations that could account for this.  First, as already pointed out, there was 

high intra-site variability among individuals in the hypothalamus which may relate to 

the fact that the hypothalamus is highly sensitive to both internal and external cues, as 

well as diurnal signals (e.g. sleep/wake cycles, light/dark cycles, etc…).  Thus, if 

reproductive signals are also transient over diurnal scales, we would not likely pick 

them up.  Second, as the hypothalamus is involved mostly in the early stages of 

reproductive development, it is possible that it exerts its control well before fish reach 

the QCI, and that steady state levels of gonadotropin-releasing hormone are expressed 

over the geographic scale of our experiment.  Third, perhaps the hypothalamus is not 

as important for reproductive development in teleosts as has been demonstrated in 

mammals.  Whatever the case, our experiments on whole brain (in 2003 and 2005) 

were more informative than that on hypothalamus when it comes to reproductive 

signals, but unfortunately these were not largely carried out on late-run fish.  In 

hindsight, the pituitary might have been a better tissue to use to elucidate reproductive 

signals, and we are presently pursuing small scale experiments on pituitaries of late- 

and summer-run fish from 2006.   

4. White Muscle: Energetics, Metabolism and Senescence were 

the key physiological processes of interest in the white muscle tissue. 

In fish, skeletal muscles are arranged into two separate, homogeneous fibre types, red 

and white (Moyes and West, 1995; Johnston, 1981). Steady state swimming is mainly 

supported by oxidative metabolism in red muscle fibres, while burst swimming 

(important in escape from predators, capture of prey and migration against swift water 

currents) is primarily supported by anaerobic glycolysis in white muscle fibres.  

Return migrating adult salmon are starving when they enter the river, and while they 

require steady state swimming performance provided by red muscle to make it to the 

spawning grounds, they utilize the lipids and proteins stored in white muscle as fuel, 

selectively breaking down the white muscle tissue and thereby reducing their ability to 

burst swim (Mommsen et al., 1980).  In fact, by the time sockeye salmon from the 

Stuart system reach the spawning ground, they will have used up most of their lipids 

and over half of their white muscle mass (ibid).   
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We expect that the physiological shifts in white muscle tissue associated with 

migration involve an integrated response to changes resulting from exercise, salinity 

transition, fasting and reproduction.  During their spawning migration, the 2006 

sockeye salmon stopped feeding some time after they left the QCI, and certainly by 

the time they reached the SOG (Hinch et al., 2006), although previous studies have 

documented that feeding in some stocks does not stop until river entry (Burgner, 

1991). A previous study by Magnoni and colleagues (2006) showed that in the river, 

lipids, and to a lesser extent proteins, provide most of the energy for migration.  

Additionally, many of the catabolized protein and fat products are funnelled into 

building blocks for the developing oocytes (hepatic vitellogenin biosynthesis) and the 

carbohydrates, which are used intermittently and rebuilt from amino acids, are 

specifically required for spawning (Mommsen, 2004).  Hence, we expect that there is 

a balance between energy usage to fuel migration and that used for developing 

oocytes, but the nature and control of such a balance is not well understood.  It is 

expected, however, that senescence ensues when there is no fuel left in the white 

muscle tissue for either process.  Hence, our study of white muscle tissue was 

undertaken to elucidate more fully the environmental and molecular control of 

metabolic shifts in white muscle, to identify genes that could be used to “stage” the 

metabolic and energy state of white muscle tissue to determine “degree” of 

senescence, and to determine if there was a link between white muscle metabolism 

and entry timing or fate in river.   

If the degradation of white muscle tissue was driven simply by a response to 

starvation, we would expect that the mobilization sequence of different energy sources 

would follow that previously identified in fish during the course of starvation. In this 

sequence, lipid mobilization should occur during initial fasting, simultaneous to or 

following carbohydrate mobilization (Navarro and Guitierrez, 1995).   Protein reserves 

tend to be spared at the beginning of starvation, and only after the more readily 

available energy reserves (liver glycogen and lipid stores) have been widely 

consumed, does muscle degradation (proteolysis) begin (ibid).   Amino acids 

(breakdown products of muscle protein) are the major source of energy for fish during 

extended periods of starvation (Love, 1980; Walton and Cowey, 1982) and their 

oxidization provides the bulk of energy used by the red muscle for sustained 

swimming (Jurss and Bastrop, 1995).  Additionally, amino acids provide a reserve fuel 

for other organs and tissues as well as for gonad maturation (Mommsen, 2004). There 

are special adaptations for protein mobilization in fish, and in starvation, this highly 

selective, regulated and controlled proteolytic activity has been found to be the largest 

in white muscle (Hershko et al. 2000; Navarro and Guitierrez, 1995).   While the 

proteasomal pathway is thought to degrade the more soluble proteins and be the 

predominant pathway utilized in mammals under conditions of starvation (Lecker et 

al. 2004), the lysosomal pathway, particularly the cathepsin D protein, has been shown 

to be the predominant one in fish (Mommsen 2004).    

 Our data on migrating sockeye salmon is somewhat consistent with the general 

changes in metabolism predicted to occur in the white muscle tissue of salmon after 

starvation ensues, however, instead of a slow steady shift between metabolic 

processes, white muscle underwent dramatic metabolic reconfigurations coincident 



Page 46 of 121 

with arrival to the estuarine environment in the SOG and again upon arrival to the 

spawning grounds.  This observation led us to hypothesize that the low salinity and 

enhanced olfactory cues present in the estuarine environment could have triggered the 

switch to white muscle tissue as a key source of energy for migration and reproductive 

loading, and pheromones at the spawning grounds may trigger a second shift to further 

enhance reproductive loading.  The shift in the SOG contrasted sharply with 

observations of other tissues, as  the SOG has generally not been a site where major 

shifts occur (even in gill tissue) but instead appears to be more of an admixture of 

physiologically distinct fish migrating from JS and JDFS.  Adding to this is the fact 

that some fish will hold in the SOG and some will enter the river right away.  Hence, 

the finding that individual variation in white muscle tissue metabolism actually 

diminishes in the SOG was further evidence that the observed metabolic shift was 

likely triggered environmentally as opposed to being part of a slow progression due to 

enhanced starvation.   

Metabolic shifts in the SOG and spawning site switch points 

Most of the metabolic shifts that occurred in the SOG were enhanced even further at 

the spawning sites.  Three key metabolic processes were most affected.  

(1) The anaerobic glycolysis pathway was the primary metabolic pathway 

utilized in white muscle tissue in the marine environment (QCI, JDFS and JS) and was 

down-regulated in the SOG, with transcription levels continuing to decrease 

progressively through W, SV and to the LA spawning grounds.  However, 

phosphofructokinase 1 (PFK1), which is an important rate limiting enzyme that holds 

the potential to quickly turn the glycolysis pathway on when burst swimming is 

required, was mildly up-regulated in most fish upon river entry (although not in 

“normal” entry late-run fish) but highly up-regulated at the spawning grounds.   This 

key regulatory gene is often used as a measure of glycolytic potential; hence, while the 

spawning fish sampled had not been using glycolysis extensively, by up-regulating 

PFK1, they would have the ability to turn on a “fight or flight” burst response if 

needed.  

(2) The aerobic citric acid cycle and many of the enzymes involved in 

oxidative phosphorylation were up-regulated at the SOG, variable in W and SV and 

then highly up-regulated again at the spawning grounds.  These data indicate that at 

the SOG and LA switch points, the metabolic process shifts to aerobic, which is 

unusual for white muscle tissue (at least in mammals), as white muscle contains very 

few mitochondria necessary to drive aerobic respiration.  Salem et al. (2006), who 

made similar findings, speculated that the metabolic changes at spawning may actually 

be fast-to-slow fibre type conversions in rainbow trout atrophying muscle, with the 

preferential loss of anaerobic (white) fibres rather than an increase in aerobic (red) 

ones.   

(3) The proteasomal and lysosomal processes of proteolysis both 

had dramatic up-regulation beginning at the SOG, with peak activities of both 

pathways occurring at the spawning grounds.  Under a strictly starvation model, we 

expect that proteins will be spared until lipid resources are exhausted, thus the 
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relatively early shift to proteolysis (which has been observed in previous salmonid 

studies as well) may have more to do with reproductive loading than to energy needs 

under starvation.  Evidence for this theory comes from a recent microarray study by 

Salem et al. (2006), in which the up-regulation of proteolysis in white muscle was 

demonstrated in reproductively mature rainbow trout that were still feeding.  However, 

contrary to our study, they found that at the spawning grounds the proteasomal 

proteolysis pathway gave way to lysosomal proteolysis, which had been observed 

earlier through protein assays in migrating sockeye salmon (Mommsen et al. 1980).  

Cuervo et al. (1995) suggested that the decrease in proteasomal enzymes observed by 

Mommsen et al. (1980) could be due to the proteasome itself becoming degraded by 

the lysosmal pathway (in late stage starvation) rather than transcriptional down 

regulation, which, if true, would be consistent with our findings in white muscle (i.e. 

there was no transcriptional down regulation of the proteasome).  In conclusion, if we 

compare our results to the Salem et al. (2006) study, we can speculate that the 

enhancement of the proteasomal pathway at the spawning grounds may be more in 

response to starvation and late stage senescence than about needs relating to 

reproduction and the spawning process, whereas the lysosomal pathway appears to be 

more important for reproductive loading.  One additional piece of evidence for this 

theory comes from the lysosomal cathepsin enzymes, as the cathepsin B enzyme, 

which was the last of the cathepsin enzymes to be up-regulated during migration in 

our study, is a major protease involved in egg yolk processing.  It should be noted that 

there was outlier fish in JS that had already up-regulated proteolysis which 

subsequently died in river; this fish may have been more senescent, although we do 

show, in the section on fate, that mortality in river is not highly correlated with muscle 

energy metabolism.  A few fish sampled in the river at Savona had not up-regulated 

proteolysis and may have been less senescent and perhaps less reproductively mature. 

