Assessing Functional Genetic Differences in Natural and Hatchery-Raised Redfish Lake Sockeye Salmon

A. Abstract and Statement of Innovation
Understanding functional biological differences between hatchery and naturally produced salmonids is critical to full understanding of the risks and benefits of the use of hatcheries to the long term viability of populations.  It is particularly important to understand the impacts of hatchery rearing where hatcheries are used in recovery programs for ESA-listed stocks of fish.  A unique opportunity exists to evaluate functional biological differences in groups of fish produced in the NOAA Fisheries/Idaho Department of Fish and Game (IDFG) Redfish Lake Sockeye Salmon Captive Broodstock Program.  For these programs, broodstock are reared in captivity and released into natal habitats in Idaho (e.g., Redfish Lake) either as prespawning adults, eyed eggs, presmolts, or smolts.  Ongoing survival evaluations suggest that Redfish smolts with the longest residence time in the habitat have the highest fitness (SARs ).  Thus, evaluation of Redfish Captive Broodstock Program fish offers an excellent opportunity for determining biological consequences of varying hatchery pressures and rearing durations.

We propose to sample groups of natural and hatchery raised Redfish Lake sockeye salmon (n=10-30 each) during hatchery rearing, at release, during juvenile rearing in the lake (sampling by trawl), at outmigration (sampling at the Redfish Lake weir) and upon return as adult.  This research will utilize state-of-the-art advances in molecular genetics whereby the expression of functional genes will be evaluated, quantified, compared, and interpreted.  Development of the ability to determine differences in expression of functional (evolutionarily significant) genes from salmon and steelhead stocks is an exciting innovative approach that will likely come to be recognized as the best measure of similarity/dissimilarity between hatchery and wild fish in the future.  In addition, samples of fish will be compared to major functional morphological and biochemical (e.g., proximate and fatty acid) differences.  These combined techniques will be used to support understanding of observed functional biological similarities and differences.

Fish sampling will be conducted by NOAA Fisheries and IDFG in addition to current RM&E efforts within ongoing BPA funded programs (BPA programs: # 9204000 #9606700, # 9107200, and #9700100).  Laboratory analysis will be conducted at the University of Idaho (UI).  The UI has state-of-the-art microarray (GRASP chip) analysis capability and the bioinformatics infrastructure (mainframe computation and support) necessary to carryout complex comparison of functional differences between hatchery and wild origin salmonids.  In addition, the UI has state-of-the-art biochemical and nutrition facilities to complete all analytical work.  

Overall, Redfish Lake sockeye will be tested for correlations between functional gene expression, and survival. Results from this study will demonstrate effectiveness of current Redfish Lake sockeye rearing/release strategies and provide critical information for ongoing adaptive management and genetic conservation within the program.  

B. Technical and Scientific Background 

Salmonids have been cultured for over 130 years in the Pacific Northwest, originally to increase harvest but more recently to mitigate for elimination of freshwater spawning/rearing habitat by hydroelectric dams or to restore declining salmon runs (Lichatowich et al. 2005).  Hatchery production goals were originally based upon the simplistic assumption that the more fish released from hatcheries, the higher their contribution to fishery harvests.  Despite ongoing hatchery releases over 13 years, adult returns to Redfish Lake, Idaho have remained below expectations for sustainability.  
Numerous studies show that hatchery rearing alters fish behavior, stamina, resistance to disease, and the genetic structure of the hatchery population compared to wild salmon from which the hatchery stocks were obtained (NRC, 1996; NPCC, 2004).  Critical uncertainties concerning survival and reproductive success of hatchery-origin fish where a small number of spawners produce a majority of offspring, rate of domestication of hatchery salmon populations, and the effects of hatchery culture practices on domestication are among the concerns for which insufficient scientific information exists even among the most enlightened conservation hatchery programs (NPCC, 2005).
Scientists have been conducting research to inform the uncertainties surrounding hatchery salmon in behavior, physiology, genetics, resistance to stress, and immune function, and this body of work has greatly advanced our understanding of the effects of hatchery rearing on salmon.  However, no studies have been conducted that truly get to the heart of the debate concerning hatchery salmon, namely, “Is there a functional genetic basis to the observed differences between hatchery and wild salmon?” and “Do these differences adversely affect survival and reproductive success?” Until recently, the tools to conduct such studies have not existed.  

