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Abstract
Considerabl inerest and coniroversy has arisen over the potental effects of seismic

hat itense sound sources, such as sesic aguns, may e the audiory system, Sakmoni

CDNA microarays, recprocal suppression sublracive hybrdzaton lorares and uantiative

chain reacion were used a rosponsive

gone set i the inr car of Alantc saimon (Saimo sala) olowing selsmic aigun exposure.

varay of sound. Ao, ntal

impact of seismic irguns on g

and malecular pathways invoved in hearing, and provide

Kepworcs: sosmic, fsh,ear, microaray, oxprossed soquence tags, genamics
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10 Inroduction

anthropogenic noise n the aquate envionment (Popper 2003; Pogper e al 2004), The most

frequenty clled sources relvant to aquatc organsms are seisic exporion, shppg, sonar

commurnicate (4ue to incroased masking levels) 1o more substantal amporary o parmanant

immodito or celeyod moraly (Popper and Hastings 2009), The extent of blogical damegs.
caused by ncise exposure depends an the inensiy and duraion; conious o eposted
exposure 10 low lvel o can be ust as dermontal as shorerm exposurs o loud tense
Sounds, such as impulso naise (Ward of al, 1981), Which is 8 suddon icrease i sound
prossur.

The intensiy of noise s ndcaled by sound pressure lvel (SPL) and fs measured in
Gockbol (6B SPL) rfarenc relatve o ImicroPascal (4Pa) n watr, the hroshld for hman

hesing in water e “

pei

Whih is he square of the sound pressure level exressad over time (Popper and Hastings,

clo poak

2009), Otmer a . oy

per s0cond) as wel the acoustc particl voocy,

for ol

spocial attenton as ho Nigh-energy source lovels involved havo rised concern ove thoir

environmenta effects and possidle efects on commercial ishing operatons (McCadley of

2000)
vessol aimost invarialy n muliple arays win arguns being shat simulanoausy, such that an
aray can hundreds of 24 hour

pariod (Payne e at. 2007). Seismic afguns produce a compressed af bubbla 1t colapses




ncer the pressure of vater causing a sharp cancussie “exposion” with peak sound leves of
individual aiguns 2 high as 25008 rlave 10 (1) 14Pa at a range o 1 meter fom the source
(Posper e ol 2005). By comparison, 18548 e 4Pa is bout the sound kvel at which a human
Kstoner wilfel pain (Popper 2003). Mt o he snery rleased from seismic aiguns i ot &
roquency of 201504z, b can reach levels up 10 1000HZ Histand Rorouse, 2000) which s
wiin the usory range o ot aauat species (Hastngs and Popper, 2005), and 5o, has he
potental o afect the hearing abiy of marine mammais as wel as most fsh species (Popper
200,

The range of potanta efects in ish fom inense sound sources, nludng selmi

nguns, incudes benavara and physidogcal hanges, 35 wel 3s tssue darmage (ncludng

in elation been
e 1o fish Larvae and eggs (Payne e al. 2004) oly dbserved wihin a few melers of he

Source. Effects of selsmic exporation on fhing success have aiso been noled 1 a few studes

a1 1952; Engas of a, 1996; Engas and Lokkeborg, 2002) which may rest i animals leaving

inrelation o sesmic sirgn sounds (Warce a o, 2001), ove 1o recehed sounds s low 35
16008 (Seasa ot , 1952,

There is also evience o physicogcal changes in squatc anmals hat may be
femparery or permanent in riton o sesmic sound. An increasa i backgroud oo o

xposure pressur (ie. onthe

ndocine status (6.9, Hatingh and Poty, 1992). The physiological esponse 1o acoustc stess

e (Androws of af, 2007; Payne ef sl 2007). I exposure fo sound resuls in




(Hastgs and Popper. 2005)

(e9. ha colls)or srucures, (e.. saccule, lagena) involved n fsh hearing wich may afect

and Popper, 2005). Anyting in the enveonment that aters the abilty of an organism 1o detect
andlor anayze is audtory scene can potentaly have a defrimental impact on the Ife of an
2009). Sounds

changes in hearing capabilties in fih [lemporary hreshoid sht (TTS)) (Popper and Ciarke,
1976 Scholk and Yan, 2001), while exposure to nense sounds or Chrnic exposure 10 lower

hearig. . 1981; Hastigs of .
al, 200,

Only a fow studies 10 cate circty adore

ho offocts f argun naise on fish audiory

Howover,

o ffoct on hearing was not measured. Poppor e a.(2005) observed changes I fish hearing

sonsitvity (TTS) in wo ou o tree species exposed o fve shots ffom a 730 cubic-nh airgun

array in a rver seismic survey, while Song ef al. (2008) showed o evidence for anatomical

Hastngs o a.

exposure o amissions from a 2,055 cubc-nch sesmic agun aray. Comparsons betwoen

iferences in the characteristios i the sound signal (4ue to dferent sound sources and watee




depin),

ofdata avalabe; more comprehensive research s necded.

Gurent methodelogies and stategies i biomonioring (o5, use of hstopaihology and

wide range of paholog
onitions in rsaon t intenso noise exposure; however, here is 3 need fo a complementary
sule of molecuar biomarkers which il provide inormaton on the moleculr patrways and
bologcal processes aered in response [0 scoustc over-stmulation, a5 wel s alow the
detecton of subtle changes hat are adapive or compensaory fo exposure. These markers.
which may bo obtained trough gene expression profing, can therefore act a5 sensiive, eary-
Waring sensors (Carvn ofa, 2008; aan et al. 2008)

Wihin the past decade, development of Hgh-roughput ganomic research ool has
rovoltionized research in areas such s toxicology, aquaculure, fish heaih and ecoogy. In

partular, roveai e

emerge 25 8 key too for undersanding cevelopmental processes and besic physiciogy and
more recetly has become a standard ool i the feld of ecoloxology (Densiow ef al, 2007;
Ganvanf a. 2008). In adsiion to the use o exsing genomic fool, such as microarays, he
development of new resources such 3 targeted suppresson subracive hybridzaton (SSH)

the molecular

in response 1o environmental siressors hrough novel gane discovery (Rise el al 2007).
Genomics research stategis have boen used to determine how envionmenta siessors, such

a8 immunagenic simul (o5, pathogens, viral and bacterial anigens), femperatu

sress and @
variety of contaminanis of envionmental concer impact molecuar pathways and bisogical
processes i ish (.. Rise e al 2004; Rise f al 2008; Feng ot al 2009; Hori o i, 2010; Rse

of al, 2010). 1f we cansider noise o be a ‘non-chemical envroamental sresso, the same




acouste sress

‘Acoustc overstmation has been shown 1o produce anatomical, biochemical and

Physiciogicalchanges i the inner ear of memmalan systems (reviewd i LoPrl o al, 2007

2003; Smith of i, 2006; Popper ef a, 2007; Song et al, 2008; Shuck and Smih, 2008),
Powsver, the changes in gene expression that underie these biclogcal changes are poorly
indersiood. Subiracive ONA ivaries and fferental display (a method based on reverse

1 he inner ear of mammls and bics (e Gong efal. 1996; Lomax ef al 2000; Lomax ot al.

s (Cho of al 2001, Kockars e al, 2002;reviewad in Hidebrand ef ., 2007) and zebrafish
(Danio rok) (Combra of i, 2002: McDermatt J ef al 2007). Microaray fechnology has also

