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Chinook salmon (Oncorhynchus tshawytscha) display the greatest variability of return 

times to freshwater of all Pacific salmon.  Differential return times to freshwater have   

segregated populations of Chinook into two broad types or runs, fall and spring, named 

for the time of year in which they migrate to freshwater.  Migration time in Chinook has a 

strong genetic component, and historically, fall and spring runs were spatially and 

temporally isolated in watersheds.  Using a population of Chinook from California’s 

Central Valley, I sought to examine gene regulation that results in differential run-timing.  

Functional genomics has proven to be powerful in distinguishing genes differentially 

expressed between alternate behaviors in other systems and I used the technique 

LongSAGE to examine genes differentially regulated between fall and spring run 

Chinook during freshwater migration.  I constructed three LongSAGE libraries from the 

brains of a spring, fall and ocean sample and observed 221 differentially expressed tags.  

Using expressed sequence tag (EST) libraries from Atlantic salmon (Salmo salar) and 

rainbow trout (O. mykiss), I was able to assign putative functions to 59% of differentially 

expressed tags.  Additionally, I tested the expression levels of seven genes in the brains 

 



  

of 8 additional individuals from both runs and found none significantly differentially 

expressed between fall and spring runs.  This study is the first to apply LongSAGE to 

salmon and provides a framework for conducting future gene expression research into 

reproduction and migration times, as well as physiology of migrating salmon. 
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Introduction 
  

 Pacific salmon present useful models to study differential behavior arising from 

environmental differences, and Chinook salmon (Oncorhynchus tshawytscha), in 

particular, are especially interesting because of their wide intra-specific diversity of life-

histories. Return time to freshwater for spawning is one of the life-history features that 

are thought to have a primary role in delineating segregation among sub-populations of 

this anadromous species.  Generally, there are two races or runs of Chinook salmon, 

spring and fall, which are named for the time of year in which they migrate to freshwater 

(Healey 1991).  Both runs spawn in fall, from September to November, but spring 

Chinook migrate to freshwater from April to May, whereas fall Chinook migrate from 

September to October.   Chinook migrating in the spring are sexually immature and 

reside through the summer in cool, freshwater pools of upper watershed reaches.  

Alternatively, fall Chinook return sexually mature, migrate much shorter distances than 

spring fish and spawn soon after migrating to freshwater (Quinn and Myers 2004).  Those 

fish migrating in spring, during higher water conditions, increase the amount of spawning 

habitat available, while minimizing the expenditure of energy to access these reaches 

(Berman and Quinn 1991).  Breeding experiments have also shown that migration and 

spawning timing has a large genetic component (Quinn et al. 2000).  Historically, due to 

the plasticity of run-timing and selective advantage of diverse life-history types, most 

Chinook populations, in watersheds from British Columbia to California, diverged into 

both spring and fall runs, likely as a result of parallel evolution of run-timing differences 

(Waples et al. 2004).   
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 Due to human activity, spring Chinook are threatened or endangered in many 

watersheds.  The spring run is susceptible to human activity due to the requirement of 

long freshwater migrations (Myers et al. 1998).  Many factors have contributed to the 

decline in the spring run, but hydroelectric dams, which impede adult and juvenile 

migrations, play a large role (Fisher 1994).  This is especially true in California’s Central 

Valley, where 109 dams have been built since 1850 (Yoshiyama et al. 1998), and much 

of the native spring Chinook habitat is no longer accessible (Fisher 1994).  Because of the 

endangered status of spring run and relative abundance of fall run in the rivers of the 

Central Valley of California, interest has grown in characterizing the mechanism of run-

timing differences.  Methods for accurately assigning individual fish to runs were 

developed to monitor the status of protected populations.  Allozyme markers (Bartley and 

Gall 1990; Bartley et al. 1992), the mitochondrial D-loop control region (Nielsen et al. 

1994), the class II exon of the MHC locus (Kim et al. 1999), and DNA microsatellites 

(Banks et al. 1996; Banks et al. 1999; Banks et al. 2000) have all been used as genetic 

means of identifying alternate runs of the Central Valley.  A suite of DNA 

microsatellites, along with appropriate statistical methods (Banks and Eichert 2000) has 

allowed for accurate assignment of individual Chinook salmon to run time in the Central 

Valley (Banks et al. 2000). 

 Though valuable in assignment of fish to runs, microsatellites, as neutral markers, 

are not informative of the molecular mechanisms or genes involved in differential run 

timing behavior.  An example where microsatellites have not been able to resolve run 

time reliably concerns Chinook of the Feather River, a tributary to the Sacramento River 

in California’s Central Valley, which historically had both fall and spring run times.  The 
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construction of Oroville Dam in 1968 blocked the upstream migration of adult spring run 

Chinook to their native spawning grounds and forced them to spawn much lower in the 

Feather River.  Despite a sustained hatchery program, numbers of returning spring run 

fish declined to fewer than 2,000 over the next 20 years (CDFG 1998).  Surprisingly, 

however, 7,000 fish returned to the Feather River between April and May in 1988 and 

this trend of increasing numbers of early returns has continued (CA-DWR 2002).  

Additionally, identification of these early returns is not clear and tagging studies have 

revealed that hatchery offspring spawned as spring fish can return in the fall and vice 

versa (Brown and Greene 1994).  Hedgecock et al (2002) examined the identity of early 

returns using DNA microsatellite markers and found that Feather River spring Chinook 

are a distinct population that was more closely related to fall Chinook of the Central 

Valley than to spring Chinook of adjacent drainages (Hedgecock 2002).  Moreover, new 

microsatellite markers were developed to distinguish spring Chinook in mixed 

populations (Greig et al. 2003), but these could not unambiguously distinguish spring run 

from the more common fall run on the Feather River (M.A. Banks, unpublished data).  

The perplexing reemergence of early returning fish suggests an unknown selective 

advantage of spring Chinook on the Feather River and possible re-divergence of this 

population by run timing.  That these two runs are genetically similar, yet have distinct 

run-timing phenotypes, provides an interesting model to study those genes that may have 

implications in differential run-timing behavior. 

 Changes in neural gene expression can alter behavior in animals and expression 

patterns of hormones and neurotransmitters, in particular, shape responses, within a 

genetic framework, of an organism (Pigliucci 2001).  Applying functional genomic 
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techniques to brain tissue now provides means of discovering genes involved in behavior 

by sampling the expression levels of thousands of genes simultaneously and 

hypothesizing about the role of certain genes in the behavior of an organism (Hofmann 

2003).  Although most behaviors are likely the result of complex regulation of multiple 

genes, the ability of functional genomics to extract single or small sets of differentially 

expressed genes from thousands, allows for efficient discovery of candidate genes 

involved in behavior (Hofmann 2003).  Those types of genes that likely prove most 

useful in understanding differential behavior are those involved in neurotransmission or 

the neuroendocrine system  (Pfaff 2001; Hofmann 2003).  Using techniques such as 

Serial Analysis of Gene Expression [SAGE, (Velculescu et al. 1995)] and microarrays 

(Schena et al. 1995), researchers have found genes of these types differentially regulated 

between alternate behaviors.  Genes involved in synaptic plasticity and neurotransmission 

were found differentially expressed in Atlantic salmon displaying alternate spawning 

strategies (Aubin-Horth et al. 2005a; Aubin-Horth et al. 2005b), as well as in honey bees 

(Apis mellifera) showing different work behaviors (Whitfield et al. 2003).  Because 

functional genomics has aided in identifying candidate genes associated with alternate 

behaviors in other systems, we applied these approaches to the study of alternate run 

timing in Chinook salmon.   

 In the present study we utilize the sampling power of SAGE to characterize 

broad-scale brain transcription levels of many genes simultaneously among Feather River 

Chinook.  We compare RNA samples from spring and fall migrants to determine the 

feasibility of using this tool to discover those neural genes involved in run timing 

differences.  We also compare our spring and fall libraries with a control library from 
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“non-migrating” Chinook sampled in the ocean.  By comparing tag frequencies among 

libraries, annotating tags, and validating tag frequencies in additional individuals from 

the same population, using relative quantitative RT-PCR, we provide possible target 

genes for further study, while evaluating the usefulness of SAGE with Chinook.  We 

believe this study is the first to use SAGE with any salmon species and is an important 

exploratory step in the discovery of those genes involved in alternate return times of 

Chinook salmon.  
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Materials and Methods 

Tissue Collection 

 All Chinook salmon individuals were collected on the Feather River near 

Oroville, CA at the Thermolito Afterbay outflow (39° 27’ 19” N, 121° 38’ 11” W), with 

the exception of the lone ocean sample, which was caught in saltwater about 10 miles 

west of Eureka, CA in August 2005.  All samples were collected by hook-and-line 

methods.  Thirteen fall samples were collected in 2004 (September 15-17) and 12 fall 

samples were collected in 2005 (November 15-28).  An additional 13 spring samples 

were collected in 2005 between May 13 and June 26.  

 All fall and spring fish were captured between dawn and 10:00 am to reduce 

variation of light effects and water temperature among samples from different days.  Fish 

were killed immediately and whole brains were extracted as quickly as possible and 

stored in RNAlater (Ambion).  Samples were chilled to -20°C for storage.   

Total RNA Extraction 

 Brains were ground with tissue grinders and homogenized in Trizol Reagent 

(Invitrogen) with glass/Teflon homogenizers according to manufacturer’s instructions.  

Briefly, brains were ground with up to 3 ml of Trizol until brain cells were fully lysed.  

The optional centrifugation step (12,000g, 10 minutes, 4°C) was performed to remove 

proteins, fats, polysaccharides and extra cellular tissue.  After lysis, up to 0.6 ml of 

chloroform was added.  Total RNA was precipitated with 0.5 ml of isopropyl alcohol and 

washed with 1 ml 75% ethanol.  The RNA pellets were air-dried and dissolved in DEPC- 

treated water.  RNA samples were quantified and purity checked using a ND-1000 

 



 8

spectrophotometer (NanoDrop Technologies) and checked for degradation by 

electrophoresis on a 2% agarose gel. 

