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ABSTRACT

Life history within a single species can vary sfgaintly. Many of these differences are

associated with varying environmental conditiobkderstanding what environmental conditions

cue alternate life histories within a single spetias been researched extensively. In salmonid
fishes, more than almost any other group, varymgrenmental conditions give rise to
individuals within species that take markedly diéfet life history trajectories.

Oncorhynchus mykigs a species of salmonid native to the Pacifictileest region of
North America. This species has two life histagniis, anadromous and resident. The
anadromous form spends a portion of its life inamcevhile the resident life history form
completes its entire life history in freshwaterntiUthe decision to migrate and morphological
changes associated with smoltification occur, #ltfe history variants of this species are
indistinguishable from each other. This ambiguitjuvenile O. mykissnorphology presents
challenges for conservation managers charged waitteqting and increasing threater@d
mykisspopulations around the Pacific Northwest becaosservation efforts cannot be
evaluated until juvenile fish make the decisiomigrate.

In this study microarray gene expression analysis used to profile gene expression in

juvenile populations of wild and hatche®y mykisdo identify gene expression variation

associated with alternate life history variantsisTanalysis identified 8 DNA sequences present

in both brain and gill tissues that differ in exgs®n in rainbow trout and steelhead hatchery
stocks. Differential expression as quantified bgroarray technology was validated with
guantitative real-time PCR. Lastly, the expressibthese putative life history markers was
preliminarily evaluated in a wild population @f mykissat sample locations in the South Fork

John Day River Basin, Oregon with known ratiosusgnile anadromous and resident fish.
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INTRODUCTION

Salmonid fishes are a dominant part of marine asshfvater food webs in the
northern Pacific Ocean and the river systems ttaahdnto it. The reason for their great
success is debatable, but very likely depends @in &lbility to exploit both freshwater
and marine habitats, a trait that is rather rarerayst the fishes. The ability to exploit
marine resources offers great advantages undaircertcumstances, supporting large
population sizes, increased growth rate, and isectadult size at reproduction (Gross et
al., 1988; Hendry and Stearns, 2003; Jonsson arg$dn, 1993). In addition, escape to
the marine environment may allow populations teisein times when freshwater
habitat conditions are poor or lost due to ecolalgithanges such as natural disasters.
Alternately, in times when marine conditions areiling, freshwater forms may sustain
populations. Thus, it is not surprising that maajmonid species have evolved life
history strategies that include migrating anadrosimums that exploit marine resources
prior to reproduction and non-migrating residemtrfe that complete their entire lifecycle
in freshwater. Importantly, these life history iaats appear to be indistinguishable
genetically (Docker and Heath, 2003) and thuslityisothesized that differential gene
expression must underlie these observed patteriife bistory diversity. Gene
expression is known to be highly sensitive to vagyenvironmental conditions in many
organisms (Aubin-Horth et al., 2005) and vast ddfees in gene expression levels can
lead to markedly different life history strateglegtween conspecific individuals

associated with changes both morphologically afdberally (Evans and Wheeler,



2001; Stearns, 1989). In this thesis, | evaludferdintial gene expression in young-of-
the-year hatchery stocks @hcorhynchus mykisgesident: rainbow trout/anadromous:
steelhead, known to differ in their migratory beioayvin an attempt to identify gene

expression markers that are unique to anadromaliseaident forms in salmonids.

The Origin of Pacific Salmonids

The genu®ncorhynchuss made up of seven salmonid species native to the
Northern Pacific Ocean region of the Northern Hgainése ranging from Northern
Mexico on the North American side of the Pacifice@g to South Korea and Southern
Japan on the Asiatic side of the Pacific Oceanamadcommonly referred to as “Pacific
Salmon” (Quinn, 2005). These seven species indilden O. ketg, Chinook Q.
tshawytschpg Sockeye ©Q. nerkg, Coho Q. kisutch, Pink ©. gorbuschg Steelhead.
mykis$ and Coastal Cutthroa®( clarki).

All seven species ddncorhynchusire anadromous, spending part of their life
history in the ocean but all spawning in freshwatEis obligate freshwater stage of
salmonid life history has been argued to suggessétmonid family has a freshwater
evolutionary origin rather than seawater originl¢Atorf and Thorgaard, 1984). Three of
the seven specie®, mykissO. clarki,andO. nerkahave significant resident
populations; populations that complete their erifechistory completely in freshwater
(these populations are commonly referred to asuttygQuinn, 2005).

Sequence differences in genes fr8aimo salarAtlantic salmon)O. mykissand

O. nerkasuggest an estimated divergence between the GatomandOncorhynchusn



the early Miocene period (approximately 20 MYA)(Ihay1993). Fossil evidence of
Oncorhynchuss limited but the fossils that have been fountédhe radiation of Pacific
salmonids between 20 and 6 MYA (McPhail, 1997; Syeand R., 1993).
OncorhynchusindSalmaodiffer greatly in thaDncorhynchusiad a major radiation event
producing the seven extant species we see todaglhas several other that have since
gone extinct (i.e. the Sabertooth salmOnyastrosuy while a major radiation event in
Salmonever occurred. Fossil evidence suggests by 6 MY Aeven extant

Oncorhynchuspecies had evolved to their current form (Steanly R., 1993).

Life History Variation in Salmonid Fishes

Life history amongst the salmonid fishes has begensively studied as a model
to better understand how traits are inherited aathtained within and between
populations. Salmonid life history typically takieg forms, resident and anadromous
and is largely related to migration. The typiadident life history form is spawned in
freshwater where it grows and completes its lifeley The anadromous form is spawned
in freshwater where it remains for many monthseteesal years after which it begins
morphological and physiological changes assocmaidda process known as
smoltification in preparation for life in the ocedhlendry and Stearns, 2003)

Timing of smoltification varies between differeqesies of salmonids. Some
species such @ncorhynchus keteChum salmon) have fry that migrate to the ocean
within a few weeks of hatching (Quinn, 2005). Othiéke Oncorhynchus mykiss

(Rainbow trout/steelhead) ahcorhynchus kisutcfCoho salmon) have juveniles that



reside for one to five years in freshwater beforgrating to the sea (Quinn, 2005). Prior
to seaward migration and smoltification, juvenit@dromous salmonids are termed parr.
Parr are typically bottom dwelling pelagic fish tlestablish territories that they defend
aggressively. Parr are indistinguishable in apg®as from resident populations of the
same species. Once parr establish territoriesrtagtain their position in the stream by
actively swimming against the current. A study ey Kutty and Saunders (1973)
showed that Atlantic salmon pa8dlmo salay placed in a swim chamber would swim
against the current to exhaustion and collapsdgvemolting fish placed in the same
swim chamber and under the same conditions ceasgdrsng and showed no signs of
fatigue or exhaustion. This suggests that a sngpftsh will allow the current of a
stream to carry them downstream and this refusavim could be seen as a
characteristic of seaward migration. Behavioragdes are typically the first obvious
cues that a fish has begun smoltification. Smglfish typically abandon pelagic feeding
territories, cease swimming, and express a markerkdse in aggression (Hoar, 1976).
This decrease in aggression has been related th#eevation that out-migrating fish
tend to aggregate and eventually form schools darndtream migration.

Once in the ocean, anadromous fish experience eaqdubstantial growth
before returning to freshwater to spawn severalsylsger (Hendry and Stearns, 2003).

Among salmonids there exists degrees of anadronging from species that are
purely anadromous to those that are optionally emadus (Hoar, 1976). Recent studies
comparing the anadromous and resident (non-anadrife¥istory forms of many

salmonids species have suggested there may baay@asors linked to life history,



specifically related to smoltification (Narum et,&011; Nichols et al., 2008; Thrower et
al., 2004). However, there has never been a sindyene expression associated with
alternate life history variants within salmonidsfa prior to when the changes

associated with smoltification, migration, or residy can be observed.

Pacific Salmonids Impacts on the Ecosystems Pacifidorthwest

Ecologically Pacific salmonids play an importanerm both oceanic and
terrestrial ecosystems. In the Pacific ocean saidsoare an important food source,
especially for many marine mammals (Pauly et &98), and sea birds (Roth et al.,
2007). Recent studies, done over the last decak= $hown that returning anadromous
salmonids also play a critical role in the nitrogemd carbon cycles in both the fresh
water stream systems as well as the forests attres2acific Northwest. It has also been
shown that growth rates of resident populatioeabmonids in streams systems in
Alaska were directly related to the nutrients anadyus salmonids carcasses brought to
the stream systems from the oceans after the amadiofish had spawned and died
(Wipfil et al., 2003). As well as effects of anihnt@mmunities salmonids have
significant impacts on terrestrial plant ecosysteias example of this is a study done by
Helfield and Naiman (2001)that found Riparian fomesar streams and rivers derive 22-
24% of the foliar Nitrogen direct from spawningraah. Ocean derived nitrogen
brought to the freshwater ecosystems from spawawiudf salmon has also been shown
to be important in maintaining rearing groundsjfmenile salmonids. (Gresh et al.,

2000) showed that only 6-7% of the historic océanved nitrogen and phosphorus is



reach Pacific Northwest streams. Without the irgduarge runs of anadromous fish,

salmonid recovery efforts may be in vain.