(Lomasx o a, 2001; Taggar ot i, 2001; Cho of i 2004; Maris of al 2005; Kikegaard et al,

moetng abstract). Using microaray lechnology and valation by quanitatve. reverse

Sehuck ot al

oncoding gones Known o bo impordant in biokogical processes such as prolferaton and

ferontaton n zebrafish i ear olowing acoustc over-exposure o a pure one. To date, &

cloval gone expressi he potonial impact o

on molecular changes in fish nner ear has ot baen done. I the curent sty genomics

fosaarch tochnologis
) cON 6 vaidation of

seloctod microaray- and SSH-dentied tanscrpls by GPCR] were used fo investigate the
oftects of e y n




alow

i throughput expression studies of known (i, previousy identfid) genes wile SSH cONA
orary cevelopment alows for novel targeted gane discovery n fish inar ear i responso o

seismic nose exposure.

and physlogy of siess responss (Rse ot i, 2007). Samand miroarays conian ¥ ©
nousands o previously dentied saimanid vanscrpts (exprossad gene. sequences). The
microaay pltorn used i s sucy was 8 16005 gene (16K) microaray ceveloped by he
consoru for Genomic Research on Al Samon Project (cGRASP) whieh conains 13421
Atanc samon (Saimo salan. 2,76 ranbow tout (Oncorhynchus mykiss).  hinook samon
(Oncortynchus. tshampscha), 3 ranbow smet (Osmorus mordax) and 2 lake wiefih

2005 The
been used in studes of cros-speces hybidzalons (von Schabrg f al. 2005), growt
hormone transgenesis (Rise ef al 2006), immune-elevant gene exression responses ©
pathogens (Morson et ., 2005; Warkenhe et aL, 2009), vaccnes (Purced o ol 2008 and
oxcogenamic esponsas to anvioomental contaminans (F ef ol 2007) dentcaton of @

respansive gene set in Allsntc samon inner oa i response fo scaustc sress using the 16K

impact ofsosmic exposure on fish.

20 Materials and Methods
2.1 Experimentatanimals
Juvenie Atantic saimon (Saimo salr) smot wero obtained fom Norh Waler Products

L. Dariels Harbour, NL and held

ambient seavater temperature, n 3 flow-ough system
Supplied with i at the Northwest At Fisheries Centre, St Jos, NL Due to on-going
enovatons of the man squarium faciy at the Nerwest Ataiic Fisneres Cente, fish were

heid in 3 temporary fociy at the Nortwest Atlnt Fisheries Centre, which was under a

e



constant daylight regime. Fish were fed tree limes per weok commercal 2mm pelets flom

EWOS, New Brunswick. Fish (sverage weight 1485, SE 5.5) were approximately 1 year i a he

ime of exposur.

22 Exposures

1

cages, one each for contol (non-exposod) and exposed roups, n a 15,000L aquarkum at

‘same distance from the wate intake, and asiones were placed next 1 each cage. Fish were
fasod for two days pror o exposure. Sixtean control, non-exposed, fih from one cage were
‘sampled prio 1o sesmic acivy. Inmedialely folowing samping of contol fih, 17 fh in he
romaiing coge were piaced 2m from a 10n" Texas Insiuments airgun. Sesmic argun
exposures were conducted by Fugro-Jacaues L, St Jonn's, NL and sound metics were

St Jonn's, NL 1 oxposuro overy

10 soconds,

Reson Model TC 4014 hycrophone and paice velocty was caculaled using tho pressure
adent mathad (Fary, 1677). Sound metica aro repoded n Tode 2.1, Hyctophone
specticaions were as folows: usabl faquancy range: 16z fo 480 Kz horizonal dieciviy
patrn: omi drectont, vercal drectvty paten: 270 dog +1- 248 ot 100 Kz recoNing
sansivy. -10608

368; operatng depth 900m. Seventeen sesmic exposed fish were

sampled 16 h folowng exposure. Waler qually measurements were taken befre control fish

In water qualty between sampings.

1t Was decided that all fih (cotrol and exposed groups) shauid be accimated in the same




s B B
‘SPL Pask 1o Poak 201 o1
spL 199,

2067 1 @reiee
Peak 2 01 w9 1970 dBretsPa

SPLRUS 735 01 a4 20 dBretwPa

EDS Max. 1404 05 WS3 124 dBrelsPadMz

EDSPeakFroquency 136 004 137 132 o

P vty 1360 04 101 1254 cBretamisec

et o G Texas ruments o un v 2 s
o T 4074 myapmane. Feh receed 50 argun bass

ate of 1 every 10



aquarium wih the conrol roup sampled ust prio to seismic actiy. The ratonae for tis

oy handing (d-nettng) and tranfor batwoen Gfferent aquaria. Separate enical cages were

Thswas

ons to avoid he pot

Group fom the atemped d-net caphure of previously sampled fish fam the contol group.

Adciionaty,
esigned to have  regiated pholoperiod. Whil ot ideal,fo tis reason the fsh were held

nder aconstantdayight regime.

23 Samping
Fish were coliecied by @ip-net and euhanized by severng he spinal cord. Blood

Scentfc, Cat. No. 22:362-
566) and placed immediately on ice. Blood samples wero cenirfuged at 2000 x g for 4 miutes.

P . placed n fresh ubes ang

ozen at-80°C. Fish lengihs and weights were recorded (Table 22)

immedtey n RNase-fre 2m tbes, and then flash frzen in i niogen. Tisue samples

Wwere transforod o the Ocean Sciences Cenre, Memorial Universty of Newloundiand, in a

raezer untl RNA solation. Al samplig ulensis were previously baked at 220°C for  hours and
Gleaned wih RNase Away (nivogen, Buringion, ON) between samples. Selsmic aigun

exposures and sampling was caried out i accordance wih an Animal Care Protocol (NAFC
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2.4 Cortisoldetermination

Plasma cortiso evels were delarmined using a mammalan enzymedinked immunosarbent
assay (ELISA) kit (NEOGEN CORP, Lesingion, KY, USA Cat No. 402710) win the
Briety, ico then iuted 120 i 1X

exvacton bufer

010 ngim) were sddad in cupicate 1 8 SBvel micotter lte folawsd by 50 i of enzyme
confgete except for biank wls). The microttr piae was sealed and ncubatod at 37C wih
gentle ocking, hen washed theo times wih scppied wash bufr 1 ramove any unbound
enzymo conugal, sandard o plasma sample. Onefundreciity i of K-Bue subste
G win gente

rocking, The absorbance was read at 650 nm using a Synergy HT miroplate reader (BloTek

Wioosk, VT, USA), Percent binding was dotermined for standards and pltied againt he
concantaton in Sgma-Stat 310 (Systt Sofwara Inc., San Jso, CA, USA) o generte a 4-
parameta ogression. The 4-parameter scuston x = ((1048+0.183TUCH0IIT)-
11M(010.845)70.3447) was use in Moo Excal 2002 (Mcrosot Corprato, Redmond, WA,

in
betwaen groups (P<0.05).

28 ANA lsolation

TRizol
Reagent (invivogen, Burlagion, ON). centrfugation trough QlAshvecders (Qiagen Inc,
Misissauga, ON) folowing manuacturers instructons, phase separaton by addtion of

washed wih 75% ihan, dried and esuspended i 50 i nucieasefroo water (nivogen). RNA
ualty and quanity (concentation) were assessed by 16% agarose gel slectrophoresis (10
‘assess genomic: DNA contaminaton and RNA degradaton) and NanoDrop (ND-1000; Thermo



Fisher Scientic, Wimingion, DE. USA) spectopholomety (opical densiy (0D) measurements

o determine by protins ) sats ang
Sovents (OD 260nm/230nm). Indidual toal RNA samples (517 4g, based on NanoDrop
pr—— nc. Mssissauga, ON) at

foom temperature for genomic DNA,

RNeasy MinEite Cleanup Kit (Qiagen nc. Msissauga, ON). folowng manfacturers
nsiructons, and euted wit 12 i nucleasefres wate (Invivogen, Buringion, ON). RNA quaity
and quanity (conceniraton) were again assessed by 1.6% agarose gel eleciphoresis and

in Table 23 n

he proparaton of Poy(A)+ RNA pools were fom high aualty otal RNA (OD 26002800 >
18; sharp 1857288 ribosomal RNA bands).