LongSAGE 

 Three LongSAGE libraries were constructed using 10 μg of total RNA from 

individual brains sampled from a spring, fall and ocean caught Chinook (n = 1) using the 

I-SAGE Long protocol (Invitrogen).  Briefly, total RNA was bound to oligo(dT) 

magnetized beads by slowly rocking for 30 min. at room temperature, followed by 

washing with kit-provided buffers.  First and second strand cDNA synthesis, Nla III 

digestion, LongSAGE adapter ligation, Mme I digestion, ditag ligation, and ditag PCR 

optimization were carried out according to the I-SAGE Long protocol (Invitrogen).  For 

all three libraries, ditags were diluted to 1/480 for scale-up PCR.  We performed 200 

scale-up PCR reactions of 50 μl each, consisting of: 5 μl 10X BV Buffer, 3 μl DMSO, 7.5 

μl dNTP Mix (10mM each), 2 μl each of LongSAGE Ditag Primer 1 and 2, 0.5 μl 

Platinum® Taq DNA polymerase (Invitrogen), 24 μl DEPC-treated water, and 6 μl 

diluted ditag template.  Following PCR, we gel-purified ditags and linkers on a 12% 

polyacrylamide gel, removed linkers by Nla III digestion, gel-purified ditags on a 12% 

polyacrylamide gel, and ligated ditags with T4 DNA ligase (Invitrogen) to form 

concatemers of LongSAGE tags.  We partially digested concatemers with Nla III to 

decrease the prevalence of  concatemer circulization following ditag ligation (Gowda et 

al. 2004).  Additionally, we used pGEM-3Z cloning vector with blue/white screening 

instead of pZERO-1 as suggested in the I-SAGE Long instructions.  This improved 

LongSAGE tag sequencing efficiency by increasing the number of tags/clone while 

decreasing the amount of empty vectors.  Plasmid preparations were performed on both 
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GeneMachines RevPrep Orbit (Genomic Solutions) and RoboPrep 2500 (MWG Biotech) 

platforms and sequenced with an Applied Biosystems (ABI) 3730xl DNA sequencer 

using Big Dye Terminator chemistry (ABI). 

 Sequences were analyzed with software created at the Marine Biological 

Laboratory, Woods Hole, MA (McArthur and Cipriano) for LongSAGE tag extraction 

and analysis using BioPerl programming.  The SAGE pipeline software parses 

concatemer sequence from vector sequence and extracts and orients SAGE tags from 

concatemers by recognition of the 5’ CATG anchoring site.  The tags are recognized by 

the unique 21-bp sequence and counted.  The pipeline also excludes tags with sequence 

ambiguity (based on PHRED score) and putative sequencing error.  Putative sequencing 

error tags are those that observed once in one library. These were only saved from 

exclusion by unique matches to the EST database.   

 Tag sequences were then mapped to available expressed sequence tag (EST) 

databases for annotation.  Because there are only 2,000 Chinook singleton ESTs available 

(The Institute for Genomic Research, TIGR), we used ESTs from closely related 

salmonids, rainbow trout (O. mykiss) and Atlantic salmon (Salmo salar).  88,362 ESTs 

from both rainbow trout (TIGR) and Atlantic salmon (Genomic Research on Atlantic 

Salmon Project [GRASP consortium, (Davey et al. 2001)] were used for annotation of 

LongSAGE tags.  Open reading frames (ORFs) were called using GLIMMER on each 

contig and each ORF was annotated with BLASTP (Altschul et al. 1990).  LongSAGE 

tags were assigned to contigs only by perfect 21-bp matches in the correct orientation.  

LongSAGE tags with one nucleotide mismatches were assumed to be real tags only if 

they mapped to a site where there was an existing LongSAGE tag.  These cases were 
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manually reviewed and added to the list of annotated LongSAGE tags if there was 

significant homology to known genes in other fish species.  Those tags with no exact 

match in the EST database were then compared to all genomic sequence data by 

BLASTN (Altschul et al. 1990) at Genbank (http://www.ncbi.nlm.nih.gov/blast/).   

 In some cases, multiple tags were mapped to the same gene.  This phenomenon is 

possible due to inefficient digestion by Nla III, which leads to the resulting LongSAGE 

tag sequence not necessarily associated with the most 3’ CATG site.  With efficient 

digestion, Nla III cuts the most 3’ CATG site of an mRNA molecule resulting in a 

“primary sense tag”.  LongSAGE tags resulting from inefficient digestion by Nla III are 

labeled “alternate sense tags”, but are annotated to the same gene in the EST reference 

database (Andrew McArthur, personal communication).  

 To assess the likelihood of differences in gene expression between libraries, we 

used the log-likelihood ratio statistic R (Stekel et al. 2000).  R is the likelihood that the 

variability among libraries is due to actual variation in gene expression.  The likelihood 

of differential expression increases with the R-value.  In Stekel’s paper (2000), they 

recommend an R-value of 9 as a cutoff of differential expression between any number of 

libraries.  To observe those genes with expression levels more mildly differentiated 

between the three libraries we used a more lenient cutoff of 4. 

Relative Quantitative RT-PCR            

 Primers were designed from EST sequences flanking LongSAGE tags using 

Primer Express v3.0 (ABI).  Primer pair concentrations were optimized for maximum 

PCR efficiency by testing both forward and reverse primers with all pair-wise 

combinations of 50 μM, 300 μM, or 900 μM, using Chinook cDNA as a template.  Those 
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primer pair concentrations with the lowest cycle threshold (Ct), i.e. maximum efficiency, 

were used for all PCR reactions (Table 1).  All primers were designed with an annealing 

temperature of 60°C as prescribed by ABI.   

 RNA from eight fish for each run (spring and fall) was individually sampled for 

RT-PCR experiments.  Total RNA was extracted as detailed above for LongSAGE and 

was treated with DNAase I (Sigma) to prevent DNA contamination.  Reverse 

transcription was performed using the High Capacity cDNA Archive Kit (ABI) using 

negative controls to assure that no genomic DNA was amplified in downstream PCR 

reactions.   

 PCR was carried out in Optical 96-well plates (ABI) in 25 μl reactions as follows: 

12.5 μl Power SYBR© Green (Molecular Probes)  PCR Master Mix (ABI), 0.25-4.5 μl 

forward primer (5μM), 0.25-4.5 μl reverse primer (5μM), 1-8.25 ul DEPC treated water 

and 2.5 ul (0.8 ng/ul) template cDNA.  The volumes of primer and water were varied for 

each reaction to ensure maximum efficiency for each PCR reaction. PCR conditions: 1 

cycle: 50°C 2 min; 1 cycle: 95°C 10 min; 39 cycles: 95°C 15 sec, 60°C 1 min.  All 

reactions performed on an ABI 7500 Real Time PCR System were done in triplicate to 

assure accurate measurement.   

 The number of PCR cycles required for each target sample reaction to reach a 

fixed threshold fluorescence (cycle threshold, Ct) were compared to the Ct of an 

endogenous control (ΔCt).  Therefore, the ΔCt value represents the relative quantity of 

target transcript compared to that of a constitutively expressed endogenous control.  

Elongation factor 1α has been shown to work the reliably as an endogenous control in 

Atlantic salmon brain tissue (Olsvik et al. 2005), and was constitutively expressed among 
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Table 1: Primers for RT-PCR reactions.  Volumes listed are for 25-μl PCR reactions. 

Tag Number/ Target Gene  Primer Sequence          
Vol. in 25-ul 

reaction 
(5uM) in ul 

5'TACAAGTGCGGAGGCATTGA 1.5 3252/ Elongation Factor 1-α 
3'AAGCTCTTCCTTCGTCGACTC 1.5 

   
5'TCATGCTCACGCTCTGGAACT 1.5 2/ Ependymin precursor I 
3'TCCAACTCGACAAAAACCCCT 4.5 

   
5'TCAAGGAGGCTGTCAAGAAGG 4.5 48/ GAPDH   3'GAGGAGGTAGAAACTACGACC 1.5 

   
5'ATTGTCATTGCCGCCAAGTT 0.25 100/ beta-globin 3'AGTGAGGACTTTAGGTCCGTT 1.5 

   
5'CCTGGCTTCTCTTCTTGTTGGT 1.5 562/ putative kainate receptor 

beta  3'GAGTTCGCGACTGAGTCAAGTA 1.5 
   

5'TCCAGCTGAAAGGTCTGGAGA 1.5 122/ noelin 3'TTGGTGTTCGTCTTGTAACGG 4.5 
   

5'CGTATTGAGCACGTGAAGCAC 1.5 54/ ribosomal protein L21 3'CGCAGTTCCTCTTGCTCTTCT 1.5 
   

5'ATGGCCATCAGTGGAGGATTC 4.5 
15/ synapse protein- SNAP-25 3'TTGCCTACTACGGTCCCTT 4.5 
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all samples of Chinook salmon brain tissue as well (data not shown).  All target gene 

expression Cts for each sample was compared with those of an endogenous control, 

elongation factor 1α.  ΔCt values for three reactions for each target gene were averaged 

and compared between spring and fall fish using a two-sample t test. 
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Results 
 

LongSAGE 

 After correcting for sequencing error, we sampled 28,000-29,000 LongSAGE tags 

from each library and detected 6,671-7,250 unique tags per library (Table 2).  With the 

use of log-likelihood statistics to verify differential expression, we compared the 

expression levels of the spring and fall libraries to the ocean library.  Nine thousand and 

eighty individual tag sequences were counted at least twice in one library.  Of these tags, 

2,822 (31%) were observed at least once in all three libraries.  In total, there were 221 

tags differentially expressed (R≥4) among the ocean, spring and fall libraries.  Of these, 

130 (59%) tags are shared between all three libraries, 62 (28%) are shared between two 

libraries, and 29 (13%) were found only in one library.  We identified 21 tags that were 

up-regulated 2 fold or greater in the spring run library, and 64 tags that were up-regulated 

in the fall library.  Additionally, a total of 8 and 17 tags were uniquely present in the 

spring and fall libraries respectively (Table 2).  Approximately 59% of the most 

differentially expressed tags could be mapped to publicly available sequence data (Table 

3).  The distribution of annotations of differentially expressed tags by functional group 

can be seen in Figure 1.  Those tags that have been mapped to genes that are publicly 

available are listed in Table 3.  Those tags that were not annotated either: mapped to 

“hypothetical” proteins in other species, matched to contigs in our EST reference 

database where no ORF was called, mapped to unnamed proteins in other fish species, or 

failed to match anywhere in the EST reference database and had no significant match in 

Genbank (Table 4).  All tag information and LongSAGE data can be view online at 

http://gmod.mbl.edu/perl/site/salmontrout



 
 
 
 
 

Table 2: Summary of LongSAGE tag observations.  Total frequency of LongSAGE tags used in analysis for all 
three libraries, total number of different tag sequences, frequency of differentially expressed tags* in each 
library, number of tag sequences up- and down-regulated more than 2-fold+ in fall and spring libraries and 
number of tags uniquely absent or present in fall, spring and ocean libraries. 