Further research correlating the gene expression data with direct measures of somatic 

energy and reproductive development of the same fish will potentially aid in the 

further elucidation of senescence biomarkers and muscle genes involved in 

reproductive loading. 

Stores of triacylglycerols (TAG) represent the largest energy reserve in fish and are 

the energy source favored by muscles at sustainable swimming speeds during salmon 

migration (Moyes and West, 1995; Lauff and Wood, 1996; Hinch and Rand, 1998; 

Hinch et al. 2002).   So why then did we not observe a consistent up-regulation of 

lipid metabolism in the SOG?  There was some evidence that shifts in lipid 

metabolism were occurring, but the genes were not synchronised in any obvious 

pattern (Fig. 28).  A close examination of the genes offers some clarity, however.  The 

mobilization of intramuscular lipid is initiated as soon as food intake ceases, which 

was estimated to have occurred (in 2006) at least a week prior to the fish arriving to 

the SOG.   The initial event in the utilization of fat as an energy source is the 

breakdown of triacylglycerol to fatty acids and glycerol by monoglyceride lipase, and 

this enzyme was up-regulated until the SOG, where there was variable expression 

through to the spawning grounds.  Some of the fatty acid binding proteins were also 

up-regulated early in migration until the SOG, while others were not up-regulated until 

the SOG.  In the utilization of fatty acids for fuel in spawning salmon, the depletion of 

long-chain mono-unsaturated acids (i.e. 20:1 and 22:1) have been reported as 
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preferential over shorter and polyunsaturated acids (Iverson, 1972).   Perhaps the fatty 

acid binding proteins that are up-regulated early on are transporting the long-chain 

mono-unsaturated acids and the later ones are transporting the shorter polyunsaturated 

acids.   

Plasma lipoproteins account for over 93% of energy circulating lipids and 

concentrations of their main constituents (triacylglycerol and phospholipids) show a 

27 to 6-fold decrease throughout the complete migration of sockeye salmon 

(Oncorynchus nerka) (Magnoni et al. 2006).  In general, triglycerides (storage) are 

mobilized before phospholipids (structural) during starvation (Sargent et al. 1989).   

As the declines in these components do not occur at the same pace, it has been 

suggested that size of circulation lipoproteins decreases from very low density 

lipoproteins (VLDLs) to high density lipoproteins (HDLs) (Tocher, 1995) and in pink 

salmon it has been reported that VLDL levels decrease sharply during migration, 

whereas HDL levels remained unchanged (Nelson and Shore, 1974).  VLDLs, LDLs, 

HDLs and cholymicrons are constituted of various mixtures of apolipoproteins.   

There was a common expression pattern in the apolipoproteins represented in our data 

which included up regulation in the QCI and than down regulation at differing switch 

points (SOG, W, or SV) prior to down regulation at the spawning grounds.  Human 

apolipoprotein E is known to be involved in steroid hormone production and function 

and therefore proposed to have an influence in reproduction (Corbo et al. 2004).   

Perhaps this down-regulation could be a progressive indication of spawning readiness.  

In future, we will also compare the levels of expression of the apolipoproteins with 

measures of somatic energy to determine whether they too would be useful to stage 

degree of senescence.   

Additional Metabolic Pathways that varied at sites other than SOG and the 

spawning grounds 

As discussed previously, distinct physiologies are often observed between fish 

migrating through JS and those taking the outer route and coming through JDFS.  

Although this effect was relatively minor in white muscle tissue, there were 

differences in the expression of key muscle proteins in white muscle tissue between 

these two sites.  In JS, and prior to the onset of proteolysis that occurred in the SOG, 

many key muscle proteins were already down-regulated compared to levels of 

expression observed in QCI and JDFS (Fig. 29), and continued to be down-regulated 

all the way to the spawning site.  These include proteins involved in cytoskeleton 

organization and biogenesis (myosin light, tubulin, gastrulation-specific G12), muscle 

development (desmin and aortic actin) and muscle contraction (myosin regulatory 

light 2 and tropomyosin actin alpha).  These proteins were similarly affected in the 

rainbow trout study (in which fish were still feeding) by Salem and colleagues (2006), 

hence, are likely more a function of reproductive loading than starvation induced 

processes.  Hence, it may be possible to use the levels of transcription of these genes 

in white muscle tissue (which can be sampled non-destructively) to derive a measure 

of reproductive loading.  However, it is also possible, given then higher osmotic 

signals in JS gills in 2006, that minor changes in salinity could induce these shifts in 

protein expression, but we should note that osmoregulatory shifts did not occur in 

white muscle tissue until fish actually entered the river.   
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Many physiological processes in white muscle tissue were sharply up-regulated 

between SV and the spawning grounds.  These included reproduction, apoptosis, 

regulation of glycolysis (PFK-1), metabolism (aerobic respiration) and muscle 

relaxation.  Basigin, one of the reproduction genes up-regulated at the spawning 

grounds, has been proposed as a marker of cytoplasmic oocyte maturation in humans 

(Herubel et al. 2002), and while we were surprised to see it up-regulated in white 

muscle tissue, it could be a useful marker for reproductive maturity.  It was also up-

regulated in a small number of fish sampled in W and SV.    Transcription and 

signalling, protein biosynthesis (40S) and phosphocreatine metabolism (GAMT) were 

among those down-regulated. 

Metabolic and proteolytic pathways were not the only ones to be affected by the 

salinity changes at SOG.  Transcription, protein synthesis and folding, cell cycle 

(calmodulin), stress response proteins (heat shock proteins) and apoptosis pathways 

were also up-regulated in SOG, whereas cytoskeleton organization and biogenesis, 

muscle development, muscle contraction and muscle relaxation pathways were all 

down-regulated.   

 

5. Liver: Energetics, starvation and reproduction were the key 

physiological processes of interest in liver tissue (Fig 30). 

Experiments on liver tissue were conducted in 2003 (data not shown; Miller et al 

2007) and 2005 to identify energetic responses to starvation and reproductive patterns 

associated with the production of vitellogenin.   

In 2005, the physiological signals stemming from liver tissue were weak relative to the 

other tissues (brain and gill), and the only significant physiological shift occurred 

between the two SW sample sites (JS and JDFS) and the FW W sample site (i.e. there 

was no physiological distinction in SW).  While differences between SW and FW 

were present, there was a high degree of individual variation, with many intermediate 

fish.  Interestingly, intermediate fish appeared intermediate in expression most of the 

genes on the significant list (including those involved in osmoregulation), despite the 

fact that these genes stemmed from widely disparate pathways.  We hypothesized 

from these data that most of the genes differentially regulated were responding to a 

starvation induced shift to a catabolic state in the liver, and were interested in mining 

the data to find genes that could be used to stage “degree” of starvation.   

Most of the genes and pathways transcriptional affected in the SW-FW transition were 

down-regulated, including two metabolic pathways (oxidative phosphorylation and 

retinol metabolism) transcription, protein biosynthesis, fatty acid biosynthesis, 

nucleosome assembly, response to wounding, and osmoregulation (Fig. 30).   The 

same osmoregulatory genes down-regulated in other tissues--cold inducible RNA 

binding protein, hyperosmotic glycine rich protein, and phospholemman-like protein, 

were down-regulated in liver, but as suggested above, there were many intermediate 

fish both in FW and in the marine environment that were only slightly osmotically 

down-regulated, a pattern which matched precisely to that observed in other affected 

pathways.   Interestingly, there was no signal associated with oxygen transport 
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(hemoglobin) as seen in other tissues (and also in 2003).  We speculate that if the 

down-regulation of hemoglobin in other tissues were due to iron limitation (i.e. 

induced through starvation), perhaps the fact that the liver serves as the major 

reservoir for iron could explain its’ lack of down-regulation in liver tissue.  There 

were, however, notable shifts in iron transport in the liver upon FW entry.  The small 

number of genes up-regulated in FW were involved in stress, defence, fatty acid 

transport and coagulation. Two genes known to be important in starvation responses in 

liver tissue were differentially expressed: apolipoprotein B was down-regulated, as 

expected, although this protein is also an estrogen responsive protein, and eIF4E-

binding protein 3, which is critical for survival under dietary restriction and oxidative 

stress in mammals (and should be up-regulated), was also down-regulated, although it 

was up-regulated in FW in white muscle tissue.  While it appears that the observed are 

consistent with the general shut down of the liver after the cessation of feeding, we 

know that the liver is an important source for egg yolk protein through vitellogenin.  

However, there was no differential regulation of vitellogenin between JS/JDFS/W in 

2005.   

The 2005 dataset contrasts somewhat to observations in 2003, where significant 

differences in the physiology of fish migrating via the inner (JS) and outer (JDFS) 

routes were observed (Miller et al. 2007).  Fish using the inside route were more 

osmotically prepared and reproductively mature (which was also observed in 2003 

brain data).  Both carbohydrate metabolism and oxidative phosphorylation were up-

regulated in fish taking the outer route.  Upon entry into FW, nucleotide metabolism 

was down-regulated and fatty acid metabolism was up-regulated (as also observed in 

2006), which is expected in a catabolic state.  Proteolytic shifts were also apparent, 

with lysosomal proteolysis dominating.  Shifts in cell migration, muscle development 

and apoptosis were consistent with remodelling of cellular configuration of the liver as 

fish shift to a catabolic state.   