Recent progress in genomic approaches (Albelda and Sheppard. 2000; Hofman et al. 2005), primarily developed for use in human medicine, provides for the first time the opportunity to examine the expression of functional genes in salmon, and to compare expression levels among populations and between hatchery and wild fish using DNA microarrays and quantitative PCR (Real-time or RT-PCR).  Advances in technology used to measure gene expression levels and advances in computer programs that identify individual genes by their specific cellular function and assign genes to general metabolic or physiologically functional groups (Vasemagi and Primmer 2005) have been occurring at an astonishing rate and have driven down the cost and time required to conduct meaningful experiments designed to identify differences among groups of fish (Liu and Cordes 2004).  Even more exciting is the prospect of adapting rearing and release strategies to minimize functional genetic differences and thereby potentially increasing post-hatchery survival and adult returns to Redfish Lake. 

Early population genetic studies of salmon divided stocks based upon differences in allozymes, cellular metabolic enzyme forms having single amino acid  substitutions in regions not associated with enzyme function or fitness of fish (Utter 1991; Carvalho and Hauser 1995).  Development of DNA-based analyses has led to significant refinement in the ability of population geneticists to discriminate salmon stocks.  Individual spawners can now be identified based upon differences in non-functional segments of DNA called microsatellites (Narum et al. 2004; Leth 2005; Willard 2005).  These bits of DNA can change quite rapidly in relatively few generations (Eisen 2000) and form the basis for current efforts to discriminate between populations or stocks of salmon and steelhead range-wide (Moran 2005). However, differences in these rapidly changing microsatellite sequences have virtually no effect on cellular or organismal function, and therefore no effect on the survival or reproductive success of the fish.  Further, scientists now realize that even if differences in functional genes are found, this does not necessarily mean that individuals exhibit functional differences that relate to fitness.  What is important to fish fitness is the expression of these genes, meaning whether or not they are “turned on” and the extent to which they are “turned on,” referred to as expression level.

Until recently, the scientific capability to measure expression levels of functional genes that might differ between hatchery and wild salmon has not been available. Fortunately, as mentioned above, rapid advances in genomics propelled by the human genome project has changed this paradigm, providing for the first time the prospect of measuring gene expression, reducing and analyzing gene expression data using bioinformatics programs into meaningful results, and using this information to gain critical insight into differences between natural and hatchery-origin salmon, inform agencies as to the magnitude of differences between natural and hatchery-origin salmon, and suggest practical ways to reduce these differences correlated with survival or reproductive fitness.  Combining global gene expression information with bioinformatics, genes can be pooled into functional categories that are relevant to observed differences between natural and hatchery-origin salmon smolts. Expression levels of individual genes of interest can then be rapidly compared among many individuals using RT-PCR. 

Global gene expression involves more than 25,000 genes.  In order to deal with this huge amount of information, we will use bioinformatics programs in place at the University of Idaho to categorize genes into functional categories (ontologies) relevant to critical uncertainties in artificial production.  These categories include stress response; smoltification, immune function, behavior; and energy metabolism.  We will evaluate sockeye, pre-smolts and smolts from natural and hatcher-origin to quantify differences in gene expression.  We will also follow temporal changes in gene expression through freshwater residence; and identify candidate genes and/or functional categories to conduct detailed follow-on studies using RT-PCR (Gaffney and Moser 2006).  

The measurement of gene expression on a large scale has the potential to provide answers to many heretofore unresolved biological questions (Lockhart and Winzler 2000; Thomas and Klaper 2004). These measurements can now be quickly and efficiently carried out using newly available microarray technology (Vasemagi and Primmer 2005).  Microarrays are DNA copies of expressed sequences (cDNAs) that have been attached to glass slides and are referred to collectively as “microarray panels” or “microarray chips.” Expressed sequences or RNAs are isolated from tissues or organs, labeled with a fluorescent dye and then compared by hybridizing copies of the RNAs to the micorarray.  In this way, thousands of gene products can be directly compared between individuals or pooled samples from control and experimental groups, and the level of their expression quantified. The resulting pattern of up-regulated (activity increased) and down-regulated (activity decreased) genes as well as the pattern of changes under different conditions provide tremendous insight into functional genetic differences arising between fish. Microarray analysis has shown tremendous utility in a number of recent genetic studies examining trout and salmon immune response (Rise et al. 2004c; Gerwick et al. 2005), dominance behavior (Sneddon et al. 2005), stress response (Krasnov et al. 2005), lipid metabolism (Jordal et al. 2005), ovarian development (von Schalburg et al. 2005a), and changes during embryonic development (Rise et al. 2004b).