Library 

Total 
frequency 
of all tags 

Total 
number of 

tag 
sequences

Frequency 
of 

differentially 
expressed 

tags* 

Tags up-
regulated 
2-fold or 
greater*+

Tags 
down-

regulated 
2-fold or 
greater*+

Tags 
uniquely 
present* 

Tags 
uniquely 
absent* 

Ocean 28,380 7018 6254 na na 4 34 

Spring 29,443 7250 4262 22 66 8 19 

Fall 28,152 6671 7466 64 69 17 8 
*Differentially expressed tags are those with an R-value greater than 4.  Larger values for R indicate a greater 
probability that differences in tag counts for a particular tag sequence is actually differentially expressed and not 
different due to chance.     
+Fold change compared to ocean library 

15 

 



 
 
 
 
 

Table 3: Annotated differentially expressed LongSAGE tags among ocean, spring and fall libraries, ranked by descending R-value.  The larger the log-
likelihood ratio statistic R-value is, the larger the probability of differential expression.   Information includes tag identification number, 21-bp 
sequence, frequency of the particular tag in each library, R-value for each tag, fold change of tag in spring and fall libraries relative to ocean library, 
and putative annotation. 

Tag 
ID Tag Sequence 

Frequency 
in Ocean 
Library 

Frequency 
in Spring 
Library 

Frequency 
in Fall 
Library 

R-
Value 

Fold Change in Spring 
Library 

Fold Change in Fall 
Library Annotation 

2 CATGTTAATGTAATCTCTACG 18 384 745 216.29 20.21 42.19 ependymin I precursor  

1 CATGTGCTGGTTTCAAGCCAA 1181 475 175 160.37 -2.62 -6.62 cytochrome c oxidase subunit I 

100 CATGGGCAGTCGGTACTTCTA 234 28 578 144.13 -8.82 2.52 beta-globin 

1974 CATGAAAGTCCATCATTGGAC 104 23 456 128.79 -4.77 4.47 alpha-globin IV 

567 CATGAAAGTCCAAACTTGGAC 61 14 387 124.65 -4.60 6.47 alpha-globin 

18008 CATGTAGTGCTGTGGTGGAGC 0 0 199 100.53 n/a uniquely present vitellogenin 

80 CATGGGTAACCCCGCCGTGGC 176 85 498 87.14 -2.19 2.88 beta globin 

18007 CATGTGCAAATAAATCTGACT 0 0 163 82.35 n/a uniquely present zona radiata structural protein 

2684 CATGGTGACCACGGGTAACGG 13 3 179 70.26 -4.58 14.04 18S ribosomal RNA 

1599 CATGGACGATCTCTTTGGTTT 76 23 246 55.99 -3.49 3.30 alpha-globin I 

18301 CATGTGGCCTGTCGCTGCTCT 0 0 75 37.89 n/a uniquely present vitellogenin 

18009 CATGCCCATTGAAATAAACAA 0 0 71 35.87 n/a uniquely present vitelline envelope protein gamma 

47 CATGCAAATAATTGTACGTGC 0 64 6 25.23 absent in ocean  absent in ocean  putative cerebellin 1 precursor  

8 CATGGGTTTAGCGGTCCCATT 157 100 16 25.12 -1.66 -9.63 ATP synthase F0 subunit 6 

152 CATGGGATGTTGCATTATTCC 42 56 157 22.28 1.26 3.81 40S ribosomal protein S29  

4 CATGGCCTACACGTGATTATT 565 342 240 21.02 -1.74 -2.31 cytochrome c oxidase subunit III 

929 CATGGGACTAGTCGCAGGGGG 118 60 10 20.07 -2.08 -11.58 NADH dehydrogenase subunit 4 

21 CATGACAACTTAACATTAACT 2 36 70 19.91 17.05 35.68 ependymin I precursor 

52 CATGTAGTTTTGCAAATTCTC 71 23 0 19.89 -3.26 absent in fall  myelin basic protein  

1603 CATGACAACTTGAAATTAACT 0 33 59 19.76 absent in ocean  absent in ocean  ependymin II precursor  

116 CATGGGGGTTCAATTCCTCCC 124 49 15 18.79 -2.67 -8.11 cytochrome c oxidase subunit I 

7 CATGCAAGTCTCCGCATTCCT 266 114 88 18.56 -2.46 -2.97 putative 12S Ribosomal RNA 

6 CATGTGTTCTGACATCAAAAA 291 226 97 17.44 -1.36 -2.94 putative protein regulator of cytokinesis  

16 

 



 
 
 
 
   Table 3 continued 

26 CATGCAGCTCTGGGATCTCTT 66 59 162 16.82 -1.18 2.50 40S ribosomal protein S21  

300 CATGTTAGCTTTGTAGTAAAA 130 77 22 15.28 -1.78 -5.80 putative NADH dehydrogenase subunit 2 

18736 CATGACCCGCCGGGCAGCGTC 2 0 33 14.23 absent in spring  16.82 probable 18S ribosomal rRNA 

19113 CATGATTAAGAGGGACGGCCG 1 0 31 14.17 absent in spring  31.60 probable 18S ribosomal rRNA 

18503 CATGGTGGGAAGGGTGTACCG 0 0 28 14.15 n/a uniquely present melanin-concentrating hormone 2 

25 CATGAAGTGGCCCATCTCAAG 0 36 4 13.86 absent in ocean  absent in ocean  putative peptidase 

1375 CATGTATTTTGTGATATCATC 118 41 26 13.27 -3.04 -4.45 short chain dehydrogenase/reductase 

5004 CATGATCTAGCTGCTTTTGCT 52 10 2 13.13 -5.49 -25.51 myelin proteolipid protein 

30 CATGTTCCACAACAAAACAAA 0 12 38 13.06 absent in ocean  absent in ocean  retinol-binding protein  

106 CATGGCATAACTGTGCTGACC 22 36 89 12.65 1.55 4.12 ribosomal protein L21 

184 CATGGATGACAGCAACCGGTC 12 16 64 12.56 1.26 5.44 probable 40S ribosomal protein  

3 CATGCCCGTAGAACACCCATT 307 226 128 11.53 -1.43 -2.35 cytochrome b 

18650 CATGATTGACCCACGTTTTTA 0 0 21 10.61 n/a uniquely present vitelline envelope protein alpha 

19177 CATGTATATAACTATGTGTTT 0 0 21 10.61 n/a uniquely present 14 kDa apolipoprotein  

1147 CATGTTGTGTGTATTCTCAAT 119 36 42 10.58 -3.49 -2.78 alpha tubulin 

54 CATGGCATAACTATGCTGACC 42 46 108 10.49 1.04 2.62 ribosomal protein L21 

403 CATGGCCAGCCACTTTGATAG 7 12 46 9.68 1.62 6.70 ubiquitin  

18014 CATGCTAACTAGTTATGCGGC 2 0 23 9.48 absent in spring  11.72 18S ribosomal RNA 

5 CATGCTTAAGGCACGCCCCAC 372 209 200 9.47 -1.88 -1.82 NADH dehydrogenase subunit 1 

7248 CATGTAACGGTGACACCAGAT 37 3 4 9.41 -13.02 -9.07 cytochrome c oxidase subunit III 

18681 CATGACTTAGCAAGAAATGGA 0 0 18 9.09 n/a uniquely present QM (ribosomal protein L10) 

18505 CATGGAGGAGGAACAACTAGC 0 0 18 9.09 n/a uniquely present precerebellin-like protein  

112 CATGAATAAATGTACACTGAA 3 39 25 8.99 12.31 8.49 putative C-type natriuretic peptide variant 2   

12 CATGTCAATAAAATTTCTTTT 135 107 43 8.82 -1.33 -3.08 beta tubulin 

18397 CATGGTCTGTGTGAATCTGCT 0 0 17 8.59 n/a uniquely present probable parvalbumin 

99 CATGTAATTTTGCAAATTCTC 70 15 23 8.41 -4.93 -2.99 myelin basic protein 

122 CATGTAACCCTAAGATGTTGC 0 25 7 8.38 absent in ocean  absent in ocean  putative noelin2, pancortin or olfactomedin 17 

1182 CATGGCGGGGTGTGCTTTGTT 26 4 0 8.34 -6.86 uniquely absent  Na/K ATPase alpha subunit isoform 3  

 



 
 
 
 
   Table 3 continued 

2994 CATGTTGGCCAAGACTGGTGT 12 11 46 7.91 -1.15 3.91 ribosomal protein L30 

1610 CATGTGGAAAATAAATGTGCC 0 20 2 7.81 absent in ocean  absent in ocean  putative immunoglobulin light chain precursor  

20061 CATGTGTTTGGACCTTTCAAT 24 0 4 7.66 uniquely absent  -5.89 cyclin GI  

1035 CATGAAGATTGGACGCATCGA 13 7 41 7.49 -1.96 3.21 40S ribosomal protein S14 

18603 CATGCGGGCCAATCTCGGTTG 1 0 17 7.35 uniquely absent  17.33 probable ribosomal protein 

4129 CATGTGTGCTTGCACGTTTCC 55 14 12 7.34 -4.15 -4.50 Na/K ATPase alpha subunit isoform 1c  

1608 CATGTGAAATTATCATAGTGG 35 12 56 7.19 -3.08 1.63 profilin 2 

1328 CATGGAATCTGATACAAATAA 13 23 52 7.12 1.68 4.08 putative ribosomal protein L18 

29292 CATGGAGAGTAGGGAGCCGTT 16 0 0 7.08 
uniquely present in 

ocean  
uniquely present in 

ocean  putative plasminogen 

924 CATGTTGTCAGTGTTTGTTTT 4 1 23 7.08 -4.22 5.86 beta-globin 

4396 CATGCACTTTCCATTCCTGCC 0 19 3 6.94 absent in ocean  absent in ocean  transferrin  

4087 CATGGAATCCGGTGGCGACAA 33 5 4 6.90 -6.97 -8.09 cytochrome c oxidase subunit III 

11957 CATGTTAGAACAATGTATGTA 2 1 20 6.78 -2.11 10.19 probable 28S ribosomal RNA 

435 CATGATCTAGCTCCTGTTGCT 29 5 2 6.76 -6.12 -14.23 myelin proteolipid protein 

1733 CATGTGTTCAGCTTGTGTGTA 0 16 1 6.63 absent in ocean  absent in ocean  probable cerebellin 1 precursor protein  

3614 CATGATCTAAAATAAATCCTC 12 11 42 6.62 -1.15 3.57 putative ribosomal protein L14 

1090 CATGACGCCATACTTGAAGAC 2 2 21 6.49 0.00 10.70 ribosomal protein S7  

48 CATGTAATATTGGTGTTTAAA 64 62 17 6.47 -1.09 -3.69 glyceraldehyde-3-phosphate dehydrogenase 

2300 CATGCTCACGCTCTGGAACTC 0 3 17 6.37 absent in ocean  absent in ocean  ependymin II precursor  

1684 CATGCTTTGACTTTTATGAAT 38 9 6 6.13 -4.46 -6.21 MHC class II invariant chain-like protein 1  

5275 CATGAAGCTTTCAATAAAGTC 1 18 21 6.07 17.05 21.41 fatty acid binding protein H6-isoform 

1586 CATGCCCATCCGCAAGGACGA 12 8 37 6.01 -1.58 3.14 ribosomal protein L26 

410 CATGTTAATTGCTACTGTTCC 59 17 18 5.99 -3.66 -3.22 clusterin  

136 CATGCACACACCTTCGCACAG 8 24 1 5.94 2.84 -7.85 midkine-related growth factor Mdk1   

3356 CATGTAACATATGTGAACATT 6 25 34 5.83 3.95 5.78 ependymin precursor 

4856 CATGAGATGGAGAGGAAAATC 3 5 24 5.77 1.58 8.15 ictacalcin  

562 CATGTTTTGTCATTATAGAAC 2 20 2 5.71 9.47 0.00 

18 putative kainate receptor beta subunit  

210 CATGAAGCGCACTCAATTATT 0 14 1 5.71 absent in ocean  absent in ocean  neurogenic differentiation protein  

 