26 Poly(A)® RNA proparaion
12 sasmic

contol poos. PolyA)’ RNA (RNA) was scated from 48.0 g tla RNA pools using MiroPoly

(%) Purist Sl Scslo mRNA Purcaton KI (Amon I, Ausn TX; G, No. 1919) olowing
PolyAy

0801 -

was 0. g (1.7%) o each poo

27 Microaray ytridzation

Mcroaray axparimnts wso dosigned to compy wih Minmum nfomaton Abot a
Maoarray Exparimant (IAME) guideines (Brazma o al 2001), Samond cONA micoarays
(GRASP16K batch number G003 (side numbers GGO03011, GGOBS012, GGO3013 and
(GG003.014) were purchased from Or. BF. Koop (consortu for Genome Reseach on Al




‘Table 2.3 Summary of RNA qualtyquantity

Fish owr  Puiled  RNA [RNA oo  Puifd  RNA [RNA]
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.80,

and quaity contol s (von Schalburg e al.

209), 1421

et 8, 2005). Mcroaray experimental design invoved comparison of saiman rignt nner ear
poied MRNA templates from saismic exposed and control fsh (1<12 ndividuals per pool), and

o e pool (Figure 2.1).

pool of MRNA, and qualty as assessed by NanoDrop spectrpholometry and agarose gel
elecropnoresis. 16 ot provide

nformation on bilogical variabiy of expression of informaive genes. Howeve, indvidual i

quanttative reverse tanscripton PCR (QPCR) valdation of a selection of microarray-entfied
genes.
inths manner

o arays. 8F.
o

was prepaced by J. Hall (Memorial Univershy of Nowlounciand, Ocean Sciences Cante), GFP

Oiagoste, Cat. No. 11 004 760 00). The labeling procedure was performed under low ght
arity,

1 min. The lbaiing roacton was caried out n 2 i of 0.5 MM each of GATP, GGTP and dTTP.
(0,025 M), 4 i of Reaction Misture contaning hexanuciotde primers (vl 6 Random Prined

-14-



2 microarays
2microarays

‘Sosnic exposed

50 shots using 8 101 seismic aigun Wit
soundpressure love (SPL)
20448 6 14Pa (peak o peak)

veragng

(dye swap)

Temala oy ko are nacoied o

fgus 21 Onvion of missaray seiturl dou. Mrowt sabeen
sons 1o microsrrays wih (e baso of each arow on the Cydlabeled
arounesd o the Cf-baed g Numbes

of tecnical

RTR




'ONA Labaling K, Roche Diagnostis), 10 i of 10 M CyS labeled CCTP (025 mi) (Perkin

Eimer, Cat. N

Labeling K. Roche Disgnosts), ncubated s 37°C for 45 i the slopped wif 4 4 of 02 M
EDTA. (002M) CySiabeled GFP was column purfied using QaQuick PCR Purficaton Kit
folowing manufacturer's insiuctns (Gagen Inc, Mississaug, ON) and was later sed in the
<ONA ysicizaton i

Maroarays wers prepared for hedizaton by washng wico wih 0.1% SDS for 5

Microarray hyordzatons were performed using the SONA Array 900 Detection Kit and
Hatfeld, PA).

explanaton of the chemisiry involved in the Aray 900 labeing system, s avalable onie at

1_10.02.06 pe. Bif ear
of seismic exposed or contol fah (1=12 indiduals por pool) were reverse transcribed (¢

eactionsfor each reatmen) using olgo (T) prners wih unique 5-prime sequence overhangs

o
oftn contl ear mRNA poois, 5 pmoe eversa anscrlon (RT) primer wih SONA captce
Soquenc specficfo Cy Capure Resgen was added. To e remaning wo MRNA samples
from seismic exposed and contol non-exposed ear, § pmoe RT priner wih JONA capire
Sequenc spacc for Cy5 Captue Rasgent was added. Nucease-oo waer (nviroge) was

‘added 1o each RNA-RT pimer mix to make 6 i toal voume. Each RNART primer mix was

Each RNART primer o~

T He. oo, . 6CTP, 6GTP and

-16-



TP, 05 4l (10 Unis) Superase-In Rilase nnbior (il 4 Genisphere Aay 500 K) and 100

Buringion, ON)

f 0.5 M NaOHS0 mM EDTA then ncubated st 65°C for 10 minutes in @ hermal cycler (Tera,

BioRac, Herces 244

of 1M Tris-HI, pH 7.5 was sdded, ging atotal volume of 14.9 . Each o he two cONA targets

was prepar win

1890t
3 lboied conol non-exposed ear CONA (see Figu 21 for an avervew on e 4 separte
pooletrgets et wee prepared). To ach cONA hybriizaton ix, 2 l of LNA T blocker (vial
9 Ganisphere Aray 800 k). 3 il of GFP spike and 35 il of 2X fomamice-based hybridzation
buter (val 7

B0°C for 10 minutes in & therma cyclr (Terad, BloRad, Hercules, CA) win @ heate . The

orescent Cy3 and Gy fuors. The CONA targets (60 ) were hybrized (0 the prewarmed
artays by sopication of 22x60mm HybrSlp coversips (Grace Bioiabs, Bend. OR, USA),
micoartay hybrcization chambers (Corning, Coming, NY, USA) i 8 50°C wate bath for 16

ours in the dark. Coversips were floated o arays i 49°C, 2XSSC, 0.2% SDS prepared i

C. 2X 5. 0.2% SDS for

15 minutes, then at room temperature 2X SSC for 15 min and finaly 02X SSC for 16 minutes

a n

dark for 20 min vorexed wel 0 break up aggregates, placed at SO°C for 10 minutes and
Vortexed woll befoe use. Fomamide bufer (vial 7 Genisphere Aay 900 ki) was also pre-

Wwarmed 1o 50°C and genty mixed prior 1o use. The ONA capture hybridzation mixure was



900K, 0N

hours i the dark. Coversips wera floated of i 49°C, 2X SSC, 0.2% SDS buffer. Aays were
Washed in 48°C, 2X SSC, 0% SDS buffer for 15 minutes, then at room temperature n 2X SSC

28 Data exracton and anayses

Fhaorescant images of ybridized aays wore acqurod inmedaely using a ScanATay
(GX Pus Microaay Scannar (Perkin Eimer, Wolosiey, MA, USA) a 10 ym resokton using
Scanhray Express sofwars (erkin Ener, Wallsiey, MA, USA). The Cy3 nd CyS cyaine
fuors were exciod st 543 nm and 633 rm, respectvely, using 90% laser power and
protomtple tbo (PMT) setings sl a PMT 75 for CyS and PAT 78 for Cy3. Fuorescent
tansty data (e, numorcal data) vere extacid fom TIFF image da using imaGons 55
sofware (BoDiscovry, | Sagundo, CA, USA). Qualty salstcs for samoni features are
compiod n Tale 24

Extracted dta was impotd o GonaSprig GX version .31 (Sicon Genatic, Agent
Tchncogies, Pao Ato, CA, USA) for ata translomain (backgroun corrocton, and st
Dackround veles <001 fo 001), nomalzaton (Lowess), and analysis (omaton and
comparson of 0ld change gene st trough generaton f scaipots and Venn dagrams). A
scatriot showng e background corecied Lowess. nomazed (BCLN) data fom one

microaray (side n with oar n o

175

fold upoguiated

an 1 n



Table oy st o mcmarag o

SidelD  Senal

o o o5 o3 o op

GGG 01T 1270 1021

!