The Life History of Oncorhynchus mykiss

An abundant and wide-spread species of salmonidentat the Pacific Northwest
Region of North AmericaDncorhynchus mykiss classified as optionally anadromous
(Hoar, 1976). WithirD. mykisst is known that both the anadromous and resilient
history forms can arise from parents of either tifgtory trajectory (Christie et al., 2011,
Thrower et al., 2004; Zimmerman and Reeves, 2000@cent study done by Christie et
al. (2011) tracked gene flow in a populatiorOfmykissn the Hood River, Oregon. This
showed that in the wild anadromous population eélkiead, nearly 20% of the alleles
originated from resident rainbow trout parents {&ife et al., 2011). Other studies done
by (Doucett et al., 1999; Zimmerman and Reeves2P08ed evidence from
strontium/calcium (Sr/Ca) ratios in otoliths to miiéy anadromous and non-anadromous
individuals ofO. mykissn the Deschutes River, Oregon. Strontium is ncor@mon in
salt water than in freshwater. Thus Sr/Ca rat@sleze used to determine whether or not
an individual's mother was anadromous or non-armadis due to maternal provisioning
of these minerals into developing oocytes duringem@sis. Sr/Ca ratios indicate that in
the Deschutes River, the anadromous steelhead ediinpim the river had both
anadromous and resident mothers (Zimmerman andeRe2000). In addition, Sr/Ca
ratios also suggest that residéntmykissn the Deschutes River had both anadromous

and non-anadromous mothers (Zimmerman and Ree®@8).2This study illustrates the



lack of a purely genetic explanation for anadrom@i mykisfrom the Deschutes River,
and instead implicates a non-genetic mechanisreterchining life history variation in
this species such as phenotypic plasticity assatmith varying environmental cues. In
addition, other studies show that the life histivayectory ofO. mykisss influenced by
physiologic, environmental as well as genetic fexctbat play an important role in the
decision to remain resident in freshwater or itatiehanges required for smoltification
and anadromy (Metcalfe et al., 1988; Nichols et20108; Thrower et al., 2004).

While the genetic factors influencing life histase still poorly understood,
several recent studies have focused on the gdaetars associated with smoltification
at the population level using single nucleotideyparphisms or SNPs (Narum et al.,
2011) and quantitative trait loci (QTL) analysesciils et al., 2008).

It is important to note that a recent study don®lywn et al. (2006) found
intraspecific variation if©. mykissnitochondrial genomes that suggests phylogenetic
divide between coastal and inland populations.s phiylogenetic difference between
inland and coast&. mykisgopulation is not well understood.

Very little is known concerning the mechanisms thetermine alternative life
history strategies in this species, and currerdlyatiable biomarkers are available for
identifying alternative trajectories in young-oktlyear fish prior to the obvious changes
associated with smoltification at an individualéévin addition, it is not clear at what
point during early life history development the idean to become anadromous or
resident is made i®. mykiss Understanding when life history decisions arelepand

identifying the gene expression pathways that Uigdiris decision will play an



important role in better understanding how genatid environmental factors interact to
influence life history. This knowledge will not lgrinform scientists on the basic
biology of salmonid species, but will also provalpowerful tool to inform resource
managers concerned with the conservation of altembfe history forms in threatened

O. mykisgopulations.

Oncorhynchus mykissin the John Day River Basin, Oregon

The John Day River is the second largest undammerdsystem in the American
West and the largest free flowing river systemhia ¢ontinental United States to have an
un-supplemented, wild, anadromaddacorhynchus mykigsteelhead) population
(Carmichael and Talyor, 2010). This makes thisytaton important due to its high
degree of genetic diversity that has been relgtivabffected by genetic influences of
hatchery fish. However, wild populations@f mykisshave dramatically declined from
historic levels in the Columbia River basin duertany factors, including overfishing,
poor ocean conditions, habitat destruction, hydwsgyalevelopment and hatchery
practices (Raymond, 1988). These declines ledad 999 Endangered Species Act
(ESA) listing of an environmentally significant afESU) of steelhead from the Middle
Columbia River as “threatened” (Federal Registeil, 84, No. 57, March 25, 1999, p.
14517),(Good and Waples). This ESU includes a pdpulation of summer-run
steelhead in the South Fork John Day River Baghi[§.

Summer-run steelhead in the SFJID are charactdrizedults returning to the

main stem Columbia River from the Pacific Ocealate-summer or early-fall and



holding in the major river system over winter usfring when they migrate up the
tributaries of the SFJD to spawn when river aneastr flows increaseOncorhynchus
mykisspopulations in the Columbia River Basin can speathfl-5 years in freshwater
before migrating; however migration generally oscat year 2 or 3 (Peven et al., 1994).
The SFJD population is iteroparous (spawning mioae bnce per generation) and
optionally anadromous, and thus is composed of aattigrant anadromous (steelhead)
and a resident form (rainbow trout) that are molpdpcally indistinguishable as
juveniles.

Previous research has identified anadromous/resiidehistory ratios in several
tributaries of the SFJD basin through mark-recapexperiments. In this study two
closely spaced tributaries (Figure 1) were foundawee differences in the proportion of
out-migrating juvenile fish (assumed to be anadnasho In 2004, Murderers Creek was
shown to have a larger proportion of out migrasi f{13.7%) compared to Black Canyon
Creek (3.1%) (Tattam, 2006). The following yea®dd2) 11.6% of tagged juvenil@.
mykissemigrated downstream from Murderers Creek comp@redly 3.2% in Black
Canyon Creek (Tattam, 2006). These two tributatitfer in their physical
characteristics. Lower Murderers creek headwategnate in the Malheur National
Forest. Murderers Creek’s elevation ranges frott®@®000m and has a length of
approximately 30 km. The stream system primarby through open high desert
grasslands and open range cattle pasture buthagier elevations the landscape is
dominated by Ponderosa and Douglas fir forestaclBCanyon Creek headwaters

originate in the Black Canyon Wilderness Area iadite Ochoco National Forest. Black



Canyon Creek’s elevation ranges from 900 to 1600dhheas a stream length of
approximately 15 km. All 15 km of BCC are domirchtey high gradient flow and most
of the stream system flows in deep canyons dondnagescrub brush and ponderosa and
Douglas fir forests. Stream temperatures in Munde@reek range from°Q in the winter
to 26°C in the summer, while temperatures in Black Cangogek held aroundC in

the winter and rarely reach over’20in the summer (Tattam, 2006). Despite these
physical differences, the two stream systems ¢heeBSouth Fork John Day River
approximately 3.7 km from each other (Figure 1)eJénclosely spaced tributaries with
differing ratios of out-migrating fish create arcelent system for investigating possible

differences in life history variation in a natusgistem.

Hatchery Production of Oncorhynchus mykissin the Columbia River Basin

The culturing ofO. mykissn hatchery environments has its beginning ingthety
20" century at first as an attempt to create fastewig sport fish with high survival
rates but later on as a tool to supplement dediniihd O. mykisgpopulations (Service,
2010). As wild populations declined, limitationem put in place on the catch of wild
fish resulting in a higher demand and thereforeeatgr production of hatchery fish
throughout the region. Today, 70-80% of the sal@od steelhead caught in the Pacific
Northwest originated from a hatchery (Service, 2018s the numbers of hatche®y
mykissreleased into the region’s rivers and streamsas®d, concern of the effects of
hatchery released fish on wild indigenous fish papons started to grow. Research

suggests that hatchery fish are having direct agative impacts on wild fish

10



populations. For instance a study done by (McMatled al., 1997) showed a significant
correlation between the occurrence of residualimdheryO. mykisfanadromous
released fish that do not migrate but instead reimgiat their release site as resident
fish) and negative growth rates in wild indigen@smykiss.

The O. mykissanadromous life history form is the primary tarfpethatchery
release programs in river and streams within thiei@bia River Basin. Like most
anadromous salmonid®, mykissexhibits “homing” during migration. (Quinn, 1993).
They return to their natal rivers and streams angp However, not alD. mykisgwild
and/or hatchery) return to their natal stream ensp these fish are termed “strays”.
Strays may migrate back to a nearby tributary damaway as other river basins. For
example, a study focusing on the occurrence ohleaycstrays in Oregon coastal rivers
found that 22% of fish sampled in 5 streams with@ttheryO. mykisgeleases were
actually hatchery strays (Schroeder et al., 200hese strays can have significant
impact on the genetic make-up of protected ldnykisgpopulations especially when
interbreeding between wild and hatchery fish occuldatcheryO. mykisgend to have
lower reproductive success than that of véldmykispopulations (Chilcote et al., 1986)
as well as higher mortality rates. Hatchery x vgichwning pairs have been shown to
produced 63% fewer recruits compared to wild x gpéwning pairs (Chilcote, 2003).

Despite the negative impacts of hatchery fish dd wopulations, and the
artificial rearing environment they create, hatghfesh provide an opportunity to perform
“common garden” experiments in a much more cord@doéinvironment than can be

accomplished in natural settings. In this studgy,cempared individuals from resident

11



and anadromous hatchery stocks from Mossy Rockhdagc\Washington. Mossy Rock
Hatchery water is fed to the facility from an urgteund spring providing a clean water
source with stable temperature of 10°C year-round.

A complete history of the origin of resident hatghstock in the Pacific
Northwest is partial at best. Of all the residembow trout hatchery lines available, the
line selected for this study (Goldendale Rainbawty GDT) has one of the better
records of development. Goldendale Rainbow troaifal spawning. The line began at
Goldendale Hatchery in 1938. Today’s Goldendalaistav trout line was established in
1948 and is a cross between Meader and Yakimaawititout lines (Kinunen and
Moring, 1976). The anadromous Steelhead line us#us study is derived from wild
fall run of Kalama River brood stock (ESA Listedat has been long established at the
Kalama Hatchery, Washington. The returning Kala@teglhead are spawned at the
Kalama hatchery and incubated until the eggs rehttte“eyed-up” stage of

development before being transported to Mossy Rtatkhery for hatching and rearing.