 
 
 
 
   Table 3 continued 

4960 CATGAAGAACTTGCGTTTTGC 12 10 38 5.66 -1.27 3.23 putative 60S ribosomal protein L29  

15 CATGTGATATTCAAACTCCCT 91 111 45 5.65 1.16 -1.98 synapse protein- SNAP 25 

1632 CATGTCAATAAAATTTCTTAT 47 22 8 5.63 -2.26 -5.76 beta tubulin 

1708 CATGTTAGAAATGATCGGTAT 0 15 2 5.62 absent in ocean  absent in ocean  zinc finger protein   

576 CATGTAAAAAAAAAAAAAAAA 13 34 5 5.61 2.48 -2.55 myosin 

18594 CATGATACTGTTATATACCCA 0 0 11 5.56 n/a uniquely present putative transcobalamin I precursor 

15970 CATGAACAATAAAAATGTGAA 0 1 13 5.49 absent in ocean  absent in ocean  ribosomal protein L35  

50 CATGGCTTGCTTTAATAACCC 30 21 59 5.30 -1.51 2.00 putative apolipoprotein C-I precursor 

123 CATGGGACACAGAGTCAGAGT 21 10 42 5.29 -2.22 2.04 probable ribosomal protein L35a 

28 CATGTAATAAAGTTGAGGGAG 33 39 73 5.22 1.12 2.25 40S ribosomal protein S16 

10410 CATGGTGTGGTTTTAACACAC 21 4 1 5.13 -5.54 -20.60 myelin P0-like glycoprotein 

26218 CATGAGCAAGACCTGCAAGCT 14 0 1 5.11 absent in spring -13.73 putative F-box only protein 2 

65 CATGCCACCGACTCCTGTACC 16 13 42 5.10 -1.30 2.68 40S ribosomal protein S3  

18094 CATGAACGAGGAATTCCCAGT 0 0 10 5.05 n/a uniquely present 18S ribosomal gene  

2647 CATGGGGAGTAGGGAGCCGTT 33 6 8 4.98 -5.81 -4.05 ubiquitin C-terminal hydrolase  

2343 CATGTTAATGTAATCTTTACG 0 11 14 4.97 absent in ocean  absent in ocean  ependymin I precursor  

433 CATGTACCCAAATGGTTCTTT 49 18 12 4.95 -2.87 -4.01 cytochrome c oxidase subunit I 

11840 CATGAATCAGATCGATGAATG 12 3 26 4.95 -4.22 2.21 alpha-globin 

130 CATGTAACTTTACAATAAAGA 0 15 7 4.85 absent in ocean  absent in ocean  proline/glutamine rich splicing factor  

4935 CATGCTGACTGTAGTGCCCCC 2 2 17 4.80 0.00 8.66 small inducible cytokine 

19 

62 CATGCCTTGTGGTGATTTCTG 1 19 7 4.77 18.00 7.14 
s-adenosylhomocysteine hydrolase-like protein 

variant 2  

73 CATGAAAATAAATTATTTCTA 15 18 43 4.64 1.14 2.92 ribosomal protein L31  

117 CATGTGCCGCCAGTGCTTCAG 18 22 48 4.62 1.16 2.72 40S ribosomal protein S29  

678 CATGCCACAGACTCCTGTACC 7 11 30 4.58 1.49 4.37 ribosomal protein S3   

542 CATGAATAAATATATTTGAAC 1 9 18 4.57 8.52 18.35 inhibin  

13026 CATGGAATCAGTTGAGTAGAA 0 1 11 4.55 absent in ocean  absent in ocean  ependymin I precursor 

19502 CATGGTTATGTCTCTGGAAGT 0 0 9 4.55 n/a uniquely present alpha-1-antiproteinase-like protein 

5823 CATGGCTCCCTGGCCCGTGCC 13 10 35 4.54 -1.37 2.74 40S ribosomal protein S30 
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Table 3 continued 

19886 CATGGCCGTTCTTAGTTGGTG 1 0 11 4.51 absent in spring 11.21 18S ribosomal gene 

42 CATGTGTCAATAAATGCACAG 17 16 43 4.50 -1.12 2.58 40S ribosomal protein S18 

7896 CATGCCAACTGTCTTGCTCTC 6 2 20 4.50 -3.17 3.40 Tm4sf3-prov protein  

1036 CATGCAGATCTTCGTGAAGAC 1 12 17 4.41 11.37 17.33 ubiquitin 

13 CATGGAGAGTTGACTGCAAGG 67 88 36 4.41 1.24 -1.83 heat shock protein hsp90 beta  

40 CATGGGATTCGGCCTGTTCGA 37 33 69 4.41 -1.18 1.90 eukaryotic translation initiation factor 3, subunit 8  

959 CATGTAATAAAGTTGAGGAAG 28 43 64 4.38 1.45 2.33 40S ribosomal protein S16  

4186 CATGTCGGTCCATCTCTCACC 5 8 25 4.37 1.52 5.10 40S ribosomal protein S11 

647 CATGTGCACTTTTATTGGGAG 80 39 30 4.33 -2.17 -2.62 beta-actin 

3252 CATGACTGACAGTGCCTCTTT 21 17 46 4.33 -1.30 2.23 elongation factor EF1 alpha 

18 CATGGTGAATGAATACATCTG 30 26 59 4.32 -1.22 2.00 QM protein 

6898 CATGTTATGCTTCACAAAGAT 0 11 11 4.28 absent in ocean  absent in ocean  putative heme binding protein 2 

6081 CATGATTAAATGGATGGTAAC 0 3 12 4.26 absent in ocean  absent in ocean  putative insulin-like growth factor binding protein 

6935 CATGATGGTCTTATCTGTATT 16 3 24 4.25 -5.63 1.53 alpha-globin  

156 CATGCCGTCGGTGATATCCCC 13 20 40 4.24 1.46 3.14 40S ribosomal protein S24-like protein  

3531 CATGTCAAGAGGGACTGAGTT 0 13 5 4.22 absent in ocean  absent in ocean  transducer of ERBB2 

18913 CATGGGGCGGTGGCAGTTAGG 13 0 2 4.21 absent in spring -6.38 NADH dehydrogenase subunit 2 

6951 CATGAGGAGTCTCTCAGAACC 4 4 20 4.13 0.00 5.10 

 
 
 
 
   

 

60S ribosomal protein L35 



 

 

Figure 1: Distribution of 221 differentially expressed LongSAGE tags assigned to 
groups of similar function.  Hypothetical genes have no known protein , but are 
ORFs with sequence similarity among different organisms.  Unnamed genes are 
expressed, but protein function is unknown.  Unknown genes do not mapt to the 
EST reference map to contigs of the EST reference database where no ORF was 
called or similarity found using BLASTX.  Multiple refers to those tags that mapped 
to multiple contigs of the EST reference database.  All others are those tags that 
have putative functions not listed above or do not fall into the groups of similar 
function. 

Ri

Hypothetical Contig match

Melanin

bosomal 

Globin

Mitochondrial

Ependymin
Multiple

Unknown

Unnamed

Egg proteins

All OthersCell function

Myelin

Neuronal

21



 
 
 
 
 

Table 4: Differentially expressed LongSAGE tags not annotated among ocean, spring and fall libraries, ranked by descending R-value.  The larger the 
log-likelihood ratio statistic R-value is, the larger the probability of differential expression.   Information includes tag identification number, 21-bp 
sequence, frequency of the particular tag in each library, R-value for each tag, fold change of tag in spring and fall libraries relative to ocean library, 
and putative annotation.  Annotation codes: unknown= tag has no match to EST Reference Database, non-significant hit or no hit with BLASTN, match 
to contig= match to the numbered contig, but no ORF call or significant contig BLASTX hit, multiple= tags hits many contigs in EST reference 
database. 

Tag 
ID Tag Sequence 

Frequency 
in Ocean 
Library 

Frequency 
in Spring 
Library 

Frequency 
in Fall 
Library 

R-
Value 

Fold Change 
in Spring 
Library 

Fold Change 
in Fall Library Annotation 

1137 CATGCAAAGACAGTAGTAGTA 0 70 250 87.30 
absent in 

ocean 
absent in 

ocean unknown 

11 CATGTGAGGAGGCAGCACTTG 285 89 57 35.97 -3.38 -4.91 hypothetical protein [Tetraodon nigroviridis] 

128 CATGAATGATTTCCCAGCAGC 108 5 8 32.60 -22.80 -13.24 unnamed protein [Danio rerio] 

51 CATGTCTTAAAGTGTGCGTGC 120 34 3 29.41 -3.73 -39.24 unnamed protein product [Tetraodon nigroviridis]  

17 CATGTGGATGGTGTTGTCTTT 0 60 0 29.14 
uniquely 
present  n/a match to contig_12403 

3524 CATGAAAATTTAAAATTTAAA 0 3 53 23.15 
absent in 

ocean 
absent in 

ocean unknown 

28141 CATGTCTTAATGCGCACGTGT 49 0 0 21.70 
unique to 

ocean  
unique to 

ocean  unknown 

24 CATGGTTCATTGAAGCCAATA 129 55 15 19.57 -2.48 -8.44 unknown 

18450 CATGAGTTTCAAATGTCAATG 0 0 38 19.20 n/a 
uniquely 
present match to contig_10978 

12223 CATGGGCTTATAGGGCGGTGC 0 1 35 16.18 
absent in 

ocean 
absent in 

ocean unknown 

13973 CATGACCCGCCGAAACCAAGC 1 1 35 14.63 0.00 35.68 possible alpha-globin 

2882 CATGAGAGGTGTAGAATAAGT 8 6 53 14.17 -1.41 6.75 Multiple Map Locations 

5061 CATGTCAACAACATTGGTCTT 0 7 37 13.72 
absent in 

ocean 
absent in 

ocean unknown 

20 CATGAAAAAAAAAAAAAAAAA 127 194 72 11.99 1.45 -1.73 Multiple Map Locations 

3543 CATGCCTAATAAAACAACAAC 65 19 6 11.96 -3.61 -10.63 Multiple Map Locations 

18344 CATGAATGGATGAACGAGATT 2 0 26 10.89 
absent in 

spring 13.25 Multiple Map Locations 

5707 CATGTATAAACTGCTAAGAAT 35 3 1 10.88 -12.32 -34.34 

22 unknown 

 