Although microarray analysis was originally developed in human medicine, microarray analysis of fish has advanced rapidly in the past two years.  A microarray panel of cDNAs representing 16,006 genes developed under the Genomic Research on Atlantic Salmon (GRASP) project is commercially available (Rise et al. 2004).  Genes attached to the GRASP microarray chip were selected from 300,000 sequences derived from numerous tissues of Atlantic salmon and rainbow trout.  The GRASP microarray chip is currently being used by the University of Idaho’s Hagerman Fish Culture Experiment Station to examine carbohydrate-induced gene responses in rainbow trout and examine differential expression between nmaleand female rainbow trout. The GRASP microarray chip has also been used to analyze gene expression in several other species of Salmonidae including Chinook salmon, lake whitefish and rainbow smelt (Rise et al. 2004a; von Schalburg 2005b).  Sockeye salmon expression products from various tissues have been shown to hybridize effectively to both rainbow trout and Atlantic salmon-derived cDNAs on the microarray with a high degree of specificity, thus validating the use of the GRASP microarray chip for studies involving this species.
Microarrays investigations have now broadened in scope beyond discovery-type studies to include complex hypothesis-driven examinations of interactions between fish from differing environments. Studies on the effects of hatchery vs. natural rearing on gene expression and reproductive tendencies (Aubin-Horth et al. 2005) along with an examination of environmentally-driven, divergent selection (Vasemagi et al. 2005) in Atlantic salmon demonstrate the GRASP microarray chip can be used to examine differences in gene expression between natural and hatchery-origin Redfish Lake sockeye salmon, as is proposed in this project.

Historically, agency fish culturists have paid little attention to the fact that modifying hatchery operations results in changes in the size, shape, color, behavior, smolting time, or adult return time of hatchery populations compared to the wild stock from which they were derived (Brannon 1993).  Such changes, observed as phenotypic changes, occur over time as a result of the hatchery rearing environment (feeding levels, rearing density), selection of spawners from discrete (usually early) segments of the returning adult population, or simply from the fact that ~90% of fertilized eggs survive to hatchery release in the absence of most random and selective mortality. There are numerous examples of this complex phenomenon of observed phenotypic change (Campton 1995; Flagg et al. 1995; Berejikian et al. 1996; Reisenbichler and Rubin 1999; Kostow et al. 2003).  Thus, despite efforts to reduce demographic and environmental risks to declining populations in the short-term through artificial propagation, those very methods may ultimately endanger the population genetically in the long-term by incorporation of genes into the population which alter phenotypic expression, diminish individual fitness and thus reduce population abundance. Problems associated with current and historical hatchery production have been exhaustively reviewed, and efforts to refine hatchery practices and rearing conditions are underway (Integrated Hatchery Operations Team 1994; Montgomery Watson 1996; Brannon et al. 1999; NPPC 1999; NPCC 2003; Flagg et al. 2004; Mobrand et al. 2005). 

Critical Uncertainties being addressed:

Do differences exist between natural and hatchery-produced Redfish Lake sockeye in expressed functional genes and are these genes associated with fitness and survival?

We propose to sample groups of natural and hatchery raised Redfish Lake sockeye salmon during hatchery rearing, at release, during juvenile rearing in the lake (sampling by trawl), at outmigration (sampling at the Redfish Lake weir) and upon return as adult.  This research will utilize state-of-the-art advances in molecular genetics whereby the expression of functional genes will be evaluated, quantified, compared, and interpreted.  Development of the ability to determine differences in expression of functional (evolutionarily significant) genes from salmon and steelhead stocks is an exciting innovative approach that will likely come to be recognized as the best measure of similarity/dissimilarity between hatchery and wild fish in the future.  In addition, samples of fish will be examined for major functional morphological and biochemical (e.g., proximate and fatty acid) differences.  These combined techniques will be used to support understanding of observed functional biological similarities and differences 

C. Rationale and Significance to the Council’s Fish and Wildlife Program

Understanding functional differences between hatchery and naturally produced salmonids is critical to full understanding of the risks and benefits of the use of hatcheries and artificial production in the Pacific Northwest.  The project will directly provide information to the coordinated Redfish Lake sockeye salmon captive broodstock programs (BPA programs: # 9204000 #9606700, # 9107200, and #9700100).