Interestingly, in 2003, there were relatively strong signals observed in fish sampled in 

W between those that entered in August (early entry) versus fish entering in 

September (normal timing).  Most notably, higher reproductive signals and lower 

catabolic signatures were observed in early entry fish.  Many of the early entry fish 

also carried signatures consistent with poor blood clotting (also observed in the field) 

and vitamin deficiency (proteins requiring and interacting with vitamin A and 

selenium were down-regulated), suggesting a poorer general condition of these fish.  

Of great interest is the fact that these fish all carried the profile-A signature in the 

brain, suggesting that they migrated through the inner (JS) route.   

 

Consistent Signals Among Tissues 

Of the 16,006 genes on the salmon array (REF), 64% (10307) were differentially 

regulated in at least one tissue-experiment conducted on migrating sockeye salmon.  

We were interested in finding genes in this list that were consistently differentially 

regulated in multiple tissues as a way to target physiological pathways that are most 

affected.  Seven genes were differentially regulated in all tissues, and these were 
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primarily involved in osmoregulation.  One hundred fifty-four genes were 

differentially regulated in 4/5 tissues, and these were involved in oxygen transport, 

stress response, osmoregulation, defence, glycolysis, cellular reconfiguration, 

protein biosynthesis, oxidative phosphorylation, cell adhesion and transcription.  

Eight hundred seventeen genes were differentially regulated in three tissues, with 

physiological pathways including proteasomal proteolysis, transcription, transport, 

stress response, senescence, osmoregulation, and reproduction.   

Below is a list of the genes involved in the more commonly observed pathways and 

those important to hypotheses put forward by the late-run group: 

1) Oxygen Transport (primarily hemoglobin and TEIG-2, but also a wide array 

of genes with correlated expression but no known connection to oxygen 

transport) is down-regulated during migration in gill, whole brain, 

hypothalamus and white muscle tissue, but not in liver tissue.   

2) Osmoregulation (cold inducible RNA binding protein, hyperosmotic glycine 

rich protein, and Phospholemman-like protein) is down-regulated in all tissues 

upon FW entry, but can be down-regulated earlier in gill tissue in some years.  

Vasotocin tends to be up-regulated in the high water temperatures (e.g. Savona) 

3) Defence (protease serine 16, non-specific cytotoxic cell cationic anti-microbial 

protein-1, thymosin beta-12, mannose binding lectin, CD147) generally 

differentially regulated upon entry into FW  

4) Stress (HSP90 beta, HSPc71, HSP70, HSP10, HSP70a) are differentially 

regulated at various sites and tissues.  In brain, all HSPs were down-regulated in 

A-profile fish. HSP90 beta and HSP70a were generally down-regulated upon 

FW entry in gill, muscle and hypothalamus.  Diamine acetyltransferase 1, 

thioredoxin, Glutothione peroxidase, Diamine acetyltransferase 1, thioredoxin 

interacting protein were up-regulated at the spawning ground. 

5) Reproduction (Gonadotropin releasing hormone, zona pellucida sperm binding 

protein, basigin, growth hormone, steroidogenic acute regulatory protein, and 7-

dehydrocholesterol reductase) varied by tissue and location.  Gonadotropin 

releasing hormone was annually variable in gill, but associated with fate in 

2006.  

6) Senescence (ADP-ribosylation factor 1 and 2 (up muscle SOG-FW and up at 

spawning grounds, up in B-profile brain, up in 2005 JS/JDFS relative to 2006 in 

gill), sestrin-3 –brain B-profile up-regulated, up in FW muscle, ) are both up-

regulated in profile-B in brain, up in SOG-FW in muscle and up in SV in 

hypothalamus.  

These genes may be sensitive indicators of their pathways, and biomarker 

development will be pursued for a number of these genes.   
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II-B.  Potential High Temperature Affects on 
Physiology 

Savona (the in-river sample point between W and the spawning grounds) is located at the 

entry to Kamloops Lake and was the migration sample site with some of the highest 

recorded water temperatures (18-20 deg C). Lower Adams fish passing through this site 

would have experienced similar high water temperatures for 4+ days prior to reaching 

Savona, during their migration through Hells Gate and Spences Bridge. We speculated 

that genes that were exclusively up- or down-regulated at Savona, and not on a trajectory 

between W and the spawning site, may in fact be responding to high water temperature. 

White Muscle (Fig 31A) 

In white muscle tissue, 105 genes were up-regulated exclusively in Savona, including 

genes involved in proteolysis, purine and pyrimidine synthesis (ribose-phosphate 

diphosphokinase), protein biosynthesis, stress (HSP70a and 10, diamine 

acetyltransferase 1, serine/threonine protein kinase/endoribonuclease IRE1 precursor, 

glutathione peroxidase 2), steroid biosynthesis and metabolism, osmoregulation 

(vasotocin), reproduction (7-dehydrocholesterol reductase, growth hormone, 

zonadhesin, gonadotropin releasing hormone, follicle stimulating hormone beta subunit 

), cell adhesion, defence (alpha-2-macroglobulin, MHC class I, B2M, barrier-to-

autointegration factor, natural killer cell enhancement factor, transferrin),  DNA 

replication, coagulation and inflammation (serpin) and response to wounding 

(fibronectin).  Conversely, only 24 genes were differentially down-regulated in Savona, 

including genes involved in glycolytic regulation (PFK-1), citric acid cycle (isocitrate 

dehydrogenase), polyamine metabolism (ornithine decarboxylase antizyme), 

temperature shock (cold shock domain-containing protein E1) and muscle development 

(desmin).   

There was also a higher degree of intra-site differential gene expression (that was not 

stock- or run-time specific) in white muscle tissue sampled from fish collected in 

Savona than observed at other sites, particularly in genes involved in stress response 

(HSP30, c71 and 90), homeostasis (ion transport/osmoregulation), cell cycle and 

protein biosynthesis, all processes that we expect could be affected through high 

temperature stress.  Most notably, based on expression in these pathways, individuals 

fell into one of two groups, possibly signifying two strategies to deal with high 

temperature stress (perhaps one is more effective?).  Hinch and Bratty (2000) 

demonstrated the importance of behaviour in sockeye when they observed hyperactive 

swimming patterns in some fish with EMG telemetry.  Although they could find no 

explanation as to why some individuals elicit this behaviour, they did find that the 

hyperactive pattern was associated with higher river mortalities and failure to pass 

Hell’s Gate.  The distinct expression profiles observed within SV may represent two 

very different behaviour strategies in response to environmental stress and/or fitness 

level.   

Hypothalamus (Fig 31B) 

In hypothalamus tissue, 50 genes were up-regulated exclusively in Savona, including 

genes involved in proteolysis, protein biosynthesis, steroid metabolism, 
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reproduction/osmoregulation (vasotocin), transcription, oxidatative phosphorylation, 

iron transport, senescence (ADP-ribosylation factor-5 ), oxygen transport (hemoglobin), 

polyamine metabolism (ornithine decarboxylase antizyme), and others.  Conversely, 

only 8 genes were down-regulated exclusively in Savona, including genes involved in 

carbohydrate metabolism, amino acid catabolism, cell adhesion and defence. 

Gill (Fig 31C) 

The weakest temperature-related response was observed in gill tissue, with only 22 

genes up-regulated exclusively in Savona, most carrying roles in defence response, 

transcription or protein biosynthesis.  A single gene involved in oxidative stress 

response was also up-regulated. 

While some of these responses could be due to late spawning preparation, we 

hypothesis that most are due to the stress of high water temperatures.  In the future, it 

would be interesting to see gene expression profiles for some fish departing this lake in 

order to better understand and correlate the physiological processes related to individual 

migration behaviours through the lake as demonstrated via the tagging and I button data 

(i.e. holding in the lake and taking advantage of cooler water temperatures versus 

migrating straight through).  Ongoing temperature challenge experiments on a variety 

of Fraser River sockeye salmon stocks should further elucidate which of these pathways 

are directly involved in temperature response, but these results can be used to guide the 

choice of tissues that might carry the strongest responses. 

 

II-C. ENTRY TIME:  

What are the genes and physiological processes that are up- or down-

regulated in Late-run fish that enter the river early?  Are there genes that are 

powerful enough to be used as biomarkers to classify (predict) the entry 

timing of individual fish? 

Gill 

There was no overlap between the genes significantly associated with entry-timing in 

gill at the three sample locations (JS, JDFS, and W).  Furthermore, the weakness of the 

physiological signal associated with entry-timing was manifested not only by the low 

number of significant genes, but also by the relatively low level of fold-changes (all 

less than 2-fold) and lack of non-overlapping distributions (none contained 100% 

“threshold” responses; see biomarker section).  Moreover, the physiological basis of the 

signals was difficult to unravel, as few pathways were supported by multiple genes, and 

most genes were not present on the gene lists significant by location (i.e. they were not 

genes “on a trajectory” that changed significantly in fish sampled at different locations 

along their migratory path).  However, the resolution of three pathways supported by at 

least 2 genes was noted at JDFS, including protein biosynthesis (6 genes), 

transcription/mRNA processing (2 genes) and stress (2 genes), all down-regulated in 

early entry fish. Osmoregulatory preparedness was hypothesized to control entry 

timing, but genes involved in osmoregulation were notably absent in the lists of genes 
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significantly differentially regulated between early and normal entry fish. In all, our 

direct data comparing entry-time groups in 2006 do not support the hypothesis that 

osmotic preparation drives entry into FW, which is consistent with the findings of 

Crossin et al. (2007). 