Conservation management of Oncorhynchus mykissin the SFJD

A major issue facing conservation of the SEIDmykisgopulations is
measuring the effectiveness of conservation stiedesyich as habitat restoration. The
ESA listing of the Middle Columbia River ESU spécdlly targets only the anadromous
form of theO. mykisgpopulation. Both government and non-governmenheigs have
recognized the importance of this John Day RivesiBateelhead population and

devoted large amounts of resources and time tddtgiybtection and restoration in
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hopes of increasing the steelhead populations. abHigy to assess if conservation
efforts are working to increase anadromous popriatin restored areas could be a very
useful management tool. Importantly, being ablelémtify pre-smolting juveniles as
resident or anadromous would allow for more immiediapacts of management

decisions to be assessed.

Specific Aims

The primary aim of this research is to identifyfeliences in gene expression
between known young-of-the-year (YOY) resident anddromous forms @. mykiss
| hope to use these differences in gene expressimientify gene expression markers
that can be used to identify an individ@almykissyQY as likely to be anadromous or
resident prior to any morphological, behavioralpbysiological changes associated with
preparations for migration.

To achieve these aims oligonucleotide microarrayegexpression and gPCR
analyses were employed to identify gene exprestifferences between resident and
anadromous life history variants in YQO. mykisgeared under common conditions in a
hatchery environment and in a wild, threatened fagmn of juvenileO. mykissrom the
South Fork John Day River Basin.

Gene expression differences were analyzed in laradngill tissues between
anadromous versus resident life history strategyesampling juvenile, young of the year
fish from Mossy Rock Hatchery, Washington, priostooltification. Gill and brain

tissues have been chosen because of the impohgsibfpgic changes that occur within
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these tissues prior to smoltification and subsetjoegration to the sea; because of this
these tissues are an obvious location to obsefigrahices in gene expression between
alternate life history forms. Mossy Rock Hatchemgswehosen as a sample location
because the hatchery rears both a wild Kalamamadramous population as well as a
resident population. Both stocks of fish are brdughhe hatchery at the same age and
are rear under common garden conditions.

Next, gene expression was analyzed in brain ahtiggles from two different
tributaries of the South Fork John Day River (Or@gmown to produce different ratios
of anadromous versus resident forms independegpareital affects. Working in
collaboration with a team from Oregon State Uniigrand under a permit from the

National Oceanographic and Atmospheric AdministraiiNOAA)
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MATERIALS AND METHODS

Specimen Collection and Handling

Hatchery fish.Young-of-the-yeaf. mykissvere obtained from Mossy Rock
hatchery (Mossyrock, Washington). Eight fish elroim two stocks known to differ
substantially in their tendency to migrate wererifiaed by concussion. The heads were
then removed and flash-frozen in liquid nitrogdratal time between sacrifice and
freezing was less than 1 min. Fish were randoatyed from troughs, but chosen by
size from the net to control for size-specific diffnces. This sampling resulted in a
mean mass and mean length for the rainbow troohbag samples of 7562.57g and
85.25+10.54 mm (mean = s.drgspectivelyThe steelhead sampling resulted in a mean
mass and mean length for steelhead hatchery stdeR%+ 1.10g and 79.752.95 mm
(mean * s.d). Both the mean mass (t-test, p = @da8)mean length (t-test, p = 0.31)
were not significantly different between the twoclts. The resident stock (MRHR) was
a Goldendale Rainbow stock that had been reareudory generations at Mossy Rock
hatchery for production of rainbow trout to suppsidcking efforts. The anadromous
stock (MRHS) was produced from wild-origin Steelthg@@rents captured in the Kalama
River for rearing in a hatchery environment foraMilopulation supplementation.

Wild Fish. Young-of-the-year fish were sampled from twoutdries of the
South Fork John Day River Basin (SFJD) that hawnlggeviously shown to produce
differing proportions of anadromous and residdethistory variants of juvenil®.

mykisg(Tattam, 2006). These sites were Lowers MurdereelC{LMC, anadromous
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biased) and Black Canyon Creek (BCC, resident tjask a recent study Murderers
Creek was shown to have juvenile growth rates sagamtly higher than Black Canyon
Creek and Murderers Creek was shown to produce mmant (assumed anadromous)
O. mykissas compared to Black Canyon Creek (Tattam, 2006).

Fish were captured by hook-and-line sampling aBG€ site, and by snorkel
herding into seine nets at the LMC site. In bottatens fish were sacrificed and whole

heads were frozen as described above for the hgttle.

Tissue Sampled

Gill and brain tissue were sampled for both physjal and practical reasons.
First, many of the changes associated with smaatifon occur in these two tissue types.
Second, due to the limitation of lethal samplin@pfESA-listed species and the need to
share fish among several investigators, only heamte available for sampling. The size
class and weight class of hatchery fish chosethisrstudy were selected due to their
similar size to YOY wild fish sampled in the Sotdtbrk John Day River basin research

site.

RNA Extraction

RNA was extracted from brain and gill tissue bysditing samples in the lab
from frozen heads. Each frozen sample was hompgeémn Trizol reagent and the RNA
was extracted following the following the manufaeta protocol (Invitrogen, Carlsbad,

CA, USA.). Care was taken to ensure that the éisslid not thaw prior to being
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submerged in Trizol reagent. Total RNA concentraaind RNA purity were quantified
using a Tecan Infinite 200 Pro Nanoquant plateee@dannedorf, Switzerland). RNA
integrity was also verified by runninguly of total RNA on a 1% agarose gel. All
samples exhibited clear ribosomal RNA bands anmdeas of high molecular weight

RNA.

Microarray Probe Preparation
Differences in gene expression were quantifiedgiamAgilent 44K
oligonucleotide array developed for Atlantic Salm8almo salarand commonly used to

profile gene expression in salmonid fishesv{v.agilent.com Release Date 06/08).

Probes were generated for each sample using 2060total RNA and the Agilent One-
color spike mix kit according to the manufacturenstructions. This kit provides 10
positive controls that act as quality control floe amplification and labeling steps
preceding hybridization. Cyanine 3-CTP (Cy3) latgidye was incorporated directly
into the cRNA during the amplification processudtiesecently-labeled cRNA was then
purified using RNeasy Minispin columns Qiagen (Vala, CA, USA) following the
Qiagen protocol. Purified cRNA was eluted intoref volume of 3Qul RNAase-free
H,0. cRNA yield was determined by measuring absaréat 260 nm and labeling
efficiency was calculated from total yield and t&@@g3 fluorescence (550/570 nm
excitation/emission) according to Agilent’s prottecasing a Tecan Infinite Pro

Nanoquant plate reader. Fluorescent-labeled pntibsamplification yields greater
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than 1.65.g with specific activity greater than 6.0 pmol Gy@CcRNA were used for

microarray hybridizations.

Microarray Hybridization

cRNA samples were hybridized following Agilent’skimdization protocols. 1.65
ug of cRNA was processed with 25x fragmentation dxutib fragment the cRNA into
optimal sizes for hybridization. Each sample wagiihented for exactly 30 min at
60.0°C. Samples were then hybridized to the Agiex 44k oligonucleotide

microarrays using the Agilent SureHyb chamber a®®5 for 17 hrs.

Microarray Analysis

Each microarray was scanned using a Molecular @s\igunnyville, CA, USA)
Axon GenePix 4000B Microarray scanner aind resolution with an average of two
scans per line. Images were acquired using the aniop GenePix Pro 7 software.
Images were then analyzed using Agilent FeatureaEtdr software following the
software manufacture’s protocols (version 9.5.3B)tracted data was exported to
Agilent Genespring GX software (Ver 10) for expressanalysis. Quality control
analysis was performed on the results for all ldibations, and one gill sample had to be
excluded from analysis based on not meeting minimtandards. Genes that were
differentially expressed in resident vs. anadronidesistory variants were identified
using a one-way ANOVA and the Benjamin Hochberg FfdRection for multiple

comparisons (total p<0.05). Further filtering loé tdata analysis by fold-change in gene
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expression was sometimes performed to highlighegevith high levels of gene
expression variation. A clustering analysis wasgquemed on the genes found to be
differentially expressed using non-averaged sangoesa hierarchical clustering
algorithm with a Pearson centered distance metwdcaacentroid linkage rule. Clusters
were based on both entities and condition (i.eegeobe and stock). Venn diagrams
were constructed using the entity lists generataah the one-way ANOVA statistical

test comparing differentially expressed genes ih hissue types. Genes differentially
expressed in both tissue types were deemed caadifdahistory markers. The full
sequence for each candidate life history markerdeamloaded from GenBank using the
nucleotide Blast tool (http://blast.ncbi.nlm.nihvgousing the accession numbers for each

maker found in the microarray annotation file po®d by Agilent.