The project proposes to use innovative, state-of-the-art advances in molecular genetics whereby the expression of functional genes can be evaluated, quantified, compared, and interpreted.  The overall project objectives are to: (1) distinguish responses from natural origin Redfish Lake sockeye and hatchery program fish; (2) follow temporal changes in gene expression through freshwater residence in Redfish Lake sockeye salmon; (3) correlate gene expression differences to overall differential reproductive success and/or survival and (4) identify candidate genes and/or functional categories for more detailed follow-on studies using RT-PCR.  

Annually, between 150-200 million salmonids are produced at hatcheries in the Columbia River Basin (NPCC 2004).  Yet, there remains considerable uncertainty about how hatcheries can and should be used in restoring natural production and conserving wild populations (cf., NRC 1996, NPCC 1998, ISAB 2003, APRE 2004, NPCC 2005).  The need to develop techniques to clearly identify differences in hatchery-produced versus natural origin fish and to develop methodologies to produce wild-like hatchery fish is a theme central to most planning documents associated with Columbia River Basin processes.  These actions are called for in Northwest Power and Conservation Council documents such as their review of salmonid artificial production in the Columbia River Basin (NPCC 1998), sections 7.2D.1-3 of the Columbia Basin Fish and Wildlife Program (NPPC 2000), and in the recent artificial production review (NPCC 2004).  

The need for development of information to implement hatchery reform is supported in the 2000 NMFS Federal Columbia River Power System Biological Opinion (NMFS 2000) and in the 2004 Updated Proposed Actions (NMFS 2004, hatchery substrategy 2.2).  The Northwest Power and Conservation Council’s recent draft Columbia River Basin Research Plan (NPPC 2005) specifically calls for actions to determine if differing hatchery rearing methods lead to different physiology, behavior, and life history patterns compared to wild populations and to determine methods to maintain life history types in the hatchery (regional research recommendations, appendix C, items 1.1-1.3).

The proposed project offers to add a new dimension to our understanding of factors that affect differences in hatchery and naturally-produced fish by determining the functional role of differentially expressed genes. Until recently, the scientific capability to measure expression levels of functional genes that might differ between natural origin Redfish lake sockeye and products of the captive broodstock program has not been available.  Fortunately, rapid advancement in genomics propelled by the human genome project has changed this paradigm, providing for the first time the prospect of measuring gene expression and using this information to gain critical insight into differences between natural and hatchery-origin sockeye and suggest practical ways to optimize reproductive fitness and survival..

D. Relationships to Other Projects

The proposed project will directly provide information to support the Redfish Lake artificial propagation program and generally provide information most artificial propagation programs in the Columbia River Basin.  Annually, between 150-200 million salmonids are produced at hatcheries in the Columbia River Basin (NPCC 2004).  The US Endangered Species Act and other federal and state mandates require that a majority of these artificial production programs in the Columbia River Basin make accommodations for wild fish in the watershed.  The proposed project will provide information on the functional differences between hatchery and naturally produced sockeye that is critical for full understanding of the risks and benefits of the use of artificial propagation throughout the Pacific Northwest.  The research will also increase our understanding of artificial production methods to mitigate hatchery-wild fish differences.  This information vital to ongoing hatchery reform activities in the Pacific Northwest (APRE 2004; USFWS Columbia River Basin review, www.fws.gov/pacific/fisheries/hatcheryreview/; Congressionally–directed Hatchery Scientific Review of Puget Sound and coastal Washington hatcheries, www.lltk.org/HRP_About.html).

The proposed project is a novel approach that will add a new dimension to our understanding of factors that affect differences in hatchery and wild fish.  There is no similar work to use functional genomics to address hatchery-wild fish questions currently underway in the Columbia River Basin.  