 

White Muscle (Fig 32) 

Although still relatively weak in terms of number, the physiological signals associated 

with entry-timing were more consistent in the white muscle tissue from fish sampled in 

JS than in the gill tissue at either site.  Furthermore, many of the signals were shared 

between late- and summer-run fish entering the river at the same time (i.e. the late-run 

fish entering “early” were similar to the summer-run fish entering at the same time; see 

run-time section under patterns).  Unlike the genes significant in gill tissue, many of 

those significant in muscle tissue at JS were also on the gene lists associated with 

locational change (i.e. those on a migration trajectory).  The most striking finding, 

however, was that ½ (25) of the genes differentially associated with entry-timing 

contained profiles in the “normal” entry-timed fish that most closely resembled the fish 

sampled in FW, despite the fact that most of the FW fish sampled would have 

necessarily (given the sampling dates) derived from the early-entry fish.  For example, 

genes involved in muscle development and contraction (parvalbumin, troponin), and 

cellular development, mobility and apoptosis (actin, claudin-10, SPARC) were down-

regulated in normal entry timed fish sampled in JS as well as in all FW sampled fish.  

The results for actin were even stronger when we restricted our analysis to summer-run 

fish, with 10 genes down-regulated (by as much as 3-fold) in the summer-run fish that 

entered with the late-run “normal” group, which would have been a relatively late entry 

timing for summer-run fish.  These same genes were also down-regulated in all fish in 

FW.  Alternately, there were a small number of genes for which early entry fish were 

more similar to fish sampled in FW, but most were not annotated (no gene ID at this 

time).   

However, statistical evaluation of the classification capacity of the genes uncovered 

(using Stanford’s PAM program) yielded too weak of a signal to pursue the 

development of biomarkers for entry time based on expression of genes in gill or white 

muscle tissue.   

 

II-D. Fate In-River:  

What are the genes and physiological processes that are associated with Fate 

in-river? 

We hypothesized that some fish may carry a physiological predisposition to succumb to 

poor in-river conditions that is measurable in advance of river entry.  Cooke et al. (2006) 

offered some evidence that physiological variables (e.g. estradiol levels, somatic energy 

reserves, stress) can correlate with fate in river, and our research is an expansion of these 

hypotheses, specifically aimed at identifying not only the physiological mechanisms that 

could underlie poor migratory success in some years, but also to identify molecular 

biomarkers that could be used to predict the “condition” of fish and their probability of 
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successful migration, given adverse river conditions.  We expect that the effects on 

successful migration of the physiological processes and associated biomarkers uncovered 

will be highly influenced by the river conditions encountered in a given year, and that not 

all fish will die as a result of physiological predisposition.  As well, the factors that 

underlie poor success may vary from year to year.  As such, we consider this a 

preliminary examination of the physiological factors associated with fate for 2006 any 

findings. 

Our experiment on gill tissue from radio-tagged fish sampled in JS revealed a strong 

association between fate and gill physiology (via gene expression).  The significant genes 

were from a large array of pathways, but there was notably only a very weak signal 

associated with osmoregulation (3 genes) that included one copy of Na
+
 K

+
-ATPase 1, 

expressed at a higher level in the survivors (greater osmotic preparation), but was also 

up-regulated during FW migration (Fig 33).  There was, however, a strong signal relating 

to ion transport.  As well, ten genes involved in defence response were differentially 

regulated, with most down-regulated in the fish that went missing in the upper river 

(URM), while two genes involved in stress response (and nitric oxide biosynthesis) were 

down-regulated in URM fish.  Four reproductive genes were on the list, and although the 

differences in expression were relatively minor, it appeared that the URM fish were 

slightly more mature (follicle stimulating hormone was among the up-regulated genes).  

There were major shifts in protein structuring, with proteolysis and protein metabolism 

generally down-regulated in the URM fish, and notable shifts in protein transport, folding 

and biosynthesis.  There was a larger signature from energy metabolism than usually 

observed in gill tissue during the course of migration, with lipid, phosphocreatine, 

phospholipid and cholesterol metabolism generally down-regulated in URM fish.  

Glycolysis and amino acid metabolism contained a mixture of up- and down- regulated 

genes.  Shifts in transcription and mRNA processing were observed, supporting the shifts 

in protein biosynthesis.  A large number of genes involved in signalling and sensory 

development were affected.  The differential regulation of genes involved in a variety of 

cellular processes signalled differences in cellular restructuring.  In all, it was somewhat 

difficult to put the patterns observed into a cohesive biological framework.  That said, it 

was telling that the genes involved were, for the most part, not differentially regulated 

during the normal course of migration; combined with the relatively weak 

osmoregulatory signature, these data did not provide strong evidence supporting a 

difference in “FW osmotic preparedness” between fate groups, as was originally 

hypothesized, although we are still exploring the potential roles of some of the genes 

involved in ion homeostasis.  The signal associated with defence was not strong enough 

for us to conclude differences in pathogen exposure either.  This is a work in progress 

and we intend to delve deeper into the genes and their functional roles to better 

understand the biological relevance of these findings.   

 

III. Biomarkers 

In this section, we are providing a brief summary of the statistical approaches employed 

to identify biomarkers that are useful in classifying fish, whether it be to identify fish 

using different migration paths (“diversion” from brain physiology), fate (from JS gills), 
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senescence (from muscle physiology), or reproductive maturation (mined from many 

tissues). Unfortunately, the physiological signatures for associations between entry 

timing and expression in gill and white muscle tissue were too weak to continue in the 

development of biomarkers, as it requires a sufficient number of highly differentially 

regulated genes to classify individuals.   

Statistical approaches to identifying biomarkers for classification:       

1)  T-tests between “treatments” of interest, with a P<0.001. T-tests are sensitive to fold 

change differences. 

2)  Hierarchical clustering show whether significant gene lists adequately differentiate   

treatments, and can be used to visualize how much variability potential genes of interest 

show within and among treatments 

3)  Heat Maps constructed in Excel are useful visualizations.   

4)  BAYBOOTS analysis (http://blasto.iq.usp.br/~rvencio/bayboots/) is a program that 

uses Bayesian techniques to rank genes according to their ability to classify samples to 

their treatment group.  This analysis is not sensitive to fold change levels, so some of the 

highest ranking genes may have very small fold-change differences.  Ideally, when we 

are classifying fish, we are interested in finding genes that classify based on a threshold 

response, i.e. non-overlapping expression curves, and that is what this program does.  The 

program calculates the Bayes error rate (BER) instead of the usual P values as an 

alternative statistical index to rank a class marker’s discriminative potential. A “Ber” 

value is essentially the area under the curve that overlaps between two treatments.  

Hence, a Ber close to 0 is preferred, indicating complete separation among treatments, 

and a Ber of 1 is complete overlap.  The program outputs graphs for each gene that 

provide an excellent visualization of the degree of variation within and among treatments, 

and the overall fold range can be calculated with these (see Fig 34 for examples).  It is 

important to not simply take genes with low Ber values, because they can result from a 

bi-model distribution of one treatment and a very tight expression curve in the middle for 

the other (Fig 32C).  Plots can be used to develop decision rules for classification. These 

can then be applied on an independent sample of individuals (i.e. individuals not used the 

biomarker discovery) to determine the accuracy and precision of classification by gene.   

5)  PAM (Prediction Analysis of Microarray) analysis (http://www-

stat.stanford.edu/~tibs/PAM)  program is a statistical technique for class prediction from 

gene expression data using nearest shrunken centroids, as described in Tibshirani et al. 

(2002). The method of nearest shrunken centroids identifies subsets of genes that best 

characterize each class. PAM can be down loaded and added to Excel.  There are five 

steps performed using PAM: 

i. Organize data with class labels (early vs. normal, mort vs. survival), and 

sample labels; 

ii. Train the classifier and plot training error; 

iii. Cross validate, this will do a balanced 10 fold cross validation to enable one 

to choose a threshold that minimizes classification errors,  
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iv. Plot CV Curves, which plot the misclassification errors obtained by cross-

validation for various values of the threshold.  These plots can be used to 

decide a threshold value to use for shrinkage, for the significant genes list 

and for prediction; 

v. Plot CV probabilities will plot classification probabilities for a specified 

threshold.  

 

Example: Biomarkers for DIVERSION 

The powerful physiological distinction in whole brain gene expression profiles between 

fish migrating using the inner (JS) versus outer (JDFS) routes was a perfect test case for 

a biomarker identification study, as it is important to determine empirically how many 

genes will be necessary for classification given the best case scenario (high level 

differences).  We used the entire gene list obtained from the 2003 brain study T-tests to 

conduct and classification study using the PAM program.  The training set consisted 

only of the JS and JDFS samples, and the “unknowns” were the fish from all of the 

other sites.  We were looking for the smallest number of genes that could classify A- 

and B- profiles with high precision.  If future, studies confirming whether these patterns 

are consistent over time and space, and are consistently associated with DIVERSION, 

will be performed using biomarkers.  Biomarkers could possibly be used to predict 

diversion of fish before they reach Vancouver Island, or could be used to identify the 

route they took in the ocean after the fish have already arrived in river or at the 

spawning grounds.  There may be years when this kind of information could be useful, 

e.g. to relate disease, fate, spawning success, or physiological traits to migration route.  