Quantitative Real-time Polymerase Chain Reaction (QPCR)

Microarray data were validated using gPCR for psai@t appeared to be
possible markers for life history variation@ mykiss PCR primers were designed
using the National Center for Biotechnology Infotioa Primer-Blast website
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/a®ed on the accession number for
each probe found in the AgileSt Salamicroarray annotation file. Information about
each primer set is shown in Tables 1-9. Primergwelected for product lengths
between 75 and 150 bp. Optimal annealing tempes(Iable 10) were calculated
using New England Biolabs (Ipswich, MA, USA) Tm @akator

(http://www.neb.com/nebecomm/tech_reference/tmdafelilt.asp#.T-1WprVDx8G)
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which accounts for the annealing temperaturesdoh éendividual primer set within the
buffers and reagents associated with their PCRyasSiagle-stranded cDNA was
synthesized using the Thermo Scientific Fermer@&sn Burnie, Maryland) first strand
cDNA synthesis kit according to the manufacturer&ructions. Standard PCR
reactions were performed using New England Biotabgents on each primer set to
optimize reaction protocols. PCR product purity whecked electrophoretically on a 2%
agarose gel. Finalized PCR programs used for gi2aRtification of each probe are
reported in Tables 2 and 3. qPCR reactions waer@nua Bio-Rad (Hercules, CA, USA)
MiniOpticon real time PCR System using QuantiTe¢B& green PCR Master mix
(Qiagen — Catalog#204143). Data were collected@ndlues were calculated with the
companion Opticon Monitor software (version 3.1.38e Figures 13-21). Comparative
guantification was used using thaC; method (Invitrogen, 2012). (Fold Change =
exSamplé© 5P Normalizef' N°™) (See Table 10) usirfyactin as the reference for

each comparison.
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RESULTS

Gene expression patterns of hatchery stocks

Microarray analysis revealed 154 sequences diftelgnexpressed in the brain
tissue and 137 sequences differentially expressgdltissue between hatchery rainbow
trout stocks and hatchery-reared wild steelheatkstoHeat maps generated from the
hierarchical clustering analysis of differentiaiypressed sequences illustrate a clear
relationship between gene expression and stockageen in Figures 2 and 3. Of the
15 differentially expressed sequences common kaugd brain tissues (Fig 4 and 5), 8
sequences had known accession numbers and fubiseegiwere obtained from
GenBank (Table 1). These 8 sequences were chegartative life history markers for
resident versus anadromous life history varianté@Y O. mykiss Three of the eight
life history markers are known genes, proteasorbarstibeta type-9b, cd83 protein, and
duodenase-1 (Table 1). Little is known aboutrtile these genes have on alternate life
history pathways but it is clear from the microgrdata that the genes are alternately
expressed between the two different life histopess Gene Ontology interrogation of
the data resulted in no enrichment of differenfiakpressed genes for any specific
pathway. However, this negative result is likelyednainly to the limited annotation of

the S. salargenome and associated microarray probes reprelsentde microarray.
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Quantitative real-time PCR Validation

Primer sets for each accession number resultedrified PCR protocols that
yielded single products of the appropriate sizeb{[@®2-10) as verified on 2% agarose
gels. These verified PCR protocols were then tisedlidate the microarray data using
gPCR for each gene expression marker. The Rdsulisese gPCR runs are presented
in Fig 7-15)

There was a significant positive correlation betwtde gPCR and microarray
expression data for all eight markers. (r = 0.72,(p001; Fig 16). These data validate
the microarray gene expression data generatedsistidy by demonstrating a direct
correlation between gPCR data and microarray daseen in Figure 16. Linear
regression analysis yields a slope close to 1dgesting a nearly 1:1 relationship
between the two methods of determining gene exiore¢slope = 0.93 0.24, p < 0.002).

The most significant differentially expressed marikeboth brain and gill tissue
was marker BT045730. For this marker, microarmeglysis yielded a 8.02-fold up
regulation in rainbow trout brain, while gPCR arsadyusing ¢values yielded a 16.28-
fold up regulation in the same sample. For theesararker in gill tissue the microarray
analysis yielded an 8.40-fold up regulation, wigRCR yielded a 14.27-fold up
regulation. Thus, the microarray and gPCR resuksconsistent in both direction and
magnitude of differential expression. These datcate with some certainty that these
markers were differentially expressed betweenwlelife history stocks reared under

identical hatchery conditions.
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Microarray analysis of gene expression in wild fish

The microarray analysis comparing LMC, BCC, MRHRMBHS in brain tissue
revealed 154 differentially expressed genes (BigFr gill tissue, 137 genes were
differentially expressed (Fig. 2). Cluster anadysn these differentially expressed
sequences in brain and gill tissue sampled froraaatiple locations (MRHS vs. MRHR
vs. LMC vs. BCC) reveal expression patterns thatuaique in wild compared to
hatchery fish suggesting a large component of idiffeeal gene expression due to
environmental an ecological differences betweemntiflee and hatchery stocks. (Fig. 2-3).
However, despite all of this variation, two of #ight potential life history markers
identified as differentially expressed in hatchsigcks were also differentially expressed

in the wild fish. These two markers’ accession narslare: BT045730, and BT047975.
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DISCUSSION

The complexity of life history variants observeceixtant populations d.
mykissare very likely the result of selective pressuhed vary over time and in intensity
alternately favoring increased survival in marimel &reshwater environments. Thus, the
life history matrix of these fish remains flexildad able to adapt to favorable ocean or
freshwater conditions. While this is clearly ob&stionary advantage, it almost certainly
adds layers of complexity to the natural fluctuasian population size that are observed
even in wild and undisturbed populations of fislhen human manipulations of
populations and degradation of the environmentli@shwater and marine) are added
to the mix, determining the causes behind populadieclines and expansions can be very
difficult. In addition, without knowledge of theneironmental factors that regulate life
history decisions and the molecular pathways tretlered in resident versus
anadromous variants, it is extremely difficult tegict changes in fish health or
abundance over time and in response to changhs environment. Thus, as a first step
towards identifying the molecular pathways thatiaw@lved in determining life history
variation inO. mykisd have used gene expression analysis to idengifieg that are
differentially expressed in stocks of fish that enewn to be primarily resident or
anadromous, but were reared under identical camditi This “common garden”
experimental design provides the best conditiongdfentifying genes that are
differentially expressed due to life history trdag@y, and not local environmental

conditions. It is our hope that these genes velubeful for two distinct purposes — first,
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of empirical value, and second, for the practicdle for the management of threatened
populations. First, | hope to identify the moleaybathways that regulate life history
trajectories in this species, and the window ofedi@ment in which life history
trajectory is determined. This information will evaluable in understanding how
environmental and genetic factors work togethetettermine complex life history
decisions. Second, it is hoped that the life nystoarkers identified in this gene
expression study could be used to develop molecudakers that can predict life history
trajectory using a non-lethal sampling protocobre-smolting juveniles from both wild
populations and hatchery stocks. This informatian be used to determine areas where
resident and anadromous variants are highly sukedesshich is information sorely
needed in preparing management strategies forqtiregeendangered populations of
anadromou®. mykissn the Columbia River Basin.

There are many factors that have been identifiadfgencing life history
decisions iM. mykissand other populations of salmonids but the threkehy accepted
indicators of life history are growth-rate (Hutcggand Jones, 1998), (Metcalfe et al.,
1999) movement/migration (Beckman et al., 1998) surdival (Holtby et al., 1990).
These three indicators are interdependent and oatmin an individual’s “decision” to
mature in freshwater (resident fish) or migrated¢a (anadromous fish). These factors
can be measured over long periods of time. Howelkese indicators are all large-scale
traits that integrate changes in many physiologgatems, and likely represent the
downstream effects of the actual mechanistic catlsgsirive the changes associated

with life history variation. In this thesis, | arg that gene expression changes prior to the
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expression of the above mentioned life historygathbrs and that by focusing on the role
that these genes play in regulating cellular amgguwismal physiology, we can not only
quickly and easily identify a juvenil®. mykiss’dikely life history in a very short period
of time, but we can also ultimately understand laod perhaps why the life history
decision has been made.
In this study over 150 genes have been identthatiare differentially

expressed in resident versus anadromous hatcloakssdfO. mykiss Of the 8
identified sequences selected as putative lif@tysnharkers in hatchery stocks, several
of these sequences are also differently expressseebn South Fork John Day River
sample sites. At this point, there is no cohesteey that can be told based on the genes
that have been identified. This is not a failureéhaf methodologies used, but rather is a
symptom of our general lack of knowledge of gemecfion for the genes that are
differentially expressed. The major focus of thisdy was to primarily identify genes
associated with alternate life histories in juve@l mykisdut preliminary research
shows the functions of the eight identified lifstory genes in this study are, at this point,
poorly understood. However, the association witke major physiologic processes
(proteasome activity, metabolism, digestion and imenresponse) has been established
for all but one of these markers (Accession # EG833.

Markers NM_001123714, BT047975 and BT058447 haes Istiown associated
with proteasome function (Murray et al., 1999). 080202, BT045730, NM_001141601
have been shown to be associated with metabolisthsgecifically markers BT050202

(gene ID/name: ddnl, Duodenase-1) is a proteasshwias both trypsin-like and
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chymotrypsin-like activities (Pletnev et al., 200@inally, BT045799 (GenelD/name:
CD83, CD83 Protein) have been shown to be involmechmune response. Specifically
CD83 is a protein in the family of immunoglobuliaperfamily of receptors. It is

thought to be involved in the regulation of antiggasentation and may also be involved
in binding to dendritic cells to inhibit the celsaturation (Chen et al., 2011). How
these genes affect life history decision®©imtmykissare unknown at this point.

Additional studies will be required to better enstand the role these genes have
in life history decisions. Many of the other 156ngs that are differentially expressed are
also of unknown identity and or function. It widlke many years to identify and
determine the function of these genes, and hopeditiér a great deal of effort we will be
able to reconstruct a mechanistic picture of théemdar differences between a fish that
expresses as a resident or anadromous life higeoignt. These genes are the first clues
to unraveling a likely complex interaction of gemeression that leads to the differences
in cellular and organismal traits we associate Wwith life history variants.