The research will be a coordinated regional effort between IDFG, NOAA Fisheries and the U of I which is of the type currently being called for in Columbia River Basin planning documents (e.g., draft research plan).  It will be relatively cost-effective in that it will utilize samples of juvenile and adult fish collected at existing weirs at Redfish Lake, the Sawtooth Hatchery, and collected during ongoing monitoring efforts.  
E. Proposal Objectives, Work Elements, Methods, and Monitoring and Evaluation

The biological objectives of this project are consistent with the framework provided for RM&E projects as described in supplemental information for RM&E proposals (http://www.bpa.gov/Integrated_Fish_and_Wildlife_Program). Our objectives directly address critical uncertainties associated with potential long-term impacts of on-going hatchery programs to wild populations and also examine the action effectiveness of “hatchery reform” measures in a comparative analysis against current hatchery protocols.  More importantly these objectives directly address calls for hatchery reform as outlined in the 2000 Fish and Wildlife Program (NPPC 2000), the Draft Columbia River Research Plan (http://www.nwcouncil.org/library/2005/draftrme.htm) and above in relationships to other projects.

Objective 1: Quantify differences between natural and hatchery-raised Redfish Lake sockeye salmon. 

A series of hypothesis-driven, comparative studies of Redfish Lake sockeye salmon production strategies, will be used to address this objective. These studies will quantify functional genetic differences between natural and hatchery-raised Redfish Lake sockeye salmon using DNA microarray data  and Quantitative PCR (RT-PCR) (RM&E Uncertainties Research). 

Ho1: Overall gene expression is not significantly different between natural and hatchery raised Redfish Lake sockeye salmon smolts. (Natural and hatchery origin sockeye smolts express genes in response to their environment in a similar fashion) 
Ho2: Gene expression in Redfish Lake sockeye smolts of different production origin does not significantly correlate with differential survival. (Gene expression at any specific locus does not correlate with survival) 
Specific Work Elements

All work elements specific to Objective 1 fall within  “RM&E and Data Management Work Elements”:

WE#157 – Collect / Generate / Validate Field and Lab Data

WE#161 - Disseminate Raw / Summary Data and Results

WE#162 – Analyze / Interpret Data

WE#183 – Produce / Submit Scientific Findings Report

Critical Assumptions

It is assumed that:

1. Differences in gene expression will be detectable between and among samples. 

2. Samples are randomly obtained.

3. Samples adequately represent the variation in gene expression of the population from which they are sampled.

Methods

In general, methodology for the design analysis and interpretation of microarray experiments has been extensively reviewed by Stekal (2003) and Allison et al. (2006). Quantitative PCR has been exhaustively reviewed by (Bustin 2004).

Natural and hatchery-raised Redfish Lake sockeye salmon (n=10-30 per sample group) will be sampled from the following locations as part of ongoing monitoring and evaluation efforts conducted by IDFG and NOAA Fisheries:

· Hatchery rearing at Eagle, Oxbow and Sawtooth Hatcheries 

· During release at Redfish Lake and Sawtooth weirs 

· During juvenile rearing in Redfish Lake (sampling by trawl)
· During outmigration (sampling at the Redfish Lake weir) 

· Upon return as adults 

Samples of brain, muscle, liver, kidney and gill will be taken from outmigrating smolts at four locations  Total genomic RNA will be isolated from each tissue using a standard Trizol protocol (Ambion) as described by (Aubin-Horth 2005) and pooled into groups of five with respect to origin (hatchery or wild), tissue type (brain, muscle, liver, kidney or gill) and sample location.  Pooled samples will be differentially labeled using Cy3 and Cy5 from an Array50 kit (Genisphere) and hybridized to GRASP miroarray chips (Rise et al. 2004a) using an automated Tecan microarray hybridization chamber method modified from von Schalburg et al. (2005b).  Hybridized microarray chips are then analyzed and fluorescent signals quantified using a Molecular Diagnostics microarray reader.  

Following microarray analysis, a subset of genes identified with significantly different expression profiles between control and experimental treatments will be examined using quantitative PCR as a means to further refine pairwise comparisons between gene expression and survival. Quantitatve PCR has been used extensively to examine both absolute and relative expression of gene products (Heid et al. 1996) and has also been used to validate the results of microarray experiments (Rajeevan et al. 2001).  The Hagerman Fish Culture Experiment station has extensive experience with quantitative PCR methods (Overturf et al. 2001; Cavender et al. 2004; Powell et al 2005), and has developed patented probes and primers for RT-PCR (Powell and Overturf 2004). 