If the direction taken by adults is predetermined through juvenile imprinting, then these 

DIVERSION biomarkers could be very useful indeed.   

The misclassification error plot from the PAM program revealed that a threshold of 5.8-

6.1 (5-8 genes) was sufficient to bring the misclassification of core samples down to 0 

(Fig. 35).  We applied two threshold values to the subsequent test probability plots, 5 

(35 genes; Fig. 36A) and 6 (6 genes; Fig 36B) and found that while the core samples 

and all of the B-profile samples could be classified with a high degree of precision and 

accuracy, it was more difficult to classify the A- profile fish from the spawning grounds 

from QCI (which closely resembled those from the spawning grounds).  We know that 

the fish at the spawning grounds underwent a considerable physiological change (over 

1,000 genes differentially regulated between W and the spawning grounds), so this 

result is not altogether unexpected.  Because there were so many powerful genes 

separating the A- and B-profiles, there are many combinations of biomarkers to choose 

from to optimise the classification scheme.  Refinements in the gene lists (taking out 

poor predictors of spawning ground samples) and possibly addition of some core 

samples from sites other than JS and JDFS should aid in resolution.  We also intend to 

employ the biomarkers selected to classify fish in the 2005 dataset.   
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Table 1.  Detailed experimental design for 2006 microarray studies, including 

information on individuals used in the studies.  The destructively collected samples 

outlined in A were obtained from various sites, as noted within the third column titled 

sample location. The non-destructive samples outlined in B and C were collected at W 

and JDFS, respectively.   

A)  

fish

sample

 date

sample  

location sex

final stock

assignment FATE slide slide slide
3029 14-Aug Whonnock f 4-Adams D M
3033 14-Aug Whonnock f 3-Chilko D M
3034 24-Aug Whonnock f 4-Adams D M H
3038 24-Aug Whonnock f 4-Adams D M
3040 24-Aug Whonnock m 3-Chilko D M
3042 24-Aug Whonnock f 4-Adams D M H
3045 24-Aug Whonnock f 4-Adams D M H
3046 24-Aug Whonnock f 4-Adams D M H
3047 24-Aug Whonnock m 4-Adams D M H
3052 24-Aug Whonnock f 4-Adams D H
3064 24-Aug Whonnock f 3-Stellako D M H
3077 31-Aug Whonnock f 4-Adams D M
3078 31-Aug Whonnock f 3-Quesnel D M H
3080 31-Aug Whonnock f 4-Adams D M
3081 31-Aug Whonnock f 4-Adams D M
3082 31-Aug Whonnock m 3-Stellako D H
3084 31-Aug Whonnock m 3-Stellako D M H
3085 31-Aug Whonnock f 3-Quesnel D H
3095 31-Aug Whonnock m 3-Quesnel D M H
3101 6-Aug Pt Renfrew m 4-Adams D H
3102 6-Aug Pt Renfrew f 3-Quesnel D H
3106 7-Aug Pt Renfrew m 4-Adams D H
3119 9-Aug Pt Renfrew f 3-Quesnel D H
3120 9-Aug Pt Renfrew m 4-Adams D H
3126 10-Aug Pt Renfrew f 4-Adams D H
3129 11-Aug Johnstone St m 4-Adams D H
3131 26-Aug Johnstone St f 4-Adams D
3132 26-Aug Johnstone St f 4-Adams D H
3134 27-Aug Johnstone St f 4-Adams D
3137 27-Aug Johnstone St f 3-Quesnel D H
3165 16-Aug Johnstone St f 4-Adams D H
3166 16-Aug Johnstone St m 4-Adams D H
3167 16-Aug Johnstone St m 3-Quesnel D H
3171 17-Aug Johnstone St f 4-Adams D
3172 17-Aug Johnstone St f 3-Chilko D H
3180 19-Aug Johnstone St f 4-Adams D
3182 19-Aug Johnstone St f 4-Adams D
3185 19-Aug Johnstone St f 4-Adams D
3187 24-Aug Johnstone St f 4-Adams D H
3190 24-Aug Johnstone St f 4-Adams D
3193 25-Aug Johnstone St f 4-Adams D H
3195 25-Aug Johnstone St f 4-Adams D
3196 25-Aug Johnstone St f 4-Adams D H
3198 25-Aug Johnstone St f 4-Adams D H
3204 6-Aug QCI f 4-Adams D H
3206 6-Aug QCI f 3-Stellako D M H
3212 6-Aug QCI m 4-Adams D G1 M
3216 6-Aug QCI m 4-Adams D G1 M H
3218 6-Aug QCI f 4-Adams D H
3220 6-Aug QCI f 3-Quesnel D G2
3221 6-Aug QCI f 4-Adams D G1 M H
3223 6-Aug QCI f 4-Adams D G1 M H
3224 6-Aug QCI f 3-Chilko D M H
3225 6-Aug QCI m 4-Adams D H
3226 6-Aug QCI m 3-Chilko D G2 M H
3228 6-Aug QCI f 3-Chilko D M
3229 6-Aug QCI m 4-Adams D G1 M
3230 6-Aug QCI f 4-Adams D G1 M
3231 6-Aug QCI m 4-Adams D G1 M H
3233 6-Aug QCI f 4-Adams D G1 M H
3235 6-Aug QCI m 3-Chilko D M H  
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A) (Continued) 

fish

sample

 date

sample  

location sex

final stock

assignment FATE slide slide slide

3237 6-Aug QCI m 3-Chilko D M H

3401 29-Aug WVL SOG Seine m 4-Adams D G1 H

3403 29-Aug WVL SOG Seine m 4-Shuswap D H

3404 29-Aug WVL SOG Seine m 4-Adams D G1 H

3405 29-Aug WVL SOG Seine f 4-Adams D G1 M

3406 29-Aug WVL SOG Seine f 4-Adams D M H

3407 29-Aug WVL SOG Seine f 5-Birkenhead D M

3409 29-Aug WVL SOG Seine f 3-Chilko D M

3411 29-Aug WVL SOG Seine f 4-Adams D M

3414 29-Aug WVL SOG Seine f 4-Adams D M

3417 30-Aug WVL SOG Seine f 2-Seymour D M

3422 31-Aug WVL SOG Seine f 2-Seymour D M

3424 30-Aug WVL SOG Seine m 4-Portage D G1 M H

3425 30-Aug WVL SOG Seine f 4-Adams D G1 H

3426 30-Aug WVL SOG Seine f 5-Birkenhead D M

3429 30-Aug WVL SOG Seine f 4-Adams D G1 M H

3430 31-Aug WVL SOG Seine f 4-Harrison D M

3433 31-Aug WVL SOG Seine f 4-Adams D G1 M H

3554 19-Oct Adams Tag Site f 4-Adams S G1 M H

3556 19-Oct Adams Tag Site f 4-Adams S G1 M H

3558 19-Oct Adams Tag Site f 4-Adams S G1 M

3560 19-Oct Adams Tag Site f 4-Adams S G1 M H

3563 19-Oct Adams Tag Site f 4-Adams S G1 M

3564 19-Oct Adams Tag Site f 4-Adams S G1 M H

3565 19-Oct Adams Tag Site f 4-Adams S G1 M

3566 19-Oct Adams Tag Site f 4-Adams S

3568 19-Oct Adams Tag Site f 4-Adams S G1 M H

3775 25-Aug Pt Renfrew f 4-Adams D H

3777 25-Aug Pt Renfrew f 3-Quesnel D H

3780 25-Aug Pt Renfrew f 4-Adams D H

3786 25-Aug Pt Renfrew f 4-Adams D H

3793 25-Aug Pt Renfrew f 3-Quesnel D H

3796 25-Aug Pt Renfrew m 4-Adams D H

3797 25-Aug Pt Renfrew f 3-Chilko D H

3840 13-Sep Whonnock m 4-Adams D G1 M H

3841 13-Sep Whonnock f 4-Adams D G1 M

3843 13-Sep Whonnock f 4-Adams D G1 H

3844 13-Sep Whonnock m 4-Adams D G1 M H

3848 13-Sep Whonnock m 4-Adams D G1 M H

3849 13-Sep Whonnock f 4-Adams D G1 H

3852 13-Sep Whonnock m 4-Adams D G1 M H

3856 13-Sep Whonnock f 4-Adams D G1 M

3891 20-Sep Savona m 4-Adams D G1 M H

3892 20-Sep Savona f 4-Adams D G1 M

3893 20-Sep Savona f 4-Adams D H

3895 20-Sep Savona f 4-Adams D H

3897 20-Sep Savona f 4-Adams D G1 M H

3898 20-Sep Savona f 4-Adams D G1

3899 20-Sep Savona m 4-Adams D G1 M H

3901 20-Sep Savona f 4-Adams D G1 M H

3905 20-Sep Savona m 4-Adams D G1 M H

3909 20-Sep Savona m 4-Adams D H

3910 20-Sep Savona m 4-Adams D

3918 29-Sep Adams R Tag Site f 4-Adams S

3919 29-Sep Adams R Tag Site f 4-Adams S

3921 29-Sep Adams R Tag Site m 4-Adams S H

3923 29-Sep Adams R Tag Site m 4-Adams S

3927 29-Sep Adams R Tag Site m 4-Adams S

3928 29-Sep Adams R Tag Site m 4-Adams S H

3929 29-Sep Adams R Tag Site m 4-Adams S H

3930 29-Sep Adams R Tag Site m 4-Adams S

3931 29-Sep Adams R Tag Site m 4-Adams S G2  
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B) 