From a practical perspective, these differentiakpressed genes represent
putative biomarkers for anadromous and residemti$tory variants oD. mykissn the
two hatchery populations in this study. Importantthese markers are expressed far prior
to the morphological and physiological changes #natassociated with smoltification.
Identifying these markers in non-lethal tissue wlaulake it possible to use them to
identify life history trajectory in YOY wildD. mykisgopulations. This will make
possible the ability to look for changes in theaaf anadromous to resident forms in

specific stream reaches and in response to spatiéi@tions in the environment, such as
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fluctuations in temperature or changes in fish dgnfood quality and availability.
These life history markers may also play an impdrtale for conservation managers
when evaluating habitat restoration projects. hifgory markers could allow fish to be
examined soon after these events which will mineiass of the signal due to migration
of fish out of an area, and it will allow a greatieral of certainty to be developed as to
cause and effect relationships in migratory deosioy individual fish. In the future we
may not have to wait for fish to smolt and migrat@rder to determine the effects of
habitat alterations on the ratio of anadromoususgerssident forms.

The expression analysis of the two Mossy Rock Hatcktocks (rainbow
trout/steelhead) demonstrate there is an expretsienhdifference between these two
long establish hatchery stocks. Microarray dath@PCR data are closely correlated and
both support the same conclusion of differentigdregsion in the two stocks.

From a hatchery perspective the ability to identiifg life history of juvenile fish
prior to their release into local rivers and strearould alleviate many of the problems
associated with residual and stray fish. The comgarden conditions of Mossy Rock
hatchery would be an ideal place to test whethesdtanadromy markers do fully predict
a juvenileO. mykisdife history. Expression analysis of these maslayuld be
performed on fin clips that are produced as a nbpas of the PIT-tagging efforts
throughout the Columbia River basin. The migrabbthese fish could then be easily
tracked through existing PIT tag monitoring stasiat all major dams and by placing

new PIT tag monitoring stations at strategic sstlesg the fish’s migration route. These
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data could be used to validate the identified geqpression markers in fish released into
natural waterways.

The sample size of this study is relatively low avas limited by the need to
lethally sample an ESA listed population of fisthe future application of these markers
for the management of wild populations will requadditional studies to not only
validate the results found in this study in brogagpulations oD. mykissbut also to
validate that these markers can be identified mlethal tissue samples. Preliminary
data suggested at least one of the identifiechigeory markers (BT045730) is expressed
and can be quantified in a non-lethal tissue sarfiplelip). The ability to use fin-clips
to identify future migratory behavior could provilggher resolution data on specific
reaches of stream systems and provide informatdmosv management practices are
affecting the ratio of anadromous and resident fooff©. mykiss It would provide a
powerful tool to help in habitat restoration moning of ESA and non-ESA population
of O. mykiss

Migration behavior ir0. mykisfrom the South Fork John Day River basin has
been monitored using Passive Integrated TranspsiB€r) Tags (Tattam, 2006). This
study, although limited in scope and sample simstilated differing ratios of migrant and
resident juvenil®. mykissn stream systems within the basin. In the futiureould be
fantastic to compare the anadromous/resident rixtos tributaries with known
differences in migration bias with the putative g@xpression markers identified in this
study. Non-lethal sampling and PIT tagging ofrgéanumber of individuals in a natural

setting such as this would be an excellent wayatwate the life history markers from
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this study. In fact, this is the logical next stegvaluating the effectiveness of these
markers.

The ability to identify what life history strateggnadromous or resident) young
of the yealO. mykissare expressing before there are morphologicatdiffces between
individual fish has never been achieved. Thistadhe first to identify life history
markers present in multiple tissues types that beayseful tools for understanding the
mechanisms that induce life history variation, &l &s a way to evaluate life history
variation in this species. Further research isiogithese markers for verification via
non-lethal sampling (blood samples or fin clipsjhis next logical step in furthering this
research. In addition, evaluating how early in demment these differences in gene
expression can be traced will help better undedstiae timing of the decision to follow a

specific life history trajectory.
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Figure 1. Map of the South Fork John Day Sample Locations
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Figure 2. Heat Map of differentially expressed gemin gill tissue between hatchery rainbow trout

and steelhead stocks.

Cluster analysis (Pearson’s Centered) of all gdiféerentially expressed in gill tissues betweeniyg-
of-the-year hatchery steelhead (MRHS) and hatctenpow trout (MRHR) stocks. There were 137
differentially expressed genes identified usingst$ and the Benjamini-Hochberg correction for iplat
comparisons (total p<0.05).

Legend - Hierarchical Combined Tree on SampleLOC (Mon-averaged)
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Figure 3. Heat Map of differentially expressed gemin brain tissue between
hatchery rainbow trout and steelhead stocks.Cluster analysis (Pearson’s centered)
of all genes differentially expressed in brainus$etween young-of-the-year hatchery
steelhead (MRHS) and hatchery rainbow trout (MRHREks. There were 154
differentially expressed genes identified usingst$ and the Benjamini-Hochberg
correction for multiple comparisons (total p<0.05).

Legend - Hierarchical Combined Tree on Stock (Mon-averaged)
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Figure 4. Venn diagram of genes differentially expressed igill and brain tissue
from young-of-the-year Mossy Rock Hatchery stocs.

(MRHS: Mossy Rock Hatchery steelhead, MRHR: MosegkRRHatchery rainbon
Trout). 15 genes were differentially expressedath brain and gill tissues and he
been chosen as putative life history markers fadammous versus resident forms
O. mykiss
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Figures 5. Heat map of gene expression for the 15 putative défhistory markers
identified from the Mossy Rock Hatchery analysis.

In this heat map of expression levels for the 1&pe gene expression markers for
alternative life history trajectories common totbbtain (Figure 4) and gill tissues in
MRHR (RT) and MRHS (SH) stocks.
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Figure 6. Graph and correlations analysis of gPCR and microaray gene
expression data for the 8 selected life history mé&ers.

A comparison of log2 fold change in gene expressging a microarray gene
expression analysis and qPCR. A Pearson’s caoelahalysis was done comparing
gqPCR and Microarray data resulting in a significdmalue of 0.7119
(p-value<0.0010) These data verify the validitytted microarray gene expression for
the life history markers selected for all but on&rker in one tissue (NM_0023714, in
brain tissue). Linear regression modeling produecstbpe value of 0.92630.2442
and an T value of 0.5069 (p-value<0.0020
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Legend - Hierarchical Combined Tree on SampleLOC (Non-averaged)

— B ... Figure 7. Heat map diagram comparing gene expression in

W @m0 B gill tissues from South Fork John Day River basinamples
SampleLOC sites and Mossy Rock Hatchery Samples.
m BCC This heat map diagram compares gene expressigitt fissue
e from MRHS, MRHR, LMC and BCC. All samples were
references to MRHS (the control wild origin hatghKalama
W TR steelhead stock). There were 375 differentiallyrezsed genes
B MRHS identified using t-tests and the Benjamini-Hochbewgection

for multiple comparisons (total p<0.05). Two oét8 life
history markers identified in hatchery samples were
differentially expressed in this analysis
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m 0 g 8 brain tissues from South Fork John Day River basin
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38



Figure 9.gPCR data for primer set BT045799
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Figure 10. gPCRdata for primer set BT045730
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Figure 11.qPCR data for primer set BT050202
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Figure 12.qPCR data for primer set EG823395
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Figure 13.qPCR data for primer set BT047975
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Figure 14.qPCR data for primer sei 3 -Actin

K1G-K8G K9G-K16G
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Figure 15.qPCR data for primer set BT058447
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Figure 16.qPCR data for primer setNM_0023714
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Figure 17.qPCR data for primer set NM_001141601
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ProbelD PrimaryAccession |GeneSymbol |GeneName Description

Salmo salar proteasome subunit beta type-9b

A_05_P459622 |NM_001123714 psmb9-b proteasome subunit beta type
(psmb9-b), mRNA [NM_001123714]

Salmo salar clone ssal-rgf-529-363 Serine
A_05_P452267 |BT045730 incorporator 1 putative mRNA, complete cds
[BT045730]

Salmo salar clone Contig835 Proteasome subunit
A_05_P310042 |BT058447 beta type-8 precursor putative mRNA, complete cds
[BT058447]

EST_ssal_evd_25036 ssalevd thymus Salmo salar
cDNA Salmo salar cDNA clone

A_05_P357297 |EG823395
- - ssal_evd_532_214 fwd 3', mRNA sequence

[EG823395]
A_05_P260975 |BT045799 ds3 cd83 protein Salmo salar clohe ssal-rgf-531-267 CD83 antigen
precursor putative mRNA, complete cds [BT045799]
A_05_P358337 |NM_001141601 |ddn1 Duodenase-1 salmo salar Duodenase-1 (ddn1), mRNA

[NM_001141601]

Salmo salar clone ssal-eve-542-161 Proteasome
A_05_P417167 |BT047975 subunit beta type-7 precursor putative mRNA,
complete cds [BT047975]

Salmo salar clone ssal-eve-515-010 Carbonyl
A_05_P272269 |BT050202 reductase 1 putative mRNA, complete cds
[BT050202]

Table 1. Eight putative life history markers identified in the Mossy Rock Hatchery
gene analysis study.Of the 15 putative life history markers identifias differentially
expressed in both brain and gill tissue 8 are des#iList of the identities and Genbank
accession information for these 8 genetic markexdisted above.
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Table 2. Life history marker information: BT045730
Accession Number: BT045730