Alternative Methods

Microarray analyses are unique in that they enable the simultaneous observation of thousands of functional genes in a sample (or pool of samples). Alternative methods of comparative gene expression include quantitative PCR (RT-PCR) which examines the expression of genes singly, Radio-immuno-precipitation (RIP) a form of Western Blotting which can be used to examine the rate of protein synthesis, Northern hybridization which can locate RNA sequences in a mixture of RNAs and differential display PCR.  For the initial comparison of gene expression among pools of tissues, microarray analyses offer the quickest and most direct method for this purpose (Stekal 2003).

Animal Care Requirements

Animal care and use criteria are not required for experimentation on tissue samples. Documentation, protocols and permits for humanely sampling smolts at all locations will be provided by IDFG and NOAA Fisheries engaged in the sampling. 

Justification of Sample Size

Sample size and power among microarray data has been the subject of many studies (Baggerly et al. 2001; Kerr et al. 2001; Gadbury et al. 2006). We have followed advice set forth by Kendziorski (2006) for pooling samples and have calculated a minimum sample needed for pairwise comparisons under the conditions of this experiment (Yang et al. 2003) using a program for presumptive biological variability analysis in microarray studies by Zien et al. (2003).  

Data Analysis/Evaluation Methods

Microarray data for each comparison will be analyzed for signal error, false discovery and significance using multiple methods as outlined in Baggerly et al. (2001), Yang et al. (2003), and Kowalski and Zhang (2006).

Post analysis interpretation of results will be analyzed for significance between samples using a parametric linear model for expression (Coffey and Cofield 2006). Among sample comparisons will be analyzed using a Bayesian approach (Edwards and Ghosh 2006), and ANOVA modified specifically for microarray data (Kerr et al. 2000; Yang et al. 2003). Analysis of RT-PCR data follow statistical procedures outlined for both ANOVA and pairwise (t tests) by Glantz (2005). A significance level of P ≤ 0.05 will be used.  If necessary, data will be subjected to post-hoc testing.

Results Expected

The expected outcome is a set of annotated lists (one for each tissue comparison and one for each subpopulation of sockeye sampled) showing where significant differences in gene expression between natural and hatchery-raised, Redfish Lake sockeye salmon occur. Upregulated and downregulated genes in natural origin fish compared to hatchery fish, or vice versa, will be subjected to bioinformatics analysis to detect changes in metabolic pathways or cellular function associated with stress response, smolting, immune function, behavior and stamina (energy metabolism).  Analysis will include additional pathways or (ontologies) that are commonly examined with a microarray approach: protein synthesis, protein turnover, lipid metabolism, other growth-related mechanisms, and those associated with fish health.  Cataloging and quantifying differences in each category will provide scientists, resource managers, and others in the conservation program a literal framework on the range of functional variation remaining in Redfish Lake sockeye salmon.  Moreover, correlation of survival and reproductive success between gene expression and different rearing and release strategies enable program managers to employ adaptive measures in the hatchery to optimize Redfish Lake sockeye conservation and restoration.
Communication and Reporting

Experimental results generated from this objective will be summarized and written for publication in peer-reviewed journal(s). Reporting will be carried out under Work Element WE#183 – Produce / Submit Scientific Findings Report.

F. Facilities and Equipment

Tissue samples collected in the course of this study from Redfish Lake will be shipped to and stored in liquid nitrogen at the BPA-funded, University of Idaho/CRITFC cooperative fisheries research center in Hagerman, Idaho.  All genetic information from sockeye samples will be generated and analyzed at this facility.  The 14,000 ft2, state-of-the-art research center houses automated, robotic RNA isolation equipment, automated microarray chip washing and hybridization equipment, and a Molecular Diagnostics microarray chip reader.  All equipment necessary to store tissue samples, conduct the proposed microarray and RT-PCR analysis is in place and fully operational.  The tremendous amount of data generated from sampling and experimental work will be analyzed, arrayed and compared using resources of the University of Idaho’s mainframe computing center and the Bioinformatics / Genomics core facilities. The Hagerman Fish Culture Experiment Station has a dedicated computer server to the Bioinformatics and Computational Biology Center specifically for microarray / genome scan analyses and statistical evaluation.
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