tag

release 

date sex

final stock 

assignment

first date first

zone last date 

first

date

max max zone area FATE

s

l

i

d

e

42 1-Aug M 3-Chilko 1-Aug 10 14-Aug 14-Aug Chilcotin confluence S G2

45 1-Aug F 3-Chilko 1-Aug 10 13-Aug 13-Aug Chilcotin confluence S G2

61 1-Aug F 4-Adams 1-Aug 10 27-Aug 27-Aug Spence's Bridge U G1

67 2-Aug F 3-Chilko 2-Aug 10 18-Aug 17-Aug Chilcotin confluence S G2

83 2-Aug M 4-Adams 3-Aug 20 6-Aug 5-Aug Rosedale L G1

94 2-Aug M 4-Adams 2-Aug 10 15-Aug 15-Aug Spence's Bridge U G1

95 3-Aug M 4-Adams 4-Aug 30 12-Aug 12-Aug Spence's Bridge U G1

127 8-Aug F 2-Scotch 8-Aug 20 18-Aug 17-Aug Spence's Bridge U G1

130 8-Aug M 4-Shuswap 10-Aug 10 21-Aug 21-Aug Spence's Bridge U G1

140 8-Aug F 3-Chilko 9-Aug 20 17-Sep 14-Aug Sawmill L G1

155 8-Aug F 3-Quesnel 9-Aug 20 15-Aug 15-Aug Thompson confl U G2

159 9-Aug F 2-Seymour 9-Aug 10 22-Aug 19-Aug Spence's Bridge F G1

170 9-Aug M 2-Bowron 9-Aug 20 12-Aug 12-Aug Hope F G2

176 10-Aug F 2-Seymour 11-Aug 20 19-Aug 18-Aug Spence's Bridge U G1

190 10-Aug M 4-Shuswap 10-Aug 20 13-Sep 24-Aug Rosedale L G2

195 10-Aug M 2-Seymour 10-Aug 20 28-Oct 28-Oct Eagle River mobile S G2

201 10-Aug F n/a 13-Aug 20 15-Aug 14-Aug Harrison confl G2

207 10-Aug F 3-Chilko 10-Aug -3 10-Aug 10-Aug Glenlyon T G2

210 10-Aug F 3-Chilko 11-Aug 20 22-Aug 22-Aug Chilcotin confluence S G1

214 10-Aug F 1-Stuart 11-Aug 20 21-Aug 20-Aug Bridge River U G1

223 10-Aug F 4-Harrison 10-Aug 10 11-Aug 11-Aug Mission L G2

245 14-Aug M 4-Shuswap 14-Aug 20 20-Oct 20-Oct Kamloops Lake mobile U G1

246 14-Aug M 4-Adams 15-Aug 20 23-Aug 20-Aug Sawmill L G2

252 15-Aug M 3-Chilko 16-Aug 30 16-Aug 16-Aug Harrison confluence F G2

275 15-Aug M 4-Shuswap 15-Aug 20 23-Aug 23-Aug Spence's Bridge U G1

289 16-Aug F 3-Stellako 16-Aug 20 21-Aug 21-Aug Hope L G1

290 16-Aug M 4-Adams 16-Aug 20 26-Aug 26-Aug Thompson confl L G2

299 21-Aug F 2-Chilliwack 21-Aug -3 21-Aug 21-Aug Glenlyon T G1

301 21-Aug F 2-Scotch 23-Aug 40 31-Aug 31-Aug Spence's Bridge U G1

305 22-Aug M 4-Little River23-Aug 30 7-Oct 3-Oct Little River U G2

307 22-Aug M 3-Chilko 23-Aug 40 31-Aug 31-Aug Chilcotin confluence S G1

308 22-Aug F 4-Adams 22-Aug 10 8-Sep 26-Aug Hope L G2

309 22-Aug F 4-Adams 23-Aug 20 1-Sep 1-Sep Spence's Bridge U G1

314 30-Aug F 3-Quesnel 30-Aug 20 13-Sep 13-Sep Quesnel confluence S G2

322 31-Aug F 3-Quesnel 31-Aug 20 8-Sep 8-Sep Bridge River F G2

327 31-Aug F 4-Adams 31-Aug 20 11-Sep 11-Sep Spence's Bridge U G2

329 31-Aug F 2-Fennell 31-Aug 20 7-Sep 7-Sep Thompson confl U G1

336 31-Aug F 3-Quesnel 31-Aug 20 7-Sep 7-Sep Bridge River U G2

341 31-Aug F 3-Stellako 1-Sep 20 5-Sep 4-Sep Hope L G1

351 31-Aug F 4-Shuswap 1-Sep 20 5-Sep 4-Sep Hope F G1

362 1-Sep M 2-Scotch 1-Sep 20 8-Sep 2-Sep Harrison confluence F G2

368 1-Sep F 2-Fennell 1-Sep 20 11-Sep 5-Sep Hell's Gate F G1

370 1-Sep M 5-Birkenhead3-Sep 30 3-Sep 3-Sep Upper Harrison L G1

374 1-Sep F 3-Quesnel 1-Sep 20 2-Sep 1-Sep Mission F G1  
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C) 