 
 
 
 
  Table 4 continued 

19438 CATGGGATAGATTTCGCTTGT 28 0 2 10.22 
absent in 

spring -13.73 unknown 

704 CATGTGAGGAGGCGGAGCCTG 58 10 11 9.92 -6.12 -5.17 PREDICTED: similar to KIAA0523 protein 

142 CATGTGTAATCTGTAGCATAC 33 10 0 9.34 -3.48 absent in fall unknown 

5228 CATGTAAAATGGGTTGTAACA 47 13 4 9.03 -3.82 -11.53 Hypothetical protein MGC73268   

19887 CATGTCTTTACTCATCATTAA 29 0 6 8.91 
absent in 

spring -4.74 putative Hypothetical protein LOC553718 [Danio rerio] 

15742 CATGTTGCCTTATCCAGCACT 24 2 0 8.54 -12.67 absent in fall hypothetical protein 

401 CATGCACTCTGTTATCGGGGC 0 17 24 8.30 
absent in 

ocean 
absent in 

ocean unknown 

86 CATGCGATCTACTCATTATTT 4 31 4 7.85 7.34 0.00 unknown 

798 CATGGGACTTAAACTCCAAAA 30 2 4 7.57 -15.84 -7.36 unknown 

5206 CATGCTGTGATATTCCTCCCA 27 2 2 7.56 -14.25 -13.24 match to contig_60098 

1624 CATGCTGATTCAAGTTGGACA 0 15 0 7.29 
uniquely 
present  n/a unknown 

33 CATGTTGTGTCAGGGTTCTCA 116 51 42 7.18 -2.40 -2.71 unknown 

49 CATGTGCATAACTAAAAGTGT 59 25 11 6.83 -2.49 -5.26 possible follicle stimulating protien 

357 CATGACTATTATGCTGTCAGC 0 14 0 6.80 
uniquely 
present n/a match to two contigs 

171 CATGCTCTCGCCCACGTTTTT 30 6 2 6.76 -5.28 -14.72 unknown 

1121 CATGACGTCTGGACGCCAGAT 14 8 40 6.52 -1.85 2.91 unknown 

19407 CATGGGATTGCAAACTGTAGC 17 0 1 6.36 
absent in 

spring -16.68 unknown 

16648 CATGATCAAAACAATAAAAAT 20 1 1 6.33 -21.12 -19.62 match to contig_60098  

1271 CATGTGGATTTGAAAATGAGG 0 13 0 6.31 
uniquely 
present  n/a unknown 

67 CATGCATTTTGTAAACTATTT 0 13 0 6.31 
uniquely 
present  n/a unknown 

53 CATGACTGTAGAACAACAAAA 0 15 1 6.17 
absent in 

ocean 
absent in 

ocean unknown 

750 CATGACATAATGGATATAATA 0 4 17 6.09 
absent in 

ocean 
absent in 

ocean unknown 

5819 CATGCAGTGGTATTCCTCCCA 27 5 2 6.07 -5.70 

23 

-13.24 match to contig_5698 

 



 
 
 
 
  Table 4 continued 

18580 CATGACTTTTTGTTGTTCAAT 0 0 12 6.06 n/a 
uniquely 
present  unknown 

25955 CATGTGGATATCAAAACACCA 16 0 1 5.94 
absent in 

spring -15.70 unknown 

2173 CATGCATTCCATTGGCACCGA 22 3 1 5.88 -7.74 -21.58 unknown 

18427 CATGTCTTCTCTAATTTGTTT 19 0 4 5.82 
absent in 

spring -4.66 unknown 

4270 CATGATTTGGATCTTTTTCTC 0 6 17 5.77 
absent in 

ocean 
absent in 

ocean unnamed protein product [Tetraodon nigroviridis] 

1643 CATGTCAATCAGGGGGTAGAG 0 14 1 5.71 
absent in 

ocean 
absent in 

ocean unknown protein  

19361 CATGTCAACGCTTAGTATCTG 19 0 5 5.60 
absent in 

spring -3.73 match to contig_25119 

19599 CATGTTCATCACACGCCATTT 0 0 11 5.56 n/a 
uniquely 
present  unknown 

594 CATGAACTGTGTCTTTTTACT 60 29 14 5.55 -2.18 -4.20 unnamed protein product [Tetraodon nigroviridis]  

3135 CATGCAAAAAAGTGTTAAATT 31 7 4 5.53 -4.68 -7.60 match contig_3524 

566 CATGATGCCTCCGGCAGGCTC 23 2 3 5.50 -12.14 -7.52 hypothetical protein [Tetraodon nigroviridis] 

6376 CATGGCCAGGGACCCAGTGAC 0 1 13 5.49 
absent in 

ocean  
absent in 

ocean  match to contig_21678 

1555 CATGGAGTAAATAAACACATC 4 20 1 5.47 4.74 -3.92 unknown 

133 CATGTATGTTCTGCTTGAGAA 71 46 19 5.44 -1.63 -3.67 unknown 

16 CATGGAAAAAAAAAAAAAAAA 83 79 30 5.40 -1.11 -2.71 unknown 

3667 CATGGTAGTCTGAAGCAAATG 34 12 48 5.38 -2.99 1.44 unknown 

708 CATGCTTGCATTTAGTTTTGA 0 11 0 5.34 
uniquely 
present  n/a unknown 

29061 CATGTGTGTGCCAGCAAGGCG 12 0 0 5.31 
unique to 

ocean  
unique to 

ocean  match to contig_56692 

1662 CATGGTGTAGAATAAAAAAAA 32 17 3 5.22 -1.99 -10.46 unknown 

20812 CATGGAGGGATGAAAGAAAGG 14 0 1 5.11 
absent in 

spring -13.73 unknown 

878 CATGGCCAAAGATTTGTGGTT 43 8 20 5.07 -5.67 -2.11 unknown 

1921 CATGATGACATCACTCCACCG 33 15 51 4.93 -2.32 1.58 unknown 

2981 CATGGGGCAAAGAATTTTATT 54 25 13 4.93 -2.28 

24 -4.08 unknown 

7741 CATGCCCAAAGTTTCTCCAAG 0 4 14 4.87 
absent in 

ocean 
absent in 

ocean unknown 

 



 
 
 
 
  Table 4 continued 

29136 CATGGGGTGATTTATTTGAAG 11 0 0 4.87 
unique to 

ocean  
unique to 

ocean  unknown 

5124 CATGTTTCATATCGCTGTCAA 10 3 25 4.86 -3.52 2.55 unknown 

91 CATGTGCTATTAAAGGACTTT 53 21 14 4.83 -2.66 -3.71 unknown 

1617 CATGTAATTTGTCAGTATTTT 0 12 1 4.80 
absent in 

ocean 
absent in 

ocean unknown 

3406 CATGTTTTGTATTAGAGCTTT 0 12 1 4.80 
absent in 

ocean 
absent in 

ocean unknown 

18465 CATGTCAACTCCCATTCCTCC 17 0 9 4.79 
absent in 

spring -1.85 unknown 

19885 CATGATGGTGGTGCCGTGCTT 13 0 14 4.71 
absent in 

spring 1.10 unknown 

12480 CATGGACAACATAACAGTACA 13 1 0 4.68 -13.73 absent in fall match to contig_10480 

1677 CATGAGTTAGCGCAAAAAGTT 3 24 10 4.57 7.58 3.40 unknown 

7145 CATGTAATGATAGACTATAAA 10 3 24 4.54 -3.52 2.45 match to contig_83403  

1651 CATGTTTTAGTGCTTATCTTT 5 25 6 4.47 4.74 1.22 unknown 

19 CATGAAACTTCAAAAAAAAAA 9 35 27 4.46 3.68 3.06 unknown 

941 CATGTCAACTCCCATTTCTCC 14 37 10 4.39 2.50 -1.37 unknown 

1110 CATGCTTTTCTAAATGAAAAA 0 9 0 4.37 
uniquely 
present  n/a unknown 

2839 CATGGTGTCATAACAAAAGGT 0 9 0 4.37 
uniquely 
present  n/a hypothetical protein 

17441 CATGTAAGTGTAGTACTGTAT 15 1 1 4.36 -15.84 -14.72 unknown 

577 CATGTGTAGGTCGATGTTTAG 0 12 2 4.35 
absent in 

ocean 
absent in 

ocean unknown 

77 CATGTGGCAACTGTTACTATG 1 17 12 4.32 16.10 12.23 match to contig_14472 

494 CATGCCGAGAGAATACCCTGC 1 11 0 4.29 10.42 absent in fall match to contig_50891 

1704 CATGATTTGGATCTTTTGTCT 0 11 11 4.28 
absent in 

ocean 
absent in 

ocean unknown 

19983 CATGTCTACTCGGTGTCATCT 14 0 3 4.27 
absent in 

spring -4.58 match to contig_30646 

2001 CATGTTGGTGTTTGCTAGTGC 5 14 0 4.26 2.65 absent in fall match to contig_55402 

1117 CATGGCCAAGAGGAACCAGAA 13 26 41 4.25 1.89 

25 3.21 ribosomal or unknown 

2604 CATGTGCTGTTTCTCTGGTTT 14 3 0 4.22 -4.93 absent in fall unknown 
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 4 continued 

15044 CATGCGATAGGACCCGAAAGA 6 1 17 4.19 -6.33 2.89 probable ribosomal protein- contig_99 

58 CATGGCCTTTCGATTAAAAAC 17 32 6 4.13 1.78 -2.78 match to contig_61792 

1697 CATGAAGATCCAAGTCAAGTC 2 16 2 4.12 7.58 0.00 match to contig_37748 

2547 CATGCACTGAGTAGTTACTCC 1 13 1 4.10 12.31 0.00 possible myostatin  

10748 CATGTTCTCTCAGGGCTAGTT 19 3 2 4.09 -6.69 -9.32 unknown 

14291 CATGAAACAGGTATATATTTT 0 1 10 4.08 
absent in 

ocean 
absent in 

ocean Multiple Map Locations 

1027 CATGAATTTTCTATAAAGTTG 0 1 10 4.08 
absent in 

ocean 
absent in 

ocean match to contig_11602 

19266 CATGGCTGAGTACATCCATTG 0 0 8 4.04 n/a 
PREDICTED: hypothetical protein XP_703207 isoform 2 [Danio 

rerio]  
uniquely 
present  

 
 
 
 
  Table
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 Comparisons among the frequencies of the most differentially expressed tags and 

their putative annotations reveal distinct patterns as seen on Figure 2.  Tags annotated to 

genes for ribosomal proteins, globins and ependymin proteins are all up-regulated as a 

group in fall compared to either the spring or ocean libraries.  Of the 74 tags with the 

highest frequency in the fall library, 32 map to genes annotated as ribosomal proteins, 7 

map to ependymin genes and 8 map to globin genes.  Five of the 10 most up-regulated 

tags in the fall library map to globins (100, 1974, 567, 80, 1599) Table 3)).  Additionally, 

tags mapped to genes for egg formation proteins, such as vitellogenin, and melanin 

(18008, 18301, 18009, 18503, 18650, and 18397) were found uniquely in the fall library 

(Table 3, Figure 2).  Those tags that mapped to mitochondrial genes and genes associated 

with cell function were found up-regulated in the ocean library and were subsequently 

down-regulated in spring and fall (Figure 2).  Of the 33 tags with the highest frequency in 

the ocean library, 12 map to annotations of genes of mitochondrial origin (Table 3).  Six 

of the top ten most highly expressed tags in the ocean library are of mitochondrial origin 

(1, 8, 4, 929, 116, 300, Table 3).  Tag 1, cytochrome c oxidase subunit 1, from the ocean 

library had the single highest tag frequency, as it was observed 1,181 times (Table 3).  