Go003 013 1814 1245 362
GGO03 014 1560 1110 397
Nean 1629 1171 330
s 65 14

BN o b+ fotary  pesany
3 e o=
o5 on o5 on o o
0 44 10 3 10411 15164 65% 5%
2 55 & & 14883 38% 91%
20 52 43 1031 401 4397 10427 27% 65%
2 45 51 o7 195 6763 13008
21 4s 65 78 219 6910 13520 43% B4%
403 13 16 65 1288 1066

g g s v s sy o 00k oty sy o

76D’ was s 1o St iveshoti 1o b ower sy . The number and
ereiige o h s pseing e s v opors



Reive exeesson s fopesentod by noreasing cor ity of spos oy (1) and
G5 Groeny Randomiy scecied genes Glerchialy eguatod grester han 75l n

croato gone is's (sso Matoras and Methods)




crestr than 1,750k diference in expression i BGLN signal batween the two reaimen's for

at loas hree of e four microarays in he study (including at least one cye swap). Gene ists

were compied (conaining information about BCLN signa itensies n each chamel, qualty

esch side.

Goviatons for inthe

“ r gene st seismicis rie. e
hannei wih the higher transcpt expression); i the “down reguated in sesmic compared o

contror” gene st contol i the “dominant channer. Genes dfferer

1y roguiated greater than

1 BCLN sgnal

above hreshold o al 4 sides were selected as igh st cata.

Exprossed sequence tags (ESTs) obtained from GenBank. accession numbers of

Information (NCE) Basic Local Algnment Search Too! (BLAST) server for annotaton usig the

BLASTX (agaist the non-redundant proten iary) and BLASTN (agains the nor-redundar

nucieaids libary) dalabases. The data wero sortod fst by functonal clssifcatn (based on

gone ontology iclogcal process. or molecuar funcion ferms of best Blast hi or related

change for ganes upraguistad gester than 1.754od and genes dourseguated greater than
1,750 on at least 3 of the 4 sides n e stucy. A s of ngidual ido data and complele

than 175

) Tabies 51

T1a0972)

2.



Valdaton of selcted genss from the microaray experimentl fosus was conducied

using QPCR. Eight genes of intrest (GOI) greaer than 1.75-/0d Giferentialy expressed n

ctype
lectn receptor A, retinol binding protein | celular, caspase-8 procursor, hemoglobin subunit

lphe-4, G140r159 protein, and proteasome subunil beta ype-4 precursor) were subjected 1o

7500 Fast Real-Tine PCR Sysiem (Appled Biosystems, Foster, CA, USA). At least o GPCR
primer pairs were designed for each GOI fom EST FASTA fles using Primerd (fom the

Whiehead Instute for Biomedical Research, h:/fodo wimiLedu) and Primer Express

o, T. 600+
1°C., at east o of the six 3 terminal bases GIC. The primer pai chosen for each GOI was
detemin 10 have a single pesk i the issociatin curve, o prmer M produc i the no-

tempite conirl and the best ampficatin effciency (ie. cosest o 100%) of he primer se

tested. Ampficaton ffciency (Pfaff, 2001) was calcuiated for boh experimenta and control
samples, it the eported value being the average of e two, Standard curves were generated
using 8 5point 1 diuton saies string wih CONA cortespanding o 10 1 of Inut ol RNA,

wih >85.9% effcency fo sl primar pais fo reative quantficaon by the 7500 Fast Real Time

PCR Sysiom Softare Relative Quanifcaton Sty Applcation (Applied Blosystes, Foster
Ciy,CA, USA).

Al individual RNA samples contibuing 1o pooi for sasmic exposed and conrol ar

503 bosomal gene, since the
MEC was within 1210 on a4 microarays and s expression was stable (within + 1 C vaue)

TRizo!

For each individua, 1

U of DNase rested, column cieaned, high-quay fotal RNA (defned as having an OD




1.8 and sharp o o

(nvirogen, Cat. No. 48310-011), 1 4l of SNTPs (10 mh each) (invirogen, Cat. No. 10297-018)

5

. BoRed, Horcu Totha 13 i racion
mixture, i of S First Strand Bufer (250 mM Tris-HCI, pH 8.3, 375 mi KC1, 15 mM MGG, 2 bl
of DDT (01 M) and 200 Units of Moloney Murine Loukemia Vius (W-MLV) Reverse

Gat No. Thermal cycing
parametes fo reverse transcrpton reactons were as folows: 25°C for 10 min 37°C for 50 min,
and 70°Cfor 15 min. Fst scan cONAS were duted 10-0d n uclease-re waer (ivirogen)
and used as templates for QPCR. PCR ampificaton for each indivicual wes performed i

duplcate with e Applied Biosystems 7500 Fast Reak-Time PCR System in a 13 l reacton

primer and 1 Fast SYBR Green Master Mix (Appled Bosysters) and expression levels were
nomalized to 60S rbosoml L6 RNA. Tre raakimo anaiysis program consisted of 1 cycle of

95°C1or20s,

of sach 60°C sisp. For sach GOI, the indvidual sample wih the lowest expression (nghast

nomalized Ot value) was s as the calbrator. Gene expression da

are presentad as moan

elative uantly (RQ) values (mean Gt value reltive o e calbrate)  sandard error. Overal

control non-exposed group). Sgma-Stat 310 (Systat Software nc, San Jose, CA, USA) was
used wina 008)in

ear GOls, QPR primer

sequences and ampifcaton effciencies ro shown i Tabe 25

210 SSH cONA lbrary constrcton

from Poi(A)” RNA pools generstad rom et inner o

of seismic exposed and contl saimon

-



Table 25 Primers used in quantitative reverse transcription ~ polymerase chain
reaction (QPCR)

BT Goemre ol BT o PG seqes Mgl By
T o 0%
== r CarTy
R R SCGCCAAGTCCAGGAGTCAS
o w
RsoaAGTCT
o S merh revavosTEeTTy e s
J— . remTeccTeaTToGY T
o oGS W ws
costsars Hemogonn et apnas 2O 34 s s
F SAGCAACGGATOGTATTTICS
4714 Crtarisopon W
ot Rsc ror
cosiasn PrOTR s bis P SCAGGAAGOTCTCGCATIGTS Pr—
et RSGTCACAGOTACAGCCCCAMGY
2 Opolc oot FSGGCOTTAGOCTACCITACES e
9 o RSGGACCTGTCGGATGGAGAAC
cateoes 50 Aosarl 6 ‘ OGSy gy
RSATGTGGCCCGTAMETGMGY
“in addion o the ciod tanscrps,
DNA

B8



(053 g per pool) was performed using the CLONTECH PCR_Select cONA Subtracton It
(Clontech, Mounlain View, CA, USA) according 1o the manufacturers nsiructions wih the frst

~16h. Saismc

in he orward subracton an the tester i the rovrso subtacion (Fgure 23). e rosuing
forwerd and reverse SSH cONA Ibrarie were ampified using he Advaniage 2 Polymerase Ki
(Clontech, Mountan View, CA, USA) folowing i manufctuer insrctons, nd pued usig
e MinElue PCR Purficaion K1 falowng the manufocurers insictions (QIAGEN,

Mississauga, ON). Wit wei e
i win 3 140

ladder (invirogen, Butigion, ON) as a size marker, olowed by excison of the CONA smear
Grest than 500 bp and gel purifcaton using the QlAuick Gel Exracton Kitfolowing the

Misissauga, ON).