Agilent Probe ID: A_05_P452267
Gene ID: N/A
Protocol: 1: 30sec@940; 35: 30sec@94IC, 30sec@68.%C
Primer Forward5-GAAGACGGCGAGAACCGGGC
Primer Reverse5'-TCATAGCTGGCGTCGGGGCT
Product Length: 143bp

Full Sequence

agat cgt aaa
acaccat ggg
gcact gcccc
gacttatcta
cagggat gga
caat cccagg
accgcgtctg
t caagagt ag
ct gct gcgac
tttggttcta
tgattgactt
ctcgctgetg
t gt ct ct ggt
ccttcat cac
agatt cagga
ccat gt at ct
t gct gggt at
agt ggt ggga
caagcat ccg
ct gcact gat
gggccgt gga
tcttcctgge
gct at gagac
tctgcattge
tcgact gatg
tcaaattgta
ttgtttttaa
ttatcctatt
t cgct ggggce
tcttcctcaa
aaaat gggt a
tgcagggttc
tttgcat gat
ttttcagaat
ttaagtttta
tactgat gtt
at t aagt gt t
atagtttgcc
aaaaaaaaag

cagacgagaa
ggccgttctt
ctgcctgcetg
tgccttcttc
agagcaactc
t gt ggagggt
ctttggcatg
ccaggat cct
tgccattacc
cat aggaat g
t gcccact cc
gt at gcagct
catgttctac
t gt caacat g
gt cccagcca
cacct ggt ct
cattggcctc
t gcccagggce
caact cctcc
t gaggat ggc
caacgagaag
ctccctctac
aat gaccagc
cctgtatgtg
agct aaagaa
t aaggt gaac
caaact gcat
gcacaattta
tt ggggagat
ct gt aat cgg
agactgcttt
cagat attag
att at aggct
at ct gccccg
tgtaccttgt
caaacagt gg
t ct agcagac
tttcgatatg
a

gcat ccat at
ggact gt gct
t gcagat gct
ctccttctgg
aagaagattc
cat gt gaact
gccatgttct
agagct gcag
gt cggt gcat
gct ggagcett
t ggaat gagt
ctgctgtctg
gtctactaca
ctgctgtgtg
aggt ccgggt
gccat gacca
aacaacacca
at t gt ggggc
aacacccaag
ccccaccctg
gacggagt ca
at cat gat ga
aagt ggccct
t ggaccct gg
tt agaaggga
aagctctgtg
gcat gcaagt
aagaat gagg
ggt cagt gga
ttctggatag
gtttatgcta
ct aacatt at
aat ct acaat
att gct aacc
gttacttatt
ataagttatt
aagat acat g
tattaaagtg

ttcttccecgg
ccat ggcgag
gccccagt gg
gt gt gggcat
caggattctg
gtgatgtctt
tcctgetctt
t acacaacgg
tcttcattcc
tttgcttcat
cct gggt gga
ct acaaccat
cccacact ga
t gggagcct ¢
tgct gcagtc
at gagccaga
ccccagcet gg
tggtcctgtt
t gaacaaact
agaactttga
cctacagcta
ccctcaccaa
ct gt gt gggt
ct gcaccact
gcgcaat cat
tgtgtattcc
att gagt aca
attacttatg
cat gt ggt ca
gacatt caga
cactttcctt
cctaggttca
cat gcaaat c
tgcacatctt
atttgcacta
tt gt agat gc
t cagaaaat g
cat t gcaaac

49

agaagt cgt a
ttggatcccc
gaat aact cc
cgcat gcatc
t gat ggggga
ggt cggct ac
ctccctcatt
gttttggttc
agagggt gcc
cct gat ccag
gaaaat ggag
caact acatc
t ggct gcact
agttatgtcc
atccattgtg
caggaaat gc
caaggaccat
cct gat gt gt
gact ct gacc
cgt ggaagac
ctccttcttc
ct ggt acagc
gaagat ct cc
ggtcctggtc
ttgctcatga
ct gt ggat aa
tatgtgttat
cagagtt cgg
gt t aat gaag
aagaact gtt
cacttt aagt
t aagt gagca
ttaatgttge
gt aat agct c
gttatcttct
tttagcat aa
t caact ccca
cat aaaaaaa

ttt cagaaaa
tgcctgtgtg
act gt caccc
at gct aat gc
at gggt acat
aaggct gt gt
at ggt caagg
ttcaagtttg
tt cacaactg
ctggtccttc
gagggcaact
ctgtcccttg
gagaacaagg
at cct gccac
actct gt aca
aacccaagct
cctgttgttc
gttctat act
agt gat gagt
ggcgagaacc
cacttcatgc
cccgacgceca
t ccagct gga
aat cgagact
tt gt gact at
cccacccttt
ccactgtgtt
gt t gt aaagg
ggagaagcac
aatttgttac
at agaggaag
tgatttacca
tgtgatttce
aaat aagacc
aaaggt aaaa
tttaaggt gt
tttctccaga
aaaaaaaaaa



Table 3. Life history marker information: NM_001123714

Accession Number: NM_001123714

Agilent Probe ID: A_05_P459622
Gene Symbol: psmb9-b
Gene Name: proteasome subunit beta type-9b
Protocol: 1: 30sec@94°C; 33: 30sec@94 T, 30sec@58.%C, 30sec@72.tC
Primer Forward: 5-TGAGGCGTCGTTTGGTGTTTTCT
Primer Reverse: 5-CTGTGCAGTCCGCACGGTGT

Product Length: 82bp

Full Sequence:

ggctccttgc
aat cgtt cgt
gcgttgaatc
ccacaaaact
aagaagt aaa
gctctgactc
ctctcctcca
t cgct gagat
aagttcgttc
cagcacat ct
t gaat ggcct
at gggt t t gt
tt gt caacac
tt gt cact at
ctttttatga
t gaaacagt g
ggat at agaa
tacacat gcc
at agccaggg
ccttggat aa

t caaat at at
gtatgtccta
attaggcttc
aaagtgcttc
aact gggacc
t cgagt gt ct
t gacaagat c
ggt caact ac
agct gccact
cattgttgcc
gttgtccaga
t gat gcagag
actttcattg
t gat gaaaag
t cagt gaaaa
agt ggacat a
tgtttggata
attttcaaaa
acct caggct
aa

ttaagagttg
aat gaggcgt
t cacacaccg
aatatgttag
accatcattg
gct ggggaga
tact gcgccc
cagct ggat g
ct ggt gaaaa
gggt gggaca
caaccctttg
t accggaagg
gccat gagtc
ggt gcagagg
ctgggttgtg
tggccacctt

ggggt at gaa
ttgttatgcc

ggactgtgtc

attcttaata
cgtttggt gt
t gcggact gc
aagaatcatc
ctattgagtt
ct gt ggt gaa
t gt caggctc
t gcacagcat
acatctccta
agagaggagg
cggt cggggg
ccat gagcaa
gagatggttc
agaaat gcat
aaaacagt aa
acgaacaaac
t cat gct ggc
ctctgttgaa

tt cgggt gat

50

caacagt aca
tttctttttc
acaggt at ca
agagccaggg
t gat ggaggt
ccgggt gat g
ggct gcagac
t gaggtt gga
caagt acaaa
gggacaggt g
ct ccggaagc
agaggact gc
cagcggaggt
cct gggcaac
caat gaggtt
agtactatta
acaat gt caa
aacaact gat
t cacaagt aa

gt t gaat agt
ttttcatttc
acgcgaccag
t ggct at ccg
gt ggt gct gg
aacaagct ct
gcccagacca
gaggat cctc
gaagagct gt
t at gt gaccc
gcct acgt ct
caacagtttg
gt ggcct acc
gagttgccca
gtcgtagtta
aat ct acaca
at attctcac
tttattttgg
attaaacttt



Table 4. Life history marker information: BT050202
Accession Number: BT050202
Agilent Probe ID: A_ 05 P272269
Gene ID: N/A
Protocol: 1: 30sec@95°C; 35: 30sec@95C, 30sec@68.tC
Primer Forward: 5'-CCGCTGCAGCCCTGAACTCC
Primer Reverse: 5-CTGCCTGGGCCTCCTGGACA
Product Length: 101bp

Full Sequence

gggggaat gt
ccagttctgt

aagttgcact
gcaagcaat t
ct gt ggagag
acccagaaag
tgctcattaa
aagct gaggt
t ccccat cat
ccct gaaccg
aggagct ggt
aggggggct g
ggat ccat gc
gct gcccggg
agggt gccat
gacagtttgt
gtgtattctg
t gcact gt at
acaaaaat gt
tttttcaggt
caacatttta
atagttttgc
att aaaat ca

t acggaagcc
aacaat act g
ggt gact ggt
caat ggggat
cctgaattct
t gt gcgcgceg
caat gct ggg
gact ct caaa
caaaccagga
ct gcagccct
ggggct gat g
gcccgacaca
ccgcaagct g
ct gggt gagg
cacccccgtt
gat ggacaag
gaggggttta
acatt ggaaa
gt aaacccag
caat ggaat t
caagct gaac
ctgttatttt
tttagttaat

agcaagt agc
tt cgacacgt
t ccaat aagg
gttttcctca
gaagggct ga
gcccgagat t
attgccttta
act aacttct
gggagggt gg
gaact ccagg
gagagatttg
gcctacggt g
gggcat gaga
accgat at gg
tacct ggccc
aaggt ccatc
cagagt ct gg
ggacaacat c
gtgtattttt
aaccatgttt
ttattttcac
ggcatt gt gt
aaagct gcat

ct gaagcgt g
caagagt acc
ggattggatt
gt agccggga
aacccctctt
tcttcaatga
aaaacgct ga
tt gccacaag
t gaacgt gtc
ccecggttccg
t ccaggaggc
t gt ccaaaac
gaccagct ga
ct gggcccaa
tgcttcctge
cgt ggt gagg
ctgttcttat
acaggaaaat
gt gggt t t at
ttagcaccta
acaat caggt
cacat at cag
ac