Genes associated with neural functions were found to be most highly expressed in the 

spring library (Figure 2).  Interestingly, the only functional group that was up-regulated 

in the spring library was that comprised of neural genes. 

RT-PCR  

 Because our LongSAGE libraries represented expression levels from single 

individual brains, we performed RT-PCR experiments on a number of individuals from 

each run to verify that gene expression levels observed in the LongSAGE data were
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Figure 2:  Frequency of tags in each library (fall, spring and ocean) grouped by genes of similar function. 
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consistent with actual gene expression levels in other individuals.  Seven tag expression 

levels (2, 15, 48, 54, 100, 122, and 562) were checked using RT-PCR on 8 individuals 

each from spring and fall run.  All target tags were chosen from the annotated list of most 

differentially expressed SAGE tags (Table 3).  Putative annotations of target genes and 

their expression levels in the LongSAGE libraries are listed in Table 5.  The results of 

RT-PCR are shown in Figure 3.  Although none of the differences in expression levels 

between fall and spring observed using RT-PCR were statisically significant 

(pvalue<0.05, two-sample t test of ΔCt values (Yuan et al. 2006)), four of the seven RT-

PCR targets had differences in mean ΔCt between fall and spring that were consistent 

with the SAGE libraries (Figure 3).  Tags 2, 54, 122, and 562 were consistent with the 

differences observed with the LongSAGE libraries, while tags 48, 54, and 100 showed 

the reverse pattern as observed in the LongSAGE libraries (Figure 3). 



 

 
Table 5: Summary of tags/genes tested with RT-PCR.  Table lists tag identification number, tag sequence, R-value 
for the tag (increase in R-value denotes increased probability of differential expression), putative tag annotation, 
and tag frequencies for ocean, spring and fall librares. 

Tag ID Tag Sequence 
R-

value Annotation Ocean Spring Fall 

54 CATGGCATAACTATGCTGACC 10.49 ribosomal protein L21 42 46 108 
100 CATGGGCAGTCGGTACTTCTA 144.13 beta-globin 234 28 578 
48 CATGTAATATTGGTGTTTAAA 6.47  glyceraldehyde-3-phosphate dehydrogenase 64 62 17 
2 CATGTTAATGTAATCTCTACG 216.29 Ependymin I precursor  18 384 745 

15 CATGTGATATTCAAACTCCCT 5.65 synapse protein SNAP-25 91 111 45 
122 CATGTAACCCTAAGATGTTGC 8.38 putative noelin 0 25 7 
562 CATGTTTTGTCATTATAGAAC 5.71 putative kainate receptor beta subunit  2 20 2 

30 
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Figure 3: Comparison of RT-PCR and LongSAGE data for seven genes indicated to be differentially 
expressed in LongSAGE libraries.  Left-hand Y-axis corresponds to raw tag frequencies observed for fall and 
spring run and are represented by coded histograms.  Bar graphs represent tag counts for each library for 
the indicated tag. Right-hand Y-axis corresponds to the difference in PCR cycles of the listed target amplicon 
and the endogenous control elongation factor 1α (ΔCt).  Black dots represent median ΔCt for each gene and 
“whiskers” represent the range with the inside boxes showing 1st and 3rd quartiles.  For ease in interpretation 
each ΔCt value is shown as its negative.  Fewer PCR cycles indicates larger amount of template present. 
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Discussion 

 In the present study, we constructed LongSAGE libraries to examine neural gene 

expression differences between Chinook salmon migrating in freshwater during fall and 

spring.  Using relative quantitative RT-PCR to test the expression levels of 7 genes, we 

found genes observed to be differentially expressed in the LongSAGE libraries, not 

significantly differentially expressed in other fish of the fall and spring runs.  Putative 

annotations of differentially expressed genes show that those with neural functions may 

be good candidates for further study of the regulation of migration timing. 

 As neurotransmitters and neuroendocrine genes are most likely to influence 

behavior (Pfaff 2001; Hofmann 2003), we sought to identify neural genes differentially 

regulated between fall and spring Chinook migrating in freshwater.  Microarray studies 

examining reproductive behavior in Atlantic salmon found neural plasticity and signaling 

genes up-regulated in immaturely spawning males (Aubin-Horth et al. 2005a; Aubin 

Horth et al. 2005b)  Likewise, tags mapping to genes with neural functions were almost 

exclusively up-regulated in the spring library (Figure 3).  Of the 17 tags with the highest 

count in spring, 7 map to genes involved in neural plasticity and signaling (Table 3).  For 

example, cerebellin (modulator of the adrenal gland (Satoh et al. 1997; Albertin et al. 

2000; Rucinski et al. 2005)),  noelin (glycoprotein involved in vertebrate neural crest 

formation (Barembaum et al. 2000; Moreno and Bronner-Fraser 2001)), kainate receptor 

(synaptic plasticity (Lerma 2006)), neurogenic differentiation protein (neuronal 

connectivity (Ince-Dunn et al. 2006)), synapse protein SNAP-25 (synaptic vesicle 

transport, photoreceptor development in the retina (Greenlee et al. 2002)), and transducer 

of ERBB2 (learning and memory (Jin et al. 2005)) all had highest counts of those tags 
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annotated in the spring library (Table 3).  RT-PCR showed the mean expression level of 

kainate receptor and noelin tended to be higher in spring fish, but there was no significant 

difference between the two runs (Figure 3).  As suggested by Aubin-Horth et al. (2005b), 

this may be indicative of a cognitive signal required to perform complex reproductive 

strategies.  Clearly, further study is needed confirm expression levels of these genes and 

elucidate possible mechanisms behind these observations.  Tags annotated to ependymin 

were an exception to observations that genes of neural functions were up-regulated in 

spring.  Ependymin is the predominant glycoprotein of the cerebrospinal fluid in teleost 

fish (Shashoua 1977; Hoffmann and Schwarz 1996).  Although the exact physiological 

role of ependymin is not understood, it has been shown to be involved in memory 

formation and neuroplasticity in fish and mammals, (Shashoua 1991; Adams et al. 1996; 

Pradel et al. 1999; Schmidt et al. 2005).  In the present study, tags annotated to 

ependymin are the most highly differentially expressed tags among ocean, spring and fall 

LongSAGE libraries.  All seven differentially expressed tags mapping to ependymin 

show a pattern of up-regulation from low in the ocean to very high in fall (Table 3).  

Although not significant, RT-PCR showed the mean expression level of ependymin 

tended towards being higher in fall (Figure 3).  Olfaction is thought to be the main 

sensory input for homing salmon returning to spawn in natal streams (Dittman and Quinn 

1996).  Although molecular connections between olfaction and spawning homing are not 

fully understood, it has been suggested that the hormone cortisol is a key factor (Carruth 

et al. 2002).  Cortisol plasma levels are elevated in migrating salmon and are 

hypothesized to act on olfactory receptor memory recall of odorants from natal streams 

during migration (Carruth et al. 2000a; Carruth et al. 2000b; Carruth et al. 2002).  
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Although very speculative, ependymin may offer a new avenue of research for the study 

of salmon homing fidelity, because of connections between memory and olfaction 

(Wilson and Stevenson 2003). 

 Spring Chinook migrating in freshwater maintain a similar external appearance 

and physiological condition as in the ocean phase.  Subsequently, fall Chinook migrating 

in freshwater have/are undergoing a large physiological change, which includes large 

fluctuations in hormones, transformation of stored fats to gonads and a total change in 

external appearance (Healey 1991).  Therefore, as expected, we observed more similar 

brain expression patterns between spring and ocean libraries than between fall and ocean 

libraries.  Only 8 tags were uniquely present and 22 tags up-regulated 2-fold or more in 

the spring library, whereas the fall library had 64 tags up-regulated and 17 tags uniquely 

present, when compared to the ocean library (Tables 3, 4).   

 Additional encouraging evidence that the LongSAGE libraries represent valid 

expression data is corroboration of expression levels with other findings.  For example, 

tags 1182 and 4129 were differentially expressed between the three LongSAGE libraries, 

with R values of 8.34 and 7.34 respectively (Table 3).  These two tags map to the α 

subunit of Na+/K+ ATPase, which is a crucial protein in osmoregulation of sodium and 

potassium in cells (Dobretsov and Stimers 2005).  Na+/K+ ATPase has been shown to be 

down-regulated in the gills of Atlantic salmon when moving to freshwater from saltwater 

(Mackie et al. 2005).  Tags 1182 and 4129 each show a similar pattern of down 

regulation from the saltwater sample to the freshwater samples, as both are more highly 

expressed in the ocean sample than in either of the freshwater samples (Table 3).    
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 One advantage of using LongSAGE in gene expression experiments is the ability 

to discover novel and lowly expressed genes (Chen et al. 2002b; Sun et al. 2004).  The 

LongSAGE technique captures RNA directly from samples, in contrast to microarrays, 

where sample RNA binds to oligonucleotides from cDNA or genomic libraries (Lu et al. 

2004).  Although genome information is useful in annotation, one can build LongSAGE 

libraries without prior knowledge of the genome of interest (Velculescu et al. 1995).  