Vacor folowing the manufsciurersinstuctons (Promega, Madison, W, Cat. No. A1360). Brfly,
i

HCI (4 7.8) 20 mb MgCl, 20 mi DT, 2 mMd ATP, 10% polyetnyene gal. 1l (50 i) of
POEMT Easy Vactr, 1 i (3 Unis) of T4 DNA Ligaso and brought [0  fnal vakume of 10 i
using nucesse fee water (izogen). then 1ot a foom amperaie for =1 . The igaion
1004, 10plof 4 M

100% athanc, nat2oc

The lgation mixures were centrfuged at 16,000 x g for 1 h at 4°C, the supamatants were
carelully romoved, then 500 i of 80% eifancl was added o wash the pelets. The ligaion
10min ata°C.

for S min. v i of



A mRNA i ot a0 revers vanscied ko CONA.

& W fon v i mroaud er o s fom o aber b e
Torvard and vere ¢

. Toray e vt ctaions o ONA Fagnrts

[Forware 55 torary (onriche
for enes induced by sosmic

Figur 2.3 Overiow of eciproca 594 ONA braryconsrcton

o soimi sxosed sainon (112) and

2, wn mmmn\; ooty an ’Kuww ot of MRNA 10 03ch pooi The
e 00100 o

sghad 1o be st fo e
55»4 e, i oo ol o o a3 wlr m = poied soam.

2%




was added fo isslve the purfe igaton mixiures, folowsd by a 14 Gluton (1 i 4 ) in TE
uffr (10 mM Tris HCI, pH 7.5: 1 M EDTA).The diute purfied igaion mixtues were stored at

“80°C unth used inbacteil ransformations.

o ool Cals
(Inirogen, Burington, ON). The cels were thawed an icafor ~20 min, and then 50 4 was added

" on;

Gen Puiser Cuvete 0.1 cm lecirode gap, Cat. No. 165-2089) conaining 3 i ofthe Gited
purfied igation mixture from iher the forward or reverse SSH CONA Ibraries. Cols were
electoporated t 1.8 KV, 25 b, 200 0 and recovered in S50 bl .0.C. Medium (supplied wih
ElectroMAX DHa Elecrocompetent Cels, Invirogen) for = h at 37C shaking at 226 pm in @

Digtal Benchiop were pated o0

pre-warmed Lilagar piats (37°C) conaining 100 pgl. ampiclin and 40 il of 2 ygiL xgal (5-

prepared in (acROS
Organis, Thermo Fisher Scientii, New Jersey, USA), and then incubaled overnignt (=16 ) at
37°C. Remaining ansformed cets ware wransfered to stell 1.5 ml microcenifuge ubes,

aivted 1:1 o

2,41 DNA sequencing,sequence assembly, and geno entfcation

Individul bacerial clones rom whie coonis (coniaing nsert ONA) were noculled
inlo 1.1 ml LB broth containing 100 g ampiciln in 96-well gowt pltes (Whaiman Cat. No.
7701.5208) olowed by incubation at S7°C ovemight. In a 96-wel miciire la, 100 i of

100 L8 brot /
80°C. CONA was ol and puifed from the remainng 1.0 mi noculaion broth by: (1)

overmignt culures were cenirfuged t 1800 x g for 10 min, and the superatant Giscarde; (2)

dded 100 i of 005M TrSHCI, 0.01M EDTA pHY.5, 50 g RNaseH to each pelle, tubes

1% 505,

1o resuspended palies, ubes were sealed and gonty voriexed for 2 mi; (4) added 100 il of



well arfication plate (Whaiman Cat. No. 7720.2830) secured by adnesive o a 96-well
bindngrecovery plte (Wnatman Cal. No. 7701-1800) wit wells pro-fled Wit 225yl
sopropanal and centruged a1 2000 rom for 1 min; (6) caricaion plate was removed and

discarded, the bindingrecovery pate was sealed wih aluminum seaing fim (Coming. Lowel,

MA_ USA),
ituged
omfor 1552t Kimwipes: () plates were

inverted at 45" '
o for 1 min,then lft 1 4°C overight o le he pelets fully disolve. Il evaluation of xary

liorary using 1.5% agarose gol lectophoresis wih @ DNA size marke (1 kb ladder Invirogen,

Buringion, ON). Assessment of CONA concentraion and qualiy were determined for 18

ot socuencing
ONA from cach clone was amplfied using 0.5 bl of sequencing mix (ATPITag DNA

Mgo suppled

in Applied Biosystems BigDye Terminatr it verson 3.1, 2  of 18 pmol T7 primer, § l of

100 gl or 3 ul of concentatons

Greatr han 100 ngh and suffcient nuclease-ree water (Invirogen) for 3 ina voume of 20 .

9700 was used

s0Chrss,
cxes. Sequencing resctons wera urfed 0 remove excess e terminalr usng BGOYE X
Teminsto Kit (Appied Bosystems) follwing manufacurers nsictons (CREATT Ntk
Mol nerssy of Newioundand). Brify, 20 b of BG0ye X Terminaior Soluion (Appled



Blosystems) was added to each PCR reacton, folowed by 90 i of SAM Solton (Appled
Blosystems), vortexed for 30 i, then centifiged at 1000 x g fo 2 min. Sequencing reacton
Bosystems dotectod ang

converted o elecropherograms wih DNA Sequencng Analysis. sofware 125 (Appied
Biosystems nc, CA, USA).

ansiyzed using CodonCode Algner (GodenCode Corporton, Dedham, MA, USA) and base-
catig from evomstogram Faces was peromed by usng PHRED (Ewing and Groen 1966
Ewing ef ol 1988). A fle coniaining the adaplor and vector sequences was nserted o
CadonCacde Aigner and used to rm vecioradaptor sequences. Furthemore, VecScreen was

han Pived 20 qualty scores, were automatically discarded. The high-qualy, trmed EST
sequences were then used to find overisp assembly of conlguous consensus Sequences
(contge) using CadonCode Algner. Fis,the "end-o-end slignment” algrit found polental

ogquence. Then the

a8 now contgs, ater
nd 0 consensus macde. Four crria were used fo delermine whether 0 accopt of rejoct an

aigament: (1) minimum percent denty (ine minmum parcertage of enica bases i the

Overal tnese:

creria were rlatively relaxed and represen the cefaut seing in Codoncode Algner. Both

Gatabases BLASTN and BLASTX, respecivel (Alschul of al. 1990). ESTs were compared via




Verson; hp:www expasy chisprot). Sequences wilh sgfcant matchos (E-value < 10°) were

e best  signfcant, lowest Exvalue)

i, AIEST
(GT128484.GT129166. Gane name of best BLASTX or BLASTN it species and GenBank
accession numbe, Evalue, percent (%) idently ot amino acd or nuceoide level, and
contibuting number of ESTs are reporied fo the fooward (Tabe 3.5) and reverse (Tabe 36)
SSH GONA braris. identfiod sequences in Tables 35 and 36 are lsted by functonal

maleculr functon ntoror

relsted sequences (6.9, putative human orhologuss), or on raporied putatve function, then

number e conty “deot).
and rovese SSH CONA lararies incude: ONA binig, transcripon, tansiaion. enorgy
metaboism; proeolss; saing (ncludng synapi tansmission) fon vsport siuctual
acivty;cel ceath (spoptoss), egeneraton (clcing axonogenesis): post ransational poiein
modiicaion; siess.response; Immune-elvant, o development;sensory prcapton and
audtory cell organization; other funtons: and unknown and. uncheracirized. seauences.
Gomplte unctonal annotations (1. GO bilogcal rocess, molecuar functon ang collar
camparimonttoms and descrplons), sequence ength and GenBank accession rumbers can
be found n Supplementa Tables 53 and S4 (Appencices 7.3 and 7.4) for fovard and reverse

SSH vares, respectvaly.