tag

release 

date

final stock 

assignment

first date first

zone last date 

first

date

max max zone area FATE

s

l

i

d

e

s

l

i

d

e

753 11-Aug 4-Little River 20-Aug 10 29-Aug 29-Aug Spence's Bridge U G2 M

755 11-Aug 3-Chilko 18-Aug 10 11-Sep 11-Sep Chilko S M

761 11-Aug 3-Chilko 19-Aug 30 28-Aug 28-Aug Chilcotin confluence S G2

773 11-Aug 4-Adams 20-Aug 10 8-Sep 7-Sep Little River S G2

795 12-Aug 4-Adams 20-Aug 20 27-Aug 27-Aug Thompson confl U G2 M

801 12-Aug 4-Adams 21-Aug 10 2-Sep 1-Sep Spence's Bridge U G2

809 16-Aug 4-Adams 15-Sep 10 5-Oct 5-Oct Little River S G1

820 16-Aug 4-Little River 23-Aug 10 1-Sep 1-Sep Spence's Bridge U G1 M

822 16-Aug 3-Chilko 21-Aug 10 7-Oct 7-Oct Chilko Lake mobile S G2 M

844 16-Aug 4-Little River 4-Sep 10 9-Sep 9-Sep Hope L G1

858 17-Aug 4-Little River 24-Aug 10 4-Sep 31-Aug Hell's Gate F G1

861 17-Aug 4-Little River 26-Aug 10 8-Sep 8-Sep Spence's Bridge U G2 M

868 17-Aug 4-Little River 25-Aug 20 20-Sep 20-Sep Little River S G1 M

869 17-Aug 3-Stellako 25-Aug 10 11-Sep 11-Sep Quesnel confluence U G2

874 17-Aug 4-Adams 26-Aug 20 27-Sep 27-Sep Little River S G2

880 17-Aug 4-Adams 24-Aug 10 1-Oct 28-Sep Kamloops Lake U G1 M

884 17-Aug 4-Shuswap 4-Sep 10 16-Oct 5-Oct Lower Shuswap S G2 M

885 17-Aug 4-Shuswap 4-Sep 10 16-Oct 8-Oct Lower Shuswap S G2

897 17-Aug 4-Adams 8-Sep 20 4-Nov 4-Nov Adams Mouth mobile S G2 M

910 18-Aug 3-Quesnel 23-Aug 10 9-Sep 9-Sep Horsefly confluence S G2

915 18-Aug 3-Quesnel 24-Aug 10 1-Sep 1-Sep Chilcotin confluence U G2

916 18-Aug 4-Adams 25-Aug 10 29-Sep 29-Sep Little River S G1 M

919 18-Aug 4-Adams 25-Aug 10 19-Sep 19-Sep Little River S M

924 18-Aug 4-Little River 27-Aug 20 7-Sep 7-Sep Spence's Bridge U G2

928 18-Aug 3-Chilko 24-Aug 10 15-Sep 15-Sep Chilko River mobile S G2 M

941 19-Aug 4-Adams 19-Sep 10 4-Nov 29-Oct Adams River mobile S G2 M

970 19-Aug 4-Adams 28-Aug 20 13-Oct 28-Sep Little River S G2

974 19-Aug 4-Adams 13-Sep 10 9-Nov 9-Oct Adams River S G1 M

978 19-Aug 4-Adams 8-Sep 10 29-Oct 3-Oct Adams River S G1 M

998 24-Aug 4-Adams 12-Sep 20 29-Oct 29-Oct Adams River mobile S G1

1026 24-Aug 4-Adams 13-Sep 10 29-Oct 29-Oct Adams River mobile S G1

1034 25-Aug 4-Adams 2-Sep 10 11-Sep 11-Sep Thompson confl U G1 M

1035 25-Aug 3-Chilko 31-Aug 20 19-Sep 19-Sep Chilko S G2

1048 25-Aug 4-Adams 12-Sep 20 19-Oct 10-Oct Adams River S G2

1051 25-Aug 4-Adams 4-Sep 10 14-Sep 14-Sep Spence's Bridge U G2

1064 25-Aug 4-Adams 18-Sep 10 2-Nov 29-Oct Adams River mobile S G2

1070 25-Aug 3-Chilko 1-Sep 10 9-Sep 8-Sep Seton confluence U G2 M

1072 25-Aug 3-Chilko 1-Sep 10 12-Sep 12-Sep Chilcotin confluence S G2

1079 25-Aug 3-Chilko 31-Aug 10 18-Sep 18-Sep Chilko S M

1080 25-Aug 3-Chilko 2-Sep 10 19-Sep 19-Sep Chilko S G2

1098 26-Aug 3-Chilko 31-Aug 10 8-Sep 7-Sep Bridge River U G2 M

1106 26-Aug 4-Little River 19-Sep 10 30-Sep 29-Sep Thompson confl U G1 M

1111 26-Aug 4-Adams 13-Sep 10 29-Oct 19-Oct Adams River S G1

1121 26-Aug 3-Quesnel 2-Sep 10 2-Oct 2-Oct Mitchell River mobile S G2

1125 26-Aug 4-Adams 3-Sep 10 24-Nov 23-Sep Little River S G1 M

1133 27-Aug 4-Adams 18-Sep 10 29-Oct 29-Oct Adams River mobile S M

1135 27-Aug 4-Adams 4-Sep 10 12-Oct 26-Sep Adams River S G2 M

1160 27-Aug 3-Chilko 3-Sep 10 23-Sep 23-Sep Chilko S G2

1161 27-Aug 3-Chilko 2-Sep 10 13-Sep 13-Sep Chilcotin confluence S G2

1163 27-Aug 4-Weaver 4-Sep 10 6-Sep 6-Sep Upper Harrison U G1

2012 28-Jul 3-Chilko G2

2049 30-Jul 3-Chilko G2

2177 3-Aug 3-Quesnel G2

2181 3-Aug 3-Chilko G2  
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Table 2.  Experimental design for 2003 whole brain study.  Key variables included 

location, sex at QCI, predicted entry-time in W and run.   

 

Total 

Sample #'s

Sampling Location 

and Run Time Female Male

QCI-LR 9 5 4
QCI-SR 10 4 6

Queen Charlotte Islands-Total 19 9 10

JS-LR 4 4
JS-SR 5 5

Johnstone Strait-Total 9 9

JDFS-SR 6 6

Juan De Fuca Strait-Total 6 6

W-LR-E 10 10

W-LR-P 6 6

W-SR 8 8

Whonnock-Total 24 24

H-SR 3 3

Horsefly-Total 3 3

LA-LR 5 5

Lower Adams-Total 5 5

Total Brains Samples 66 56 10

Whole Brain 2003: 34 Late-Run samples and 32 Summer-

Run Samples = 66 Brain Samples

Sex
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Table 3.  Experimental designs for 2005 A) Destructive studies in whole brain, liver and 

gill.  B) Non-Destructive studies in gill.  Key variables included sampling location and 

run-time, as well as sex and fate determinations in B. 

 
 A) 

Sampling 

Location and 

Run Time Total Sample #'s

JS-Q 6

JS-C 2

JS-S 5

13

JS-Q 8

JS-C 8

JS-S 3

19

JDFS-Q 7

JDFS-C 8

JDFS-S 5

20

W-Q 8

W-C 4

W-S 3

15

67

Whonnock-Total

Total Brains Samples

Area 12: Johnstone Strait-Total

Area 13: Johnstone Strait-Total

Tissues in 2005: Whole Brain, Liver and Gill                      

29 Quesnel, 22 Chilko and 16 Stuart                                  

= 67 Samples

Juan De Fuca Strait-Total

 
 

B) 

Run Time-Stock Total 

Male Female Male Female Male Female

SR-Q 1 6 4 2 8 4 25

SR-C 3 3 8 5 3 0 22

SR-S 5 1 0 1 2 8 17

120-Spawning 

(Surv)

Fate: Location fish were last observed

2005-Non Destructive Gill

40-80: Lower River 

(LRM)

90-110: Upper River 

(URM)
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Table 4.  Experimental design of 2006 gill study, with key variables including location, 

run-time, year, sex, entry-time and fate.   

 

 

Sampling Loc and 

Run-time sample #'s early normal Surv URM LRM FM unknown Female Male

Non-destructives

JDFS-LR-06 15 7 8 10 3 0 1 1

JDFS-SR-06 4 2 0 1 1

JDFS-SR-05 6

JDFS-total 25 12 3 2 2

JS-LR-06 31 19 12 19 10 1 1

JS-SR-06 15 10 5

JS-SR-05 6

JS-total 52 29 15

W-LR-06 16 11 0 9 5 1 1 8 8

W-SR-06 15 6 2 3 3 1 12 3

W-SR-05 6

W-ES-06 11 1 4 4 2 8 4

W-nd-total 48

Destructives

Wspt-LR-06 8 8 4 4

QCI-LR-06 8 4 4

QCI-SR-06 6

QCI-total 14

SOG-LR-06 8 5 3

SV-LR-06 8 4 4

LA-LR-06 8 8 0

Total 171

Entry-timing Fate in-river Sex

Gill 2006: 102 Late-Run, 41 Summer-Run, 10 Early-Summer-Run and 18 2005 

Summer-Run = 171
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Table 5.  Experimental design of 2006 white muscle study, with key variables including 

location, run-time, sex, entry-time and fate.   

 

Muscle 2006: 79 LR samples and 30 SR samples = 109

Sampling Loc 

and Run-time

total 

sample 

#'s
E N S U M L Female Male

Non-destructives
JDFS-LR 16 9 7 11 5

JDFS-SR 6 5 0 1 2 1 2

JDFS-total 22 14 7 12 7 1 2

JS-LR 18 11 7 11 7 0 0

JS-SR 6 3 3 4 2 0 0

JS-total 24 14 10 15 9 0 0

Destructives
Waug-LR 10 10 0 9 1

Wspt-LR 6 0 6 2 4

W-LR total 16 10 6 11 5

W-SR 6 6 0 3 3

W-total 22 16 6 14 8

QCI-LR 8 4 4

QCI-SR 6 3 3

QCI-total 14 7 7

SOG-LR 7 6 1

SOG-SR 6 6 0

SOG-total 13 12 1

SV-LR 7 4 3

LA-LR 8 8 0

Total 109 54 29 27 16 1 2 56 24

Entry-timing FATE In-river Sex
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Table 6.  Experimental design of 2006 hypothalamus study, with key variables including 

location, run-time, year, sex.   

 
 

Total 

sample 

#'s

Sampling Loc and 

Run-time Female Male

JDFS-LR 8 4 4
JDFS-SR 5 5

JDFS-total 13 9 4

JS-LR 8 6 2
JS-SR 3 2 1

JS-total 11 8 3

Waug-LR 6 5 1

Wspt-LR 6 2 4

W-SR 6 3 3

W-total 18 10 8

QCI-LR 8 5 3

QCI-SR 5 2 3

QCI-total 13 7 6

SOG-LR 8 4 4

SV-LR 8 4 4

LA-LR 8 5 3

Total 79 47 32

Sex

Hypothalamus 2006: 60 Late-Run 

samples and 19 Summer-Run 

samples = 79
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Figure 1.  Number of differentially regulated genes (P<0.001) between JS, JDFS and W 

in gill, whole brain, white muscle and hypothalamus in experiments from 2003, 2005, 

and 2006.   
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Figure 2.  Hierarchical cluster of significantly (P<0.001) differentially expressed genes 

from whole brain sampled from migrating fish in 2005 (A) and 2003 (B).  Unsupervised 

hierarchical clusters resolve physiological relationships among individuals (x-axis) and 

genes (y-axis) simultaneously, and identify where major shifts in physiology take place.  

Genes that are up-regulated (turned on) are in red and those that are down-regulated 

(turned off) are in green.  Sample (x-axis) colour key for A: Red=JS, Green=JDFS, 

Blue=W.  
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Figure 3.  Hierarchical cluster of significantly (P<0.001) differentially expressed genes from gill tissue sampled from migrating 

fish in 2005.  Sample (x-axis) colour key: Yellow=W, Blue=JDFS, Green/Red=JS.  
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Figure 4.  Hierarchical cluster of significantly (P<0.001) differentially expressed genes from gill tissue sampled from migrating 

fish in 2005 and 2006 (2006 experiment).  Sample (x-axis) colour key: Yellow=W-06, Dk Blue=JDFS-06, Red=JS-06, Pink=JS-

05, Teal=W-05.  
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Figure 5.  Number of differentially regulated genes (P<0.001) between adjacent sample locations (QCI, JS, JDFS, SOG, W, Sv, 

and LA) in gill, whole brain, white muscle and hypothalamus in experiments from 2003, 2005, and 2006. Data points that max at 

1450 are higher than shown. 
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Figure 6.  Hierarchical cluster of significantly (P<0.001) differentially expressed genes from gill tissue sampled from migrating 

fish in 2005 and 2006 (2006 experiment).  Sample (x-axis) colour key: Yellow=JDFS, Blue=SOG, Red=QCI, Pink=W, Teal=LA, 

Green=JS, Brown=SV.  
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Figure 7.  Hierarchical cluster of significantly (P<0.001) differentially expressed genes from white muscle tissue sampled from 

migrating fish in 2006. Sample (x-axis) colour key: Yellow=LA, Dk. blue=JDFS late-run, Lt. blue=JDFS summer-run, Dk. red=JS 

late-run, lt. red=JS summer-run, Bright pink=Savona, Dk. teal=SOG late-run, Lt. teal=SOG summer-run, Dk. purple=QCI. Late-

run, Lt. purple=QCI. Summer-run, Dk. grey=Whonnock late-run, Lt. grey=Whonnock summer-run. 
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Figure 8.  Hierarchical clustering of genes significantly differentially regulated in white muscle tissue in FW.  Sample (x-axis) 

colour key:  Pink=Whonnock (W), Mustard=Savona (SV) and Aqua=Lower Adams (LA). 