LongSAGE samples most of the transcriptome (those RNAs with CATG restriction site 

for Nla III), but lack of genomic sequence data can result in many “unknown” 

LongSAGE tags (Pleasance et al. 2003).  In the present study, 41% of differentially 

expressed tags could not be annotated (Table 4).  Unknown tags were those not mapped 

to the EST reference database or mapped to a reference contig without annotation.  Some 

unknowns show interesting patterns which should be investigated further.  For example, 

tag 1137, with an R-value of 87.3 is the most differentially expressed of unknown tags, 

and has counts of 0, 70, and 250 in ocean, spring, and fall respectively, suggesting 

freshwater induced expression.  Additionally, Tag 17 was found uniquely in the spring 

library with a count of 60 (Table 4).  Techniques such as 5’ and 3’ rapid amplification of 

cDNA ends (5’ and 3’ RACE (Chen et al. 2002a; Hwang et al. 2004)) can use 

LongSAGE tags as primers to extend cDNAs (McArthur, personal communication), 

therefore increasing the length of  sequence for homology searching and annotation.  

cDNA extension techniques will allow us to annotate those LongSAGE tags with 

interesting expression profiles and may lead to the discovery of novel genes involved in 

migration timing and behavior. 
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 Although we found much variation in the abundance of LongSAGE tags among 

the three libraries and could verify differential expression of certain neural genes, the 

current study is an exploratory first step into research of the molecular mechanisms of 

Chinook salmon migration timing.  Differentially regulated genes, as identified by 

LongSAGE, must be tested with more sensitive techniques to verify differential 

expression.  For example, LongSAGE  tags mapping to globin and ribosomal protein 

genes were up-regulated differentially in fall fish relative to spring fish (Figure 2, Table 

3), but we could not verify differential expression of these genes with RT-PCR (Figure 

3).  Similarly, we could not verify differential expression of GAPDH and synapse 

protein-25 genes as indicated by LongSAGE (Figure 3).  We think this both highlights 

the sensitivity of LongSAGE as a gene expression profiling technique, while cautioning 

for careful sampling in order to make valid physiological inferences from SAGE results.  

Biological replication, discrete tissue sampling and reduction in environmental variables 

are crucial when conducting behavioral gene expression studies on complex organisms 

(Hofmann 2003).  For example, tags with assignments to vitellogenin, zona radiata 

structural protein, and vitelline protein envelope were found uniquely in the fall 

LongSAGE library and are all involved in egg formation of oviparous species (Table 3).  

Vitellogenin is expressed and translated in liver cells (Lazier and MacKay 1993) and 

transported in the blood plasma of sexually maturing female salmon for yolk formation 

(Mommsen and Walsh 1988).  Although it is not peculiar that we found this transcript 

exclusively in fall run, as these fish are heavily laden with eggs before spawning, it is 

surprising that we found vitellogenin transcripts in the brain, where the vitellogenin gene 

is not known to be expressed. The combination of an overwhelming number of globin 
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tags as well as vitellogenin tags, leads us to believe that the fall sample was contaminated 

with an inordinate amount of blood plasma.  Similar sampling difficulties with SAGE 

were found by Berthier et al. studying expression changes associated with bovine 

trypanotolerance (Berthier et al. 2003).  They found, as we did, using one individual 

sample per LongSAGE library introduces several layers of variation to results (Maillard 

et al. 2005), and confounds inferences that can be made from LongSAGE data.  It has 

been suggested that environmental cues, such as temperature and light regimes, play a 

large part in the total gene expression pattern of animals that otherwise can be considered 

of the same macro-phenotype (Aubin-Horth et al. 2005b).  Additionally, significant 

variation of gene expression levels between individuals of the same species, in liver, 

heart and brain tissue have been reported in fish (Whitehead and Crawford 2005).  

Pooling of RNA from several individuals potentially could have negated the effect of 

contamination in a single sample.  In the current study, sampling was fixed by time of 

day, location, and external body condition of fish to minimize environmental variables.  

As with most field sampling, though, there were unavoidable uncontrolled variables such 

as water temperature, amount of sunlight, and calendar date that could have confounded 

LongSAGE tag counts.  We believe in some cases this led to a great discrepancy between 

the relative gene expression pattern suggested by LongSAGE and that reflected by RT-

PCR.     

 Functional genomic approaches are now very common in controlled laboratory 

experiments and have been very useful in finding novel genes involved in a multitude of 

studies.  LongSAGE is a very sensitive technique and thus accurately reflects the relative 

amount of mRNA in a given sample.  Therefore, great care must be taken to alleviate 
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confounding factors in sampling so that differences in LongSAGE tags counts accurately 

reflect biological changes.  This study demonstrates the application of powerful 

functional genomic tools to field sampling of complex organisms is a daunting task that 

requires precise methodologies for replication.    Though real biological differences can 

be distinguished, by the use of more discrete techniques, such as RT-PCR, as shown here, 

more precise methodologies in sampling, should lead to more ease in interpretation. 
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Conclusion 

Functional genomics techniques, such as LongSAGE, allow for the investigation into 

gene regulation of complex behaviors where proximate molecular mechanisms are poorly 

understood.  Using LongSAGE to investigate gene transcription in the brains of Chinook 

salmon, we have gathered a large set of annotated expressed sequences.  Additionally, we 

found many new expressed sequences that may be used to prime the discovery of novel 

genes in Chinook.  As genome sequencing technology advances and more genomic 

sequence data for teleost fish become available, annotation of unknown tags should be 

resolved.  This initial functional genomic survey of Chinook salmon brain transcription 

can serve as a tool to lead future research into the molecular mechanisms of migration 

and reproductive timing, as well as physiology, in salmon.  

 

 



 40

References: 
 

Adams, D. S., Kiyokawa, M., Getman, M. E. and Shashoua, V. E. (1996). Genes 
encoding giant danio and golden shiner ependymin. Neurochemical Research 21:377-
384. 
 
Albertin, G., Malendowicz, L. K., Macchi, C., Markowska, A. and Nussdorfer, G. G. 
(2000). Cerebellin stimulates the secretory activity of the rat adrenal gland: in vitro and in 
vivo studies. Neuropeptides 34:7-11. 
 
Altschul, S. F., Gish, W., Miller, W., Myers, E. W. and Lipman, D. J. (1990). Basic local 
alignment search tool. Journal of Molecular Biology 215:403-410. 
 
Aubin-Horth, N., Landry, C. R., Letcher, B. H. and Hofmann, H. A. (2005a). Alternative 
life histories shape brain gene expression profiles in males of the same population. 
Proceedings Of The Royal Society B-Biological Sciences 272:1655-1662. 
 
Aubin-Horth, N., Letcher, B. H. and Hofmann, H. A. (2005b). Interaction of rearing 
environment and reproductive tactic on gene expression profiles in Atlantic salmon. 
Journal Of Heredity 96:261-278. 
 
Banks, M. A., Baldwin, B. A. and Hedgecock, D. (1996). Research on chinook salmon 
(Oncorhynchus tshawytscha) stock  structure using microsatellite DNA. Bulletin of 
National Research Institute of Aquaculture Suppl. 2:5-9. 
 
Banks, M. A., Blouin, M. S., Baldwin, B. A., Rashbrook, V. K., Fitzgerald, H. A., 
Blankenship, S. M. and Hedgecock, D. (1999). Isolation and inheritance of novel 
microsatellites in chinook salmon (Oncorhynchus tschawytscha). Journal of Heredity 
90:281-288. 
 
Banks, M. A. and Eichert, W. (2000). WHICHRUN (version 3.2): A computer program 
for population assignment of individuals based on multilocus genotype data. Journal of 
Heredity 91:87-89. 
 
Banks, M. A., Rashbrook, V. K., Calavetta, M. J., Dean, C. A. and Hedgecock, D. 
(2000). Analysis of microsatellite DNA resolves genetic structure and diversity of 
chinook salmon (Oncorhynchus tshawytscha) in California's Central Valley. Canadian 
Journal of Fisheries and Aquatic Sciences 57:915-927. 
 
Barembaum, M., Moreno, T. A., LaBonne, C., Sechrist, J. and Bronner-Fraser, M. 
(2000). Noelin-1 is a secreted glycoprotein involved in generation of the neural crest. 
Nature Cell Biology 2:219-225. 
 
Bartley, D. M., Bentley, B., Brodziak, J., Gomulkiewicz, R., Mangel, M. and Gall, G. A. 
E. (1992). Geographic variation in population genetic structure of chinook salmon from 
California and Oregon. Fishery Bulletin 90:77-100. 

 



 41

 
Bartley, D. M. and Gall, G. A. E. (1990). Genetic structure and gene flow in chinook 
salmon populations of California. Transactions of the American Fisheries Society 
119:55-71. 
 
Berthier, D., Quere, R., Thevenon, S., Belemsaga, D., Piquemal, D., Marti, J. and 
Maillard, J. C. (2003). Serial analysis of gene expression (SAGE) in bovine 
trypanotolerance: preliminary results. Genetics Selection Evolution 35:S35-S47. 
 
Brown, R. L. and Greene, S. (1994). Evaluation of the Feather River Hatchery as 
mitigation for the construction of the State Water Project's Oroville Dam. Proceedings of 
the Annual Meeting of Irrigation and Drainage. D. US Committee on Irrigation and 
Drainage. Sacramento. 
 
CA-DWR (2002). SP-F9 Evaluation of the Feather River Hatchery Effects on Naturally 
Spawning Salmonids. Oroville Facilities Relicensing Project (FERC Project No. 2100), 
California Department of Water Resources. 
 
Carruth, L. L., Dores, R. M., Maldonado, T. A., Norris, D. O., Ruth, T. and Jones, R. E. 
(2000a). Elevation of plasma cortisol during the spawning migration of a landlocked 
kokanee salmon (Oncorhynchus nerka kennerlyi). Comparative Biochemistry and 
Physiology C 127:123-131. 
 
Carruth, L. L., Jones, R. E. and Norris, D. O. (2000b). Cell density and intracellular 
translocation of glucocorticoid receptor-immunoreactive neurons in the kokanee salmon 
(Oncorhynchus nerka kennerlyi) brain, with an emphasis on the olfactory system. 
General And Comparative Endocrinology 117:66-76. 
 
Carruth, L. L., Jones, R. E. and Norris, D. O. (2002). Cortisol and pacific salmon: A new 
look at the role of stress hormones in olfaction and home-stream migration. Integrative 
And Comparative Biology 42:574-581. 
 
CDFG (1998). A Status Review of the Spring-Run Chinook Salmon (Oncorhynchus 
tshawytscha) in the Sacramento River Drainage.  Candidate Species Status Report 98-01, 
California Department of Fish and Game. 
 