30 Resuits
3.1 Qualtatve obsenvations

Quaitative bservatons made during exposure of arimals: revealod an inlal stare

response
o n additon o the .
aterence n between control and




and were thereloe very casy (o captre, wheraas fsh from the seisTic exposed grouD
demonsiuated rapd and eratic swimming sctiy (compared to contos) during atlemped

capture.

32 Cortsol

n saimon and

seismic exposed samon are repored in Table 3.1, wih 3 graphical reprosentaton of mean

cortisol concentrston messursd i corirol saimon (n=16) was 68.1 ngmi (SE 11.5) whie the
mean plasma cortiso conceniraton from seismic exposed salmon (1=17) was 77.0 ngiml (S
138). The mean plasma cortisal concentration was ot sgnficanty highr in sismic exposed

fish compard 10 conol fih (Pvalue = 0.3,

33 Mcroarray and OPCR

Diferantal gane expression in sesmic exposed and control salmon rght ar was

salmonid CONA fbraries (von Schalourg ef a, 2005). On the saimoni olements, he average

3 sior 1629 5

138). 13

gl { maan background rato was 49 (SE 0.3). A igher signalo-background ato noled i

inthe Cy chamal o
84% of Cydabeled transcrpls and 43% o CyS-abeled ranscrips passe the st hreshod of
mean + 3 standard deviaions from the mean of the median loca backgraund values fo all

festures and were dsemed presont (see Materidls and Mathods). A summary of microaray

BN
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Pasma cora concntatons wore deeminedusng an anome e o

assay (ELISA) ki from Neogen Corpor

. There was nio sgicant ifecence between




ok Concentaton rgimt
388883888

o o Sowme

Figure 3.1 lasma cortsol concentration

aporad saimn i) ok (0 chnge ' ool corcntin o e s1poed
s piasma rlaio 1 conl, non-expoased fh pasma was 113k, wiha Pvau
g et s ors o e o (55 1 dah eaiman. o wee o




At samon ear anscrpts responding reproducily (as defined in Materias and

Tabies

1 and S2 (Appendices 7.1 and 72).In the microamay study, 42 dfferent vanscrts were
reproducly up-reguated and 37 iferent Fanscrpls were reproducbly down-reguiated >1.75-

(E<10%) BLASTX.or BLASTN his agains the curent GenBank nv or t databases, as wel as

response to seismic sound exposure. The degree of simlarty (engh and percent identiy over

15 best (ot negatve Evaie) BLASTX h, or botwoan ESTs and i bost BLASTN i, re
50 shown and serve to Gently poently narmaive vanscrps. In Tabes 32 and 33,
nformatve vanscrpts are lsted by funcionsl category: ONARNA.binding, ranscrpton,
vanslaton; energymetabolis; snalng, synaple vansmissn; cyloskoieon siuciue and
Gynamics; coll cyle, ol death, axonogeness; protenpostansaional modfictn.
Gegracaton and foldng; mmune respone; fon homeostasi; ohe and urknown. Wi each

functonal category ranseripts e lstd from hghst to lowest moan (0 change over al four

channel for each reproducisy informatve tanscrp is sted 10 give an indication of reave

ranscript i seismic exposed oar whareas growh hormone 1 (mean signal 712) s & relately

nformatve. anscrt st (io. dfferent microaray feaures wit idenical best BLAST his)

The prosence.

The data rom rproducly wanscrpts
ant compieto gone ontology ae compied in Supplemental Tables S1-S2 (Appendices 7.17.2).

'S
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Many of the micraray-cenied innr ear tanscrts responsive to seismic ncise
exposure are imvoved i ron homecsiasi and energyimelaboism. Reproductly informative
ransrgts heving funcons reletd o on hameostassthat we up-eguited i saimon aar
response to seismic ncise exposure incuded: hemeglobin aloha (2.1-0é, SE 03; 24l SE
0.3), hemogiabi alpha- (23106 SE 0.4 2040, SE 0.1), hemoglobin beta (25104, SE 0.4;
234d, SE 0.4 2010k, SE 0.4), hamoglobin bela-1 (26406, SE 07) and fern, midce

Subunit (2.140i8, SE 05) (Table 32). In ddon fo ¥on homeostasis, hemoglodi s aso

channelsted in Table 32

Several reproducily infrmative Fanscrpls important i energy metabol were

(8010e, SE 08). SE08)ans
cytoplasmic (2410, SE 06). Suceinyl CoA lgase beta chain miochonial precursor encoding
wanscrpt was Goursoguiated by seismic sound (2310, SE 0.7) Transcrts imporant n the

slctron ranspor chain were aso diferentaly roguiled i sefsmic noise exposed saiman ear.

beta subcomplex subuai 1 (19404, SE 0.6) were up-reguited In response (0 seisic nose

por 58 (2540, SE 07) ang
cylochrome  oxdasa polypapide Vi, mitochondrial procursor (20404, SE 06) were doun-

roquated. NADH dehycroganase 1 beta subcomplex subunit 1 is part of Complex | of the

pert of Complex

3.
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n the ciric acd cyce, slecron Fransport chain or energy matabolsm incude: rcotinamide

seost . s€02)
in 8 novel savage pathway to produce NAD (Tempel f o, 2007) acrenodexin,miochondral
(2040 upaguated, SE 05), which medites ecron transte; apolpoproten ALV precursor
(2140 uprogusid, SE 05), wheh plays a (e i I Fansport and regiaton of Ipid
metabolsm; and Lxyhdose recuctase (290 dow-eguited, SE 1.3 and caroon reductase

respectvely. Saismic noiserespansive ranscrpts with o well defined funcion in metabolm,
but known 1o be impartant in the miochondrion, incude UPFO4S prolen C220132 hormolog,

s e

03) (Tables 32 and 3:3). QPCR vaidaion of microaray results showed up-oguiaton of

nicoinamide riboside kinase 2 (1940d; Pvalve <0.05) (Table 3.4; Figwe 328) and down-

4o,

seismc nose exposure

e e response to

1 e

here e no gene ontology ferms assigned o tis protain, i is reported o be a polybiquin
binding protin important inreguiation of protein metabolsm and function in humans (Fenner ef

a1, 2008). A number of othe reprocucbly informative tanscrips (. diferonay roguated in

imporant rles
n requiston of protein turover 23 wol 2 cal death (apoplosiscal egeneratn, ncuing
axonoganesi. Repraducily ifomatve arscrls shown o be uproguted i response 0
seiimic noe that have gens anoiogies relsted 1o poten modiiaton o proen melabolc
process incude: ubqutn carboxyteminal hydrlase sozyme L1 (23404, SE 0.4), midasin
homeiog (190k. SE 03) and 40 kDB peptyropy cs-rans somerase (1 8406, SE 03)
(Tabl 32), Reprocucy informatie vanscrpts down<eguated n he miroaray sucy win

incice: 3




et se02)

prten 1A (2040, SE 06, low moleciar weight prosphotyasne proien phosphaiase 20-
1ok, SE 05)an proteasome subunt beta type-5procuror (1944, SE 0) (Tae 33),GPCR
Valdaton of proteasome bota ype-4 precursor (1,110, Palue >0.0) evesied o signficant
downeguiaon (Tabe 3.4; Fgure 3.20), however, consisent. down-eguiation of e
vanscrpts for poteasame beta subunis (Taie 33) provdes same vakdaion i microaray

resuls, be repestec wh

ontologes reated o cell death (apoptoss) incude: up-reguiaton of Caspase-8 precursor (2.1-

™ (19400,

@100, Howe

¢ i Figuro 326) ~
Wih neuronsi cel deathiregeneraton s S100B and nuclear migraton proten, whih are
SE 05 and 2340, SE

03, respectvely) (Taba 3.3, Soveral othr reproducly ifomatio anscrpts important
catular umover 28 wel 2 roguiaton of anscrplonansiaton and i 664 tinding are
lotod i Taes 32and 3.3

Soveal ifrenily roquistod ranscrts have imporant oes reaed o sgnang;
microray-danfied transcrot up-egulted by seisic noise ncude oW hormona 1 (34-
00, SE 0.8),retino binding proien 1 (2304, SE 0.2), renshyretn (210, SE 06) einal
anspor), ADP-cbosyaton factor 1 (280, SE 0.9) (GTPase madalod sigaal vanscuctn),

1o, oA
B0, SE
£ 1.0, cacium ion
o

1 confims overall up-eguiaton i response to seimic 100 exposure (1.8404) (Table 34




Figure 3.2F) however, there is large ndividual varablty resuling n @ high P-value (P=0.2).