51

t caacct cag
cccact gt aa
tgcaattgtg
t gct ggccgt
ccaacagctt
gaaat at ggt
tact acaccc
agacat gt gc
tagtgttatg
cagcaat gac
ccaggcaggg
aggcct cacc
tcagatcctt
cgccaccaag

gggggct ggg
attaggtttt

ct gt gggaat
t caggaat gt
ccaat ct cac
t gt at gat at

ggggct ct gt
tttgcaaaca

tggttt gaag
agt at gccaa
cggtcgettt

ggaacagcgg
gacat caacg

ggccttgatg
tttggaaccc
aatgagtttc
agct ccat cg
at cacagagg
gcgcact ccc
gtgctctcca
ct gaat gcgt
t cacct gacg
gagccgcagg
t gagt aat gt
gagggt t aaa
tgattttggt
tct aat agtg
tgtatttatt
tt agcaaaaa
atgtaatttc



Table 5. Life history marker information: BT058447
Accession Number: BT058447
Agilent Probe ID: A_05_P310042
Gene ID: N/A
Protocol: 1: 30sec@94.0; 35: 30sec@94.0, 30sec@56.0
Primer Forward: 5-GACAGCGGCTACCGATATGA
Primer Reverse: 5-AAAAGCGGTGGTACAGGTCG
Product Length: 181bp

Full Sequence

tt ggccagag
at aaacccct
agagt ctt gg
gaacgagcgt
gcggt acccg
ggggt ggat g

cagcat gggg
cagatgttta

gct gccgact
aggaacaagg
aact acagag
cct gggct gt
gggt ct ggt a
gtt ccagaag
tact ct gggg
caagaggat g
gttgtaacta
aagt at at ca
gtcactg

cat ct gcagg
ttctacttgg
ccaaggagt g
cggt ggat aa
ttggagttga
gggt gaagat
t gat ggt ggc
agaaggt gat
gtgtctattg
agaggat ctc
ggat gggt ct
attacgttga
acacct acgc
cctatgattt
gaacagt caa
tt ggcgacct
tattcacagt
aat cat aagg

atcttacgtc
gacaat gt ca
cgggat at ca
agt caat cac
t ccagcagag
t aacct ggag
tgttgactcc
cgagat aaac
ggagagagt ¢
agt at ct gct
ct ccat gggc
t gacaat ggt
ctatggtgtg
ggcacagagg
cat gt at cac
gt accaccgc
cacat caat a
at cat ggggc

agcact caga
ggcagt gct g
gattgggtta
ttcaaattcg
tttcttaggc
cat ggcact a
agagcat ctg
ccctttctac
tt ggccaagg
gcct ct aage
acaat gat at
ct gagact gt
at ggacagcg
gccatctttc
at gagagaga
ttttacaatg
ccat acaat a
cat gaccttc
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tgtttaagaa
ccgact gt gt
aagaggacgg
ct gct cagac
ctctggttga
ctactctggc
caggatctta
tt gggacaat
agt gcaggat
tccttgccaa
gt ggct ggga
gt ggaaacat
gctaccgat a
at gcaacaca
ct ggtt ggat
acaagaagt g
cat cat gaac
tct caggcaa

ggt gat cgag
ctattgggag
att caacgcg
accagagttg
cagt gaagaa
tttcaagttc
cgt cagcact
gt caggcagt
atacaatctg
cat ggt ggtc
caagaagggt
gttctccact
t gacttgtct
cagagat gct
caaagtttct
aat ct ggcce
at agt caaat
ccat at ggca



Table 6. Life history marker information: EG823395
Accession Number: EG823395

Agilent Probe ID: A_05_P357297
Gene ID: N/A
Protocol: 1: 30sec@94.0; 35: 30sec@94.0, 30sec@30sec@72.0
Primer Forward: 5'-AAGACGGAATCTGGGAGTGG
Primer Reverse: 5-AATGGGTCTGATGCCGTCTG
Product Length: 123bp

Full Sequence

ggggacttca
cttgtagaca
acat ct ggca
gcccagcaga
t aggt gaaca
agaaaggccc
aggt at t agg
agcaat gggt
atttaagaag
cat aacact a
gt gt gt t gag
tgctattcca
ct aaat gt aa
gtttttgttt

t gaagt acaa
ttcaactcca
tctcat ggga
ggaggtatta
ccttgacaag
agcagaggag
t gaacacctt
gcagat gat g
aat gt ct gga
tttaaaccta
at ct cacaga
aaat act ggg
ttccctatct
ctatttgtaa

cttggcctca
aat ccccgac
agt cgat gt t
ggt gaacacc
aaaggcccag
gtattaggtg
ggcaagaaag
ttattataaa
ttggtacata
cct att ggat
cggcat caga
t gt gt gaaaa
tatagagttg
ctacattgaa

catcgctata
t caacaggca
gaaaagat ga
tt gacaagaa
cagaggaggt
aacaccttgg
gcccagcaga
cagcagagaa
t aaaaaagac
ggaaggggaa
cccatt gaag
accgttcacc
aactggtttt
aga

53

aaacgt cagc
gggcacccct
t gaacacctt
aggccct gca
att aggt gaa
caagaaaggc
ggaggt caga
gagcagat at
ggaat ct ggg
ccaaat aaca
agt t ggaagt
ccgtagtcta
ccctgtgtta

tgtatctcca
aaagggagt a
ggcaagaaag
gaggaggt at
caccttggca
ccagcagagg
aggcat gcag
ttat ccat gg
agt ggat t gg
t gcat gacga
ttgcaccatg
att at aat ag
ggct gaacct



Table 7. Life history marker information: BT045799
Accession Number: BT045799
Agilent Probe ID: A_05 P260975
Gene Symbol: cd83
Gene Name: cd83 protein
Protocol: 1: 30sec@94.0; 30: 30sec@94.0, 30sec@57.0
Primer Forward: 5'-CGTCTGCATTCTAGCTGCCT
Primer Reverse: 5-AGCTTGTACCACCTCACTGC
Product Length: 153bp

Full Sequence

t ct cgat cat
tctagctgcc
aatttgtgga
ccgggeagt g
gat gaagagg
ggaacttttg
cgggaggt ac
t cacct caga
cctagttctt
cat cct aagg
tgcacccctt
acagggttcc
t gt gaagagc
acgct gacca
tgttattcaa
gct ct aaaat
tt cagagcat
gttggtggtg
act gacggag
t gt cagagt a
caggagaaga
gatgtttagg
cagt caaaca
ctgcagcatt
ct aagcccca
gat gaggggt
tt gagt caac
cagaact gat
attgattcaa
aaat ctat ca
gcctt gt aaa

cgtcttcatt
t ccgt gcaat
gaggact caa
aggt ggt aca
ctatcaccta
gctgatgatt
aagtgtctcc
gt gacaggt t
tccattgtgg
aatatgttat
gagaagaaag
at aaaacat g
aaat gcagag
caccgctt gt
caatttcatc
agacgcttta
at acccacat
gt aat gcacc
gagagatt ac
gaggaccttg
gttcaccact
cttttcaaag
gcagt acaaa
cacacgcctg
agat ct aacc
cattctggag
ccagaat tga
cttttagaat
ttgcctccaa
ggtttttaaa
t aaaaaaaaa

gctgtagttc
gt gggct cac
ttctgaaatg
agct aggt ga
aaagcaccac
ctttcgatat
t ggcagcacc
gccttgagtc
ggct t gt gge
t gcaaaggag
atgtaat gtt
tctgtgtgtg
aaagact agg
gttat gtgcg
caaact gctc
tgcgct gcaa
gggt gat t ga
ttaaagttgg
t agaaacaaa
tgtatttcag
agagcagat g
aaat gaaaca
gt caggct ag
t gat gcgcaa
t caat aagga
ggttgctcca
agt cgacatt
tgcctaattc
gcaaaat gaa
at att at cag
aaaaaaaaaa

cacaaat at g
acagaat at g
t aaagcaat a
ggagccct ct
cct at ggt ac
cttgctgece
t gt aggagag
t acagaccaa
ggcattgctg
t aagaagt at
gatttacact
agagcct gtt
gcacatttga
t gagt gt ggc
gcgcgceat ca
gtccactttc
aagat gaact
tt gt caaacg
ctaagtttac
gt aaaat aac
gaggcagaca
gaaacagt ag
aacagcagtt
gcagcagggc
gctt caggaa
t ggcaacgt g
gactttgaac
aattcctgta
agt gggettt
caattctgtg
aaaaaaaaaa
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ttttttcaac
cct acccagg
t gt aagcgt g
gat aaggagt
gceggt ct gg
aat gt aacgg
cagaaccagg
t cagaagaaa
at att cacca
ccacaagaac
ccggggecaa
ctgctcattg
agct gagcaa
aaaat aaat g
acgagcgcct
tcccatctcc
gcgat ccaca
ccat at aaag
ccttttatct
aacccaat ac
accct ct ggg
cctacaccgt
ct ccagcaat
ct ggt gaagg
ggggt gcagg
ggggt t aat a
t gggaaat ga
ct gactggt a
ggt gaaaagt
gacacattga
aaaaaaaaaa

tcgtct gcat
aagt gaagt c
gggt ccagt a
ctggtctatt
agcgggaagt
ctgttgatag
aggggcaggt
gggat accat
t cagct at gt
cacttctaga
act ggt ccag
tatacttgaa
cgagtctatc
tacacat acc
gcgt agcaag
tcattgggtt
ctctagccca
t cagaagaag
gt ggat t aat
ttatactttc
tt agaact aa
ttcact cagg
gat t gct cgt
gacccacaat
aat ggcct ac
tcatttacat
cccatgtgta
tt gaaat aaa
aat t ggcaga
aaat aaagaa

ga



Table 8. Life history marker information: NM_001141601

Accession Number: NM_001141601

Agilent Probe ID: A_ 05 P358337
Gene Symbol: ddnl
Gene Name: Duodenase-1
Protocol: 1: 30sec@94.0; 33: 30sec@94.0, 30sec@3Bsec@72.0
Primer Forward: 5'-TGCCTTGCTGCTGGATGGGG