Chen, J. J., Lee, S. G., Zhou, G. L. and Wang, S. M. (2002a). High-throughput GLGI 
procedure for converting a large number of serial analysis of gene expression tag 
sequences into 3 ' complementary DNAs. Genes Chromosomes & Cancer 33:252-261. 
 
Chen, J. J., Sun, M., Lee, S. G., Zhou, G. L., Rowley, J. D. and Wang, S. (2002b). 
Identifying novel transcripts and novel genes in the human genome by using novel SAGE 
tags. Proceedings of the National Academy of Sciences of the United States of America 
99:12257-12262. 
 

 



 42

Davey, G. C., Caplice, N. C., Martin, S. A. and Powell, R. (2001). A survey of genes in 
the Atlantic salmon (Salmo salar) as identified by expressed sequence tags. Gene 
263:121-30. 
 
Dittman, A. and Quinn, T. (1996). Homing in Pacific salmon: mechanisms and ecological 
basis. Journal of Experimental Biology 199:83-91. 
 
Dobretsov, M. and Stimers, J. R. (2005). Neuronal function and ALPHA3 isoform of the 
Na/K-ATPase. Frontiers In Bioscience 10:2373-2396. 
 
Fisher, F. W. (1994). Past and present status of Central Valley chinook salmon. 
Conservation Biology 8:870-873. 
 
Gowda, M., Jantasuriyarat, C., Dean, R. A. and Wang, G. L. (2004). Robust-LongSAGE 
(RL-SAGE): a substantially improved LongSAGE method for gene discovery and 
transcriptome analysis. Plant Physiology 134:890-7. 
 
Greenlee, M. H. W., Wilson, M. C. and Sakaguchi, D. S. (2002). Expression of SNAP-25 
during mammalian retinal development: thinking outside the synapse. Seminars In Cell & 
Developmental Biology 13:99-106. 
 
Greig, C., Jacobson, D. P. and Banks, M. A. (2003). New tetranucleotide microsatellites 
for fine-scale discrimination among endangered chinook salmon (Oncorhynchus 
tshawytscha). Molecular Ecology Notes 3:376-379. 
 
Healey, M. C. (1991). Life history of chinook salmon (Oncorhynchus tshawytscha). 
Vancouver, University of British Columbia Press. 
 
Hedgecock, D. (2002). Microsatellite DNA for the management and protection of 
California's Central Valley chinook salmon (Oncorhynchus tshawytscha). Bodega Bay, 
CA, University of California, Davis- Bodega Marine Laboratory. 
 
Hoffmann, W. and Schwarz, H. (1996). Ependymins: meningeal-derived extracellular 
matrix proteins at the blood-brain barrier. International Review of Cytology 165:121-158. 
 
Hofmann, H. A. (2003). Functional genomics of neural and behavioral plasticity. Journal 
of Neurobiology 54:272-282. 
 
Hwang, B. J., Muller, H. M. and Sternberg, P. W. (2004). Genome annotation by high-
throughput 5 ' RNA end determination. Proceedings of the National Academy of Sciences 
of the United States of America 101:1650-1655. 
 
Ince-Dunn, G., Hall, B. J., Hu, S. C., Ripley, B., Huganir, R. L., Olson, J. M., Tapscott, 
S. J. and Ghosh, A. (2006). Regulation of thalamocortical patterning and synaptic 
maturation by NeuroD2. Neuron 49:683-695. 
 

 



 43

Jin, M., Wang, X. M., Tu, Y., Zhang, X. H., Gao, X., Guo, N., Xie, Z., Zhao, G., Jing, N., 
Li, B. M. and Yu, L. (2005). The negative cell cycle regulator, Tob (transducer of ErbB-
2), is a multifunctional protein involved in hippocampus-dependent learning and 
memory. Neuroscience 131:647-659. 
 
Kim, T. J., Parker, K. M. and Hedrick, P. W. (1999). Major histocompatibility complex 
differentiation in Sacramento River chinook salmon. Genetics 151:1115-1122. 
 
Lazier, C. B. and MacKay, M. E. (1993). Vitellogenin gene expression in teleost fish. 
Biochemistry and Molecular Biology of Fishes. P. W. Hochachka and T. P. Mommsen. 
Amsterdam, Elsevier. 2: 391-406. 
 
Lerma, J. (2006). Kainate receptor physiology. Current Opinion In Pharmacology 6:89-
97. 
 
Lu, J., Lal, A., Merriman, B., Nelson, S. and Riggins, G. (2004). A comparison of gene 
expression profiles produced by SAGE, long SAGE, and oligonucleotide chips. 
Genomics 84:631-636. 
 
Mackie, P., Wright, P. A., Glebe, B. D. and Ballantyne, J. S. (2005). Osmoregulation and 
gene expression of Na+/K+ ATPase in families of Atlantic salmon (Salmo salar) smolts. 
Canadian Journal Of Fisheries And Aquatic Sciences 62:2661-2672. 
 
Maillard, J. C., Berthier, D., Thevenon, S., Piquemal, D., Chantal, I. and Marti, J. (2005). 
Efficiency and limits of the Serial Analysis of Gene Expression (SAGE) method: 
Discussions based on first results in bovine trypanotolerance. Veterinary Immunology 
And Immunopathology 108:59-69. 
 
Mommsen, T. P. and Walsh, P. L. (1988). Vitellogenesis and oocyte assembly. New 
York, Academic Press. 
 
Moreno, T. A. and Bronner-Fraser, M. (2001). The secreted glycoprotein noelin-1 
promotes neurogenesis in Xenopus. Developmental Biology 240:340-360. 
 
Myers, J. M., Kope, R. G., Bryant, G. J., Teel, D. J., Lierheimer, L. J., Wainwright, T. C., 
Grand, W. S., Waknitz, F. W., Neely, K., Lindley, S. T. and Waples, R. S. (1998). Status 
review of chinook salmon from Washington, Idaho, Oregon, and California. U. S. D. 
Commer.: 443. 
 
Nielsen, J. L., Tupper, D. and Thomas, W. K. (1994). Mitochondrial DNA polymorphism 
in unique runs of chinook salmon (Oncorhynchus tshawytscha) from the Sacramento-San 
Joaquin River basin. Consevation Biology 8:882-884. 
 
Olsvik, P. A., Lie, K. K., Jordal, A. E. O., Nilsen, T. O. and Hordvik, I. (2005). 
Evaluation of potential reference genes in real-time RT-PCR studies of Atlantic salmon. 
Bmc Molecular Biology 6:21-30. 

 



 44

 
Pfaff, D. (2001). Precision in mouse behavior genetics. Proceedings of the National 
Academy of Sciences of the United States of America 98:5957-5960. 
 
Pigliucci, M. (2001). Phenotypic plasticity: beyond nature and nuture. Baltimore, MD, 
Johns Hopkins University Press. 
 
Pleasance, E. D., Marra, M. A. and Jones, S. J. M. (2003). Assessment of SAGE in 
transcript identification. Genome Research 13:1203-1215. 
 
Pradel, G., Schachner, R. R. and Schmidt, R. (1999). Inhibition of memory consolidation 
by antibodies against cell adhesion molecules after active avoidance conditioning in 
zebrafish. Journal Of Neurobiology 39:197-206. 
 
Quinn, T. P. and Myers, K. W. (2004). Anadromy and the marine migrations of Pacific 
salmon and trout: Rounsefell revisited. Reviews In Fish Biology And Fisheries 14:421-
442. 
 
Quinn, T. P., Unwin, M. J. and Kinnison, M. T. (2000). Evolution of temporal isolation in 
the wild: Genetic divergence in timing of migration and breeding by introduced chinook 
salmon populations. Evolution 54:1372-1385. 
 
Rucinski, M., Albertin, G., Spinazzi, R., Ziolkowska, A., Nussdorfer, G. G. and 
Malendowicz, L. K. (2005). Cerebellin in the rat adrenal gland: gene expression and 
effects of CER and [des-Ser(1)]CER on the secretion and growth of cultured 
adrenocortical cells. International Journal Of Molecular Medicine 15:411-415. 
 
Satoh, F., Takahashi, K., Murakami, O., Totsune, K., Ohneda, M., Mizuno, Y., Sone, M., 
Miura, Y., Takase, S., Hayashi, Y., Sasano, H. and Mouri, T. (1997). Cerebellin and 
cerebellin mRNA in the human brain, adrenal glands and the tumour tissues of adrenal 
tumour, ganglioneuroblastoma and neuroblastoma. Journal Of Endocrinology 154:27-34. 
 
Schena, M., Shalon, D., Davis, R. W. and Brown, P. O. (1995). Quantitative monitoring 
of gene expression patterns with a complementary DNA microarray. Science 270:467-
470. 
 
Schmidt, R., Kreul, F. and Schneider, S. (2005). Synaptic localization of ependymin in 
fish and possible involvement of related mammalian MERPs in mouse brain after 
learning. Journal Of Neurochemistry 94:39-40. 
 
Shashoua, V. E. (1977). Brain Protein Metabolism and the Acquisition of New Patterns 
of Behavior. Proceedings of the National Academy of Sciences of the United States of 
America 74:1743-1747. 
 
Shashoua, V. E. (1991). Ependymin, a brain extracellular glycoprotein, and CNS 
plasticity. Annals of the New York Academy of Sciences 627:94-114. 

 



 45

 
Stekel, D. J., Git, Y. and Falciani, F. (2000). The comparison of gene expression from 
multiple cDNA libraries. Genome Research 10:2055-2061. 
 
Sun, M., Zhou, G. L., Lee, S., Chen, J. J., Shi, R. Z. and Wang, S. M. (2004). SAGE is 
far more sensitive than EST for detecting low-abundance transcripts. Bmc Genomics 5:1-
5. 
 
Velculescu, V. E., Zhang, L., Vogelstein, B. and Kinzler, K. W. (1995). Serial Analysis 
of Gene Expression. Science 270:484-487. 
 
Whitehead, A. and Crawford, D. L. (2005). Variation in tissue-specific gene expression 
among natural populations. Genome Biology 6:R:13. 
 
Whitfield, C. W., Cziko, A. M. and Robinson, G. E. (2003). Gene expression profiles in 
the brain predict behavior in individual honey bees. Science 302:296-9. 
 
Wilson, D. A. and Stevenson, R. J. (2003). The fundamental role of memory in olfactory 
perception. Trends in Neurosciences 26:243. 
 
Yoshiyama, R. M., Fisher, F. W. and Moyle, P. B. (1998). Historical abundance and 
decline of chinook salmon in the Central Valley region of California. North American 
Journal of Fisheries Management 18:487-521. 
 
Yuan, J. S., Reed, A., Chen, F. and Stewart, C. N. (2006). Statistical analysis of real-time 
PCR data. Bmc Bioinformatics 7:85-97. 
 
 
 

 



 

 

 