(QPGR validation of reinol inding prsein 1 rovesled aniy a 1.2f0d overall inducton n sosmic

A ranscrot encading 2 hypothatcal rotein simiar fo mtle sperm domai-containing
protein 2, mportan n cell motity, was downteguiated in response fo sesmic noise exposure

2040,

study (Tablo 3.3). Other microariay-centifed ranscrts 1t were diferenily regulated wih
important roies in cytoskeetal stucture and cymanics, incuding actin binding and cross-inking

Only a fow reproducly informatve anscrpts identfied n the microaray study have

. 5€03)

Ciype ectn receptor A

ranscrips of

intrest o the seismic exposed group), the Pvalue (P = 0.14) Gid not indicate tha the

ference was statstcaly signficant

Ge003 ¢

e rlatve abundance and afered expresson of some imer

ranscrs responsive to

soismic noise (see Materils and Methods Figuo 22).

34 Reciprocal SSH CONA Liraries
Recipracal SSH CDNA lararies were constucied from ear taken from the left ida (ear

from the ight sc was used in he miczoaray study) of sesmic oxposod and contol jverile

respons of samon to inense noise exposure. The fish used i the contol group i tis sucy

Lo



were handied in the same manner a5 the exposed ooup, except ithout exposure fo seismic:
st and were sibings of e oxposed group from seversl famis.

For SSH CONA lbrary consnucion, ears fom seismic exposed and coniol fsh were

o e

forward” SSH ibrary, using a poled ear sample fom seismic exposed fih as tester and &

pooled ear sample fom contol fsh as diver, was designed o be sniched with Fanscrp up-

and the “reverse”
bary) was designed fo be enriched for ranscrips down-rogulated by saismic noise expose.

Figure 2.3 provides & summary of SSH lbrary construcion. Of the 333 ESTs (GenBarik

o SSH sosmic),
1200 bp) sub-orary and 157 ESTs (average length 435 bp) came from a nor-size-actonated
iiary. Of the 380 ESTs (GenBank accession rumbers GT128817-GT129165) generated rom
e reverse SSH brery (ibrary nme: ssa_ear_SSH_sesmicR), 201 ESTs (average lengin 706

5p) came from a size-ractonatec o

5p) came from a nomvsize-racionated lbrary. Afr assembly, Kentfication nd functons
annotaton, there were 229 unique sequences (50 conliguous sequences (conigs) and 179
singletons] genrate rom the fooward SSH fbrary,and 243 nique sequences (50 coniigs and
183 singletons] generated from the reverse SSH lbrary. The compete s of assembled
sequences (contgs and singetons) generaed from the forward and reverse ear SSH CONA
baris are in Tables 3.5 and 3, respecivey. Tables 35 and 36 show the most sniicant

(lowest Evalue) BLASTX or BLASTN it inclding species name and corresponding GenBank

o =3

2cid or nuceotde) and assigned functional categorios based on GO bicogical process o
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anhologuse) Jemental Tables S3

and 54 show the sequence lengi, GenBank accession numbers for indidual (nassemied)

Funciona catogores from boh he forward and roverse SSH CONA rares ncuce
ONA g, ranscrpton and vansiaton; enrgy melablis; proleoss; sgnaing (ackudng
synaptc wansmision); fon ranspat; suctra aciy; cll eath (apaploss), rogeneraon
(nchudng sxcnogenesis) postvansiaionsl proten modficatn; siress-esponse; Immuno-
ovent. functons;

and unknown and uncharacterized sequences. A summary of e rumber and percentage of

‘Sequences identfied s havig importance in DNAIRNA bindig, anscrton and
ransition ropresent he argest percentage of entfied ESTs in both the fonkard and reverse
SSH ibraries, contibutng 10.8% and 16.0% of ll ST, respectvely (Table 3.7; Figure 33). Of

o ESTs overal)

fom Loopard frog (Rana pipiens), Chinese perch (Sinperca chuats), European place
(Plouronectos platessa) (Tabie 36). and nemaiods (Caencrhablls briggsac) (Table 35).

an ntrosting discovery i saimoni and sesmic research

“The largest conii (Le. having the highst number of conributing ESTS) n the forward

S5 tbrary had was idoifiod

- 99% ity over 367

dontiod by BLASTN,




s



bt
(GO rnotatons were coaned fom Swas ok 0. oxpa Pl

e
oo car suppros ‘



are no sequences idenified s CNDP in the reverse SSH fbrary. QPCR analysis of s

Sequence revealed a 27.3 fod overal inducton i selsmic exposed compared o contol ear

n seismic. exposed indviduals (SE 504.9) compared o control indiduals (SE 177). e

Anomber of

ther saquences have been identied i the fonuard and reverse aries as haviag impartant

rles in proteciysis (Tables 35 and 36). Overall, ESTs ieniled s havig impartance
proteaysis sccount for 75% and 1.4% of toil ESTs in th foruard and reverse SSH cONA
tivary, respecively (Table 37; Figure 3.3).

one.

167 aigned amino

acis) denifes i he

foward (2 ESTs) and the reverse (3 ESTs) SSH lbraries, the Blue panchax (Aplocheius
panchax) putative orthciogue of s gens was ot denifed in the revers lorary, suggesting
scovery of 3 novel seismic esponsive samon cylochrome ¢ oxdase gene. The othr second
largest confg n the foward SSH liary was idenfld as Alanic saimon (Saimo salr)

cylohrome ¢ oxidase subunit I (GenBank accession number ARDOATIS; 95% dentiy over 208

reverse SSH lbrary, however, with thtoen contbuing ESTs (GonBark accossion number

ARDOA735; 94% identy over 212 aligned amino acds) (Table 36). The presence of this

When soried by

ene ontology, dentifed ESTs wit funcions rlated 1o energy metabolis represent 9.9% and

N
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o Seme
SC= 1273010
e 34.0PCR ot o couc peptdase (CNOP)
G et o NP o s S5 oo e Thrg v
o coreh w10 saric osed smon, nrmatd o phgeentd

o o . A et R 1t ks il S copar >
Gontol {10 S masn 1 coniol mean > 1) Eror bars fo a kot SE. GPCR anpicaton
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108% of unassembed sequences from the forward and reverse SN CONA lbraries,

respectivly (Table 3.7 Figure 3.3).

5o

e forward and reverse SSH CONA ibraries; howover, there are iferent genes (or diferent

in s brary.
SSH CONA lbcary wih  sgnaling reievan functonal annoaton was entfed as myoin PO
poton BToseoT; 100%
idansy ove

BT058974; 100% ity

dontfication of platele-derved growth focor receplorke protein precursar (3 ESTs) (gene
ontology classificaton ofactory receplor aciiiy) i the forward SSH lbary, but not in he
'

CONA ibrary Also, had our n

one EST n the forward SSH Ibvary. Novel poletial sesmic responsive signalng-elevant

Puman (Homo sapiens) putaive orthologues for My basic proten (denifed only i the
forward SSH CONA loary), iyt hormone receplor neactor 12, soform CRA | (everse SSH
CONA Irary only) and trosioe-protein Kinase RYK (denifd ony i the reverse SSH cONA
orary).