LA Whonnock SV Whonnock



Page 83 of 121 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.  Hierarchical cluster of significantly (P<0.001) differentially expressed genes from hypothalamus tissue sampled from 

migrating fish in 2006. Sample (x-axis) colour key: Yellow=SV, Dk Blue=SOG, Light Blue=JDFS, Green=JS,  Red=QCI, 

Pink=W, Teal=LA. 
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Figure 10. Hierarchical cluster of significantly (P<0.001) differentially expressed genes from liver tissue sampled from migrating 

fish in 2005. Sample (x-axis) colour key: Blue=W, Red=JS, Green=JDFS.
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Figure 11.  Comparison of physiological classifications between tissues sampled from 

migrating fish in 2005.  Area 13=Johnstone Strait, Area 20=Juan de Fuca Strat 
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Figure 12.  Numbers of genes differentially regulated within sampling locations in gill, muscle, hypothalamus, and brain by run-

time, sex, entry-time, fitness, and year.  “Missing” data reflect the fact that mot all categories are measured in all experiments or at 

all locations (e.g. sex was not determined at all sites, entry time information was only measurable in SW using non-destructively 

sampled fish, fitness was limited to non-destructively sampled fish, and non-destructive muscle tissues were not available at W).  

Under the fate category, _U indicates survivors vs. upper river mortalities and _L indicates survivors vs. lower river mortalities.  

Under the year category, _S indicates summer-run fish only.   The y-axis was topped at 800, but the JS_S data point under year 

was really 1,005.   
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Figure 13.  Hierarchical cluster of differential expression in the hypothalamus of late- and summer-run fish sampled at 

Whonnock in 2006.  
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Figure 14.  Number of genes differentially expressed by FW entry-time groups (EARLY = <10 days JS-Mission or <12 days 

JDFS-Mission, Mission by Aug 31; NORMAL = >15 days JS-Mission or >18 days JDFS-Mission, Mission after Sept 1). 
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Figure 15.  Hierarchical cluster of genes differentially regulated in Johnstone Strait (JS) between fish that survive to the 

spawning grounds (Survivors) versus those that go missing in the high temperature regions of the upper Fraser River (Hell’s Gate 

and Spence’s Bridge)(URM).  Although genes were derived from comparisons within JS, samples with known fate were also 

included from Juan de Fuca Strait, which did for which we did not have enough URM samples to make statistical comparisons.  

URM SurvivorsURM Survivors
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Figure 16.  Heat map of osmoregulatory genes differentially regulated in gill tissue from 

2005 and 2006.  The 2005 samples from JS and JDFS are bordered by bold blue lines, as 

is the LA spawning ground samples from 2006. 
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Figure 17. QPCR validation of array results for cold inducible RNA binding protein (CIRP) expression in gill tissue.  Expression 

values are normalized to QCI.  Sample names demarcate the first occurrence of each sample group.  There was no significant 

difference between QCI, JDFS 2005 or 2006, and JS 2006, but significant up-regulation occurred at JS 05 and down-regulation in 

all river locations excluding LA.   
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Figure 18.  Hierarchical clusters of genes differentially regulated in gill tissue at JS, JDFS and W in 2005 and 2006, highlighting 

the genes involved in oxygen transport that were down-regulated in each year. 
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Figure 19.  QPCR validation of array results on hemoglobin beta expression in gill tissue.  Expression values are normalized to 

QCI.  Sample names demarcate the first occurrence of each sample group.  All locations except JDFS 2005 were significantly 

down-regulated relative to WCI 2006, and there was further down-regulation in the river at Savona and the Lower Adams. 
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Figure 20.  Heat map of genes with expression patterns correlated with hemaglobin transcription 

(oxygen transport).  Of note, this figure contains highlights of the gene patterns in gill tissue; the same 

genes are well correlated in other tissues (data not shown).     
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Figure 21.  Heat map of genes differentially expressed in gill tissue that are involved in defence 

response.  The 2005 samples from JS and JDFS are bordered by bold blue lines, as is the LA spawning 

ground samples from 2006.
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Figure 22.    QPCR validation of array results on colligin/heat shock protein 47 expression in gill tissue.  Expression values are 

normalized to QCI.  Sample names located along the lower axis correlate to the first sample within each sample group.   
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Figure 23.  Hierarchical cluster of genes differentially regulated in gill tissue from migrating late-run 

sockeye salmon sampled in 2006. Sample (x-axis) colour key: Yellow=JDFS, Blue=SOG, Red=QCI, 

Pink=W, Teal=LA, Green=JS, Brown=SV.  Note the outlined gene cluster identified within the 

hierarchical plot, specifically the shift from SW to FW. 
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Figure 24.  Heat map of the identified gene cluster from the Hierarchical plot identified within Fig. 

23, which are up regulated during FW migration. 
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Figure 25.  Heat map of genes involved in reproductive maturation differentially expressed in whole 

brain in 2003. Genes that are known to be involved in steroid biosynthesis, as well as some genes also 

known to be involved in the production of reproductive hormones (A), while those known to correlate 

with reproductive maturation are shown in are shown in (B).  Data are from the 2003 study, with the 

two columns on the right indicating the fold changes between JS and JDFS fish in 2003 and 2005 (only 

the genes that were also significant at P<0.001 in 2005 are shown).  Note that for genes significant in 

both years, the same direction of change was observed in both years.  The direction of fold changes 

were also similar in 2005 for genes that were not significant at P<0.001 (and most were significant at 

P<0.01). 
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Figure 26.  Heat map of genes involved in sensory development, memory and signalling, 

differentially regulated between A and B profiles in the brain.  Data are from the 2003 study, with the 

two columns on the right indicating the fold changes between JS and JDFS fish in 2003 (only the genes 

that were also significant at P<0.001 in 2005 are shown), and 2005.  Note that for genes significant in 

both years, the same direction of change was observed in both years.  The direction of fold changes 

were also similar in 2005 for genes that were not significant at P<0.001 (and most were significant at 

P<0.01). 
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Figure 27.  Heat map of metabolic genes differentially regulated between A and B profiles in the 

brain.  Data are from the 2003 study, with the two columns on the right indicating the fold changes 

between JS and JDFS fish in 2003 (only the genes that were also significant at P<0.001 in 2005 are 

shown), and 2005.  Note that for genes significant in both years, the same direction of change was 

observed in both years.  The direction of fold changes were also similar in 2005 for genes that were not 

significant at P<0.001 (and most were significant at P<0.01). 
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Figure 28.  Heat map of genes involved in metabolic shifts in white muscle tissue during salmon 

migration.  Proteolysis, anaerobic respiration, aerobic respiration and other metabolic pathways are 

presented.  The SOG is noted as the as the transition from SW to FW, noted by bold white border.
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Figure 29.  Heat map of key muscle proteins that are down regulated in white muscle tissue during 

sockeye migration. 
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Figure 30.  Heat map of genes differentially expressed in liver from 2005, presented by pathway.   
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Up regulation

ADAMTS-1 precursor (A disintegrin and metalloproteinase with thrombospondin motifs 1) 
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Figure 31.  Heat maps of genes exclusively differentially regulated at Savona that may relate to 

responses to high water temperatures.  A.  White Muscle and White Muscle Savona Intra-site variation; 

B. Hypothalamus; C. Gill.

C-Gill 
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Figure 32.  Heat map of genes differentially regulated in white muscle tissue at JS that were statistically associated with entry timing in 

late- and summer-run fish.  JS fish are highlighted in the middle section (in green), with early entry fish to the left, and normal entry fish 

to the right, and separated by white columns.  The top grouping reflects genes that were expressed to similar levels in normal entry JS fish 

and fish sampled in FW, whereas the bottom grouping reflects the opposite pattern.   
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Figure 33.  Genes associated with fate of fish sampled in JS in 2006.  Genes are organized 

on the heat maps by pathways, and Ber values, calculated in BAYSBOOT, which reflect 

the degree of overlap between expression profiles, with 0 being no overlap and 1 complete 

overlap, are shown in the second column.  Ber values <0.1 are highlighted in light yellow 

(most promising biomarkers), >0.1<0.2 in gold, and >0.2<0.3 in orange. 
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Figure 34.  Expression curves plotted from Baysboot.  Ber values relate to the degree of overlap between the two treatment curves 

(genes associated with fate are shown here), and are shown at the top along with the EST (gene ID number).  Genes with very low 

Ber values are ranked highly for classification purposes.   Figure 33 shows the Ber values for the genes associated with fate.  
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Figure 35. Misclassification error plot from PAM constructed using JS and JDFS “core” 

samples and the entire significant gene list from the whole brain experiment in 2003.  The 

threshold (bottom x-axis) is a function of the number of genes used to classify individuals 

(top x-axis).  The error rate for classifying A (JS--blue) and B(JDFS--pink) profiles reduces 

to 0 at a threshold of 5.8-6.1, which is gained by use of 5-8 genes.  This plot is used to 

determine the maximum threshold (minimum number of genes) that will give the lowest 

misclassification error.  
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