Primer Reverse: 5-TCCCACTGCTTCTGGCAGACC
Product Length: 110bp

Full Sequence:

gggggct gga
ctgttctcct

aaaaagccaa
t ct gt ggagg
gcaact t gag
gat acaat gt
acat cat gct
ggcttccaac
gcact acaac
ttgatct gaa
tcatct gt gc
ctttggtgtg
cctatcccaa
aggt cat caa
tggctattac
tgcattacca

tcatttgaca
gacctatctg
gaggaattcc
attcctgatc
tgttgttctt
ggaacgcaaa
t ct aaagct g
caaggat aaa
aacagacaga
ggt ct gccag
aggt ggat ac
caat ggagag
cgt gcccaat
caagcagt ca
acat aact ga
tgtactgtaa

agccct ccaa
ggacat t cgg
ttgcagt aca
act ccagact
ggt acccaca
t gcaaat cca
t ct aggaaag
gt cct caaac
ccattcgttg
aagcagt ggg
ccgaccaaca
gcagt gggca
gtttacactc
tgttagaatg
tgat att act
gggaaat aaa

acat gcacac
ttgcatttgg
t ggcct ct gt
ttgtgctaac
acat caagat
act cat at ga
tt aaatt aag
ccaacacaaa
acgaacttca
accat gt cga
aaggcacat g
tcgtctcett
agatttccaa
gatactttgt
gattctttag
tgtgttctta
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cat aaacaaa
gggt caaat ¢
gcagaacaat
agct gcacac
gggcct cggg
aaat gt aaag
caaatctgtg
gt gccttget
agt ggt ggat
ctttaatctt
t cagggggat
caacat gaat
gtacttaccc
ttgctgcaaa
tttgctgtta
atcatg

cttctactca
at caat ggga
gagaagcaca
t gt aacaaaa
aaagct gt ca
gat ggt agt g
aaaaaagt ga
gct ggat ggg
gt ggaagcca
cctcccaatg
tctggtggtc
ggaaact gt g
t ggat aaagg
attatgcctt
aact gt ct aa



Table 9. Life history marker information: BT047975
Accession Number: BT047975
Agilent Probe ID: A_05_P417167
Gene Symbol: N/A
Gene Name: N/A
Protocol: 1: 30sec@94.0; 40: 30sec@94.0, 30sec@58.0
Primer Forward: 5-ACGTGTCGTGATGGCAGTAA
Primer Reverse: 5-AATCCCCAAAGCAGCCAAGT
Product Length: 190bp

Full Sequence

gggggagat c
atcttacaat

at acct acat
ctt gagggag
ct agt gt gca
gt ggct gat a
gcagggact g
ttttctatga
atgctattca
accggt aatc
gcaat ggggt
at ggagat gg
gacct gggct
at caggccgt
acaggt acaa
aagacagt cc
ggagacagt c
acct gat aat
t gt gacat aa
aggcct agge

gagaatattg
t gagt gcaaa
cgggatttaa
gacat accaa
aggagggagt
agat gt gt gc
cagcggat ac
acagcggcag
ggt accgggg
acct ct acac
ct ggcgactt
aggaggct aa
caggaaacaa
accaggagt c
cgtctatttt
agcggat gga
acacagaggc
gacaagactt
agat ct t agt

t agt gggt ga

cgacctcgtg
at aacccttt
tttcaagaac
gacact t aag
ggt act ggga
caagat ccac
agagaagacc
gaacccacgt
ccagat aggg
agt ggggccc
ggctgctttg
ggagct ggtc
cat agat atc
agagt acaaa
gacagagaaa
tact gcctga
t aat cacaat
gact act agg
t gaat gaact
aat att gt aa

cgacgt gcaa
t caggt at gg
gt cgccagaa
cct at gaaga
gcagacacgc
tacatctccc
accgacct gc
gt cgt gat gg
gccagt ct aa
t at gggagca
gggat t ct gg
cgggat gcca
tgtgtcatca
gacaagaggc
at agtccctc
acct gaccac
att cagacat
t gacact aca
gt agt cagcg
agt gat t gat
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agggt t gt ag
cgct at caaa
atgttgctct
ct gggaccac
gggccacctc
ccaat atata
tctcctccaa
cagt aaacat
t cct aggagg
t agacaat gt
aggacaggt t
tccact ct gg
ct aaacaggg
ggaagagat a
t ggagct gga
t ct gaaacga
aaaat aaat g
at gcaaagcc
atacattttg
t gaat aaaaa

ggaagt caga
tgttctcgaa
ggagggect g
cat agct gga
cggt gaagt g
ct gct gt ggt
cctcaccatc
act gcaggac
ggt ggact gt
gcaat acctt
caaacct aat
cat cat gagt
ggt ggact ac
caagt at ggc
ggt ggt gcag
cagagaggct
aat acaagac
at aaaat cat
aacaggt aat

gtctacattc tt



C; VALUE BRAIN Beta-Actin BT045799 BT050202 BT058447 NM_001141601 BT047975 NM_0023714 BT045730 EG823395

K1
K2
K3
K4
K5
K6
K7
K8
K9
K10
K11
K12
K13
K14
K15
K16
C; VALUEGill
K1
K2
K3
K4
K5
K6
K7
K8
K9
K10
K11
K12
K13
K14
K15
K16

11.43
11.03
10.99
10.99
11.02
11.24
11.84
11.25
11.22
11.45
11.11
11.21
11.34
11.23
11.83
11.34

11.57
12.11
11.72
11.92
11.68
11.49
11.65
12.25
10.25
10.14
10.15
10.67
10.53
10.92
10.92
10.64

25.49
25.27
26.22
25.45
25.05
25.69
26.11
25.54
19.23
19.27
17.79
19.29
18.35
16.68
18.24
17.67

22.43
23.68
23.54
23.08
23.69
23.50
24.04
24.86
22.43
23.68
23.54
23.08
23.69
23.50
24.04
24.86

21.38
20.46
20.83
15.90
21.10
20.55
20.98
20.74
22.05
21.07
20.05
20.34
21.24
21.74
21.18
21.63

18.56
19.11
18.80
18.47
18.49
18.86
18.45
19.06
16.89
17.24
17.21
17.45
17.43
17.71
17.97
17.45

15.70
14.08
14.11
13.93
14.28
13.80
14.06
14.32
12.75
12.15
11.90
11.50
11.76
13.12
11.57
12.19

23.69
27.28
30.79
29.23
28.62
29.63
31.26
29.52
23.53
22.28
21.97
21.56
21.66
23.71
22.00
22.98

29.36
28.74
29.47
29.60
29.24
28.16
29.09
28.32
26.30
26.60
24.44
25.25
25.30
28.12
25.53
28.58

19.59
19.69
24.40
19.50
20.08
19.30
19.63
20.61
21.16
14.73
13.79
14.00
14.26
14.82
15.09
15.08

23.83
22.14
22.27
22.26
23.20
23.66
22.47
23.71
22.60
21.74
20.79
20.72
21.23
23.26
21.36
22.25

21.79
22.06
21.36
21.23
22.22
22.11
22.08
23.02
18.34
18.05
17.98
17.79
16.91
18.41
17.92
18.02

27.25
25.95
27.55
27.24
23.93
26.12
25.08
25.13
27.08
26.16
26.45
28.29
23.90
22.94
24.28

21.05
21.17
20.68
20.68
20.83
22.95
21.06
22.68
18.85
18.87
19.17
19.04
18.88
18.39
18.75
18.58

27.22
26.97
27.09
27.14
27.22
27.35
27.96
27.60
17.77
17.98
17.97
17.89
18.11
24.17
17.89
23.13

30.02
30.69
30.34
30.35
29.71
30.07
29.96
30.47

11.43
11.54
11.72
11.62
12.19
16.66

25.10
23.46
27.28
26.54
24.70
28.54
27.23
25.48
26.06
25.77
24.37
25.50
24.93
25.10
25.58
25.99

22.43
23.68
23.54
23.08
23.69
23.50
24.04
24.86
24.39
24.60
22.86
24.50
23.57
21.92
23.48
22.93

Table 10. Average Ct values for the 8 life history markers i@ntified in this study
for the Mossy Rock Hatchery samplesThis table contains the average C; values for
the 8 life history markers identified in the Mossy Rock Hatchery Steelhead (MRHS) and

Mossy Rock Hatchery Rainbow Trout(MRHR) compiled from gPCR data for the 8 life

history markers.
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