Several potentlly dfeent ranscrts wero donifid n both the forward and roverse

(ofon associated wit stres response) and win reguated proten umover. S100-8 (GenBank
sccession number ACMOB315; 100% dntiy over 124 aligned amino ackds) (Table 3.5) was
identfid i th forward SSH IBxary Wi oo conrbutng sequences, but was not dantfed in



Aiso, he reverse SSH livary had a lrger proportion of secuences ientfied a3 insuliike

Growth factorbinding proeins (1.5%) han the forward SSH.lbrary (03%). Several otrer

sequences amein

Dot ibraries (Tables 3.5 and 36). Stessresponsive gencs, ofien associted wih processes
relsted to cal death, were identfied i e foard and reverse SSH lbraries. Of partcular
intoest s the relaively lrge number of iferent hoal shock profenencodng ranscis

Identfied i e roverse SSH orary (7 EST of HSP10, HSPSObela, HSPTO, HSC71) compared

Aso,

In 2daiion 10 genes dentfied a5 having imporant roles n cell death and stess

tt are imporiant in postransiatonal proten modficaion (reguiaton of proten fumove).

.

with 97% identy at the amino aci level: i th reverse lbray, 3 puaive orhologue of catfsh

ctaluus puncatus) ubiquitn and rbosomal protein S27a procursor (1 EST), and s-phase

i

than 1.75-f0d -

subuntsaro present nboth loraios (Tables 35 nd 3.).

whie oraios

(2:5%) (Table 37; Figure 33), It i itaresting (o note that o of he largest conlgs in this

catagory were oly i the forwerd SSH fbrary. Theso two conligs were Icenifed as be
microgobulin precursor (3 ESTs) and a putatve ortrologue of cricken (Gallus Galls) Ig-
supertamiy protein (3 ESTs), which is 2 ssimon transcript encoding & putatve prolan 1t has

ot been characterized n Aantc saimon (Saimo salar) (35 evidenced by he absence of that

-56-



saimon in e GenBank Aso

ntaresting to note is tha the largest conig impartant i ion ransport was i the forward SSH

ESTs) (GenBank accession number CABBISST; 100% dentty over 34 amino acs), Whie this

Forward and reverse lvaries contain sequences wih gene anioogy terms reated

spectcaly to ea, sound,

Govelopment. Togeter,

abundant (1o rre) vanscrpts: 18% fo sensory percepton of soun, udory recepor el
organzaton and 1.3% for genes imporantn oot dovelopment (Tabe 3.7 Figure 33). 1 he
fovard SSH CONA lbray thero are oo socuences idenfied a5 imporant i sensory
percpton of sound: wo separte ESTs entiod a3 Atanic salmon (Saimo salr) parghoral
myein protein 22 (GenBank accession number ACISS730 90% denty over 82 algned amino
acs; GenBank accession rumbar BTOASA68, 7% dontly over 863 algned nuceotdes) and
Atanic saimon (Samo salar) ilogrl membrano protsin 2B (GenBank accession number

ACIS3031;58% dentyover 100 algned amino acis) (Tabo 3.5). I conast,there re seven
genes dentfied i the reversa SSH lbrary (9 ESTs) win mportant funcions in sensory
percopton or auclory cal organizato, ncluding two secuences Konifled as Atanic sainon
(Saimo sal) ntogal mambrane protan 26 (4 ESTs) (GenBark accassion numbor ACIS031;
1o0% (1 EST, Ganbank

accession number BTO454; 95% idantly at the nucleatde evel), boh a0 dented i the
forward bary. Othr sensary-rlevant genos identifed n 1o roverse SSH lorary were saimon
og. coetin (GenBank

canat morphogenesis; GenBank accession number CAATBI0; 82% dently over 185 algned

Fa7t




amino acds). human Alsrom syndrome proein 1 (GenBank accession number QBTCU 40%
dontty over 193 algned amino accs) and mouse (Mus musculs) stereociin (GenBark
accession number AALISI21; 475% idently over 96 aligned amino acds) (Table 36).

Wdonficaion of hese novel Alantc saiman oar saquences polentaly responsie 10 seismic

noise exposure il contrautesignfcanty f saimorid eraure.
A fow genes were entiiad i both the forward and reverse SSH CONA lbraries that

have roles in the biological pracess of ololth ceveopment, or are repord (o ba important in

SPARG precursor (5 ESTs) and a puive orhologus of cow (B0s tauns) chondromodi (1

EST) (Nomoto e, a1, 2007; GeanBank accession number AAAJOS4S; 78% ity a1 the amino

mati macromolecle 4 (1 EST) (GenBank accession number BAGTA38H; 94% enity at the
amino acid o) anc zabrafish (Dani rorc) ol 1 (1 EST) (GenBank sccession rumber
(CANBB052: 80% denityat he amino acdeve) (Tade 3.

Several sequences were ienifed a5 genes wih important fucions releled 10

oytoskeltal sruciure and dynamics, importan n hair col siucture and function, wit a larger

perceniage of ESTs
SSH CONA fbrary (4%) (Table 3.7 Figue 3.3) The lrgest conig lsted under tris functonal
category present n th forward and reverse SSH aresis  putaive orhologue o zebrafsh
(Danio roi) matin4 gene (maid), wih four conbutng ESTS i th orward SSH cONA
icary (GenBank accession rumber AAIB3BET; 83% ideniily at the amino acid leve) and s

conrbuting ESTs in

everse SSH CONA lbrary (GenBank accession rumbar AAISSBST: 81%

mouse nner ear (Kockarset.al, 2002).
dentiied sequances wih e or no known functn, o ot fing o the functonal

catagories isted are reported under “ther” (Tabes 35 and 35). These sequances rprosent

.-




about 1% of all 683 ESTs from ot raries (Table 3.7; Figure 3.3). Incuded in tis functonal

. 76% dentty
over 90 amino acis). This contg was also dentifed i the forward lbrary wih only four

conrbuiing ESTs (GenBark sccession number ACAO4850; 77% identiy over 87 amino acds)

(Tatle 36),

under “unkown” and represent sbout 3% of 3l 683 ESTe whie those sequences wih 1o

683 ESTs. Atanic saimon (Saimo sala) sequences encodng a putatve protein that have not
n 10

12,

40 Discussion

exposure generated ffom a sesmic aifgun. Qualfative obsenvalions were aso made o

Prysicogical

sress rosponse was determined by measurement of plasma corsol conceniraton, which

demonsirated no_delectabie diference between conrol and exposed. groups. Transcrpt

s through the creation and characterzaton of reciprocal SSH CONA lbrarios designed (o be.

nviched fo ganes up-eguiated or down-regulated by sasMic NS exposUT n nner ear of

Atantc saimon,

Samon inne ear (Tables 32 and 3.3) Gena st provided nsights o effects of nse induced

9.



amotatons important in metabolism, signaing, ron homeostasis stuctra scafflging,
reguaton o anscrpionivansition, and sress. response (ncuding oell cycelcel death
(spoptsi), postansiatonai protsin modifcaton and immune responsel, Candidale moecular
biomarkers of seismic noise nduced siess were selected from the fss of reproducly

nformative genes for vaidation by QPCR (Table 34; Figure 32). Deveopment and

providd: 1)
generat information on the mlecuar acviies that may b aered in ea in response 1o nose
exposure; 2) o least e, potanial moleculr bamarkr (osol: non-specic dpepldase) of
e inducad stess (canfrmed by GPCR) (Tabe 34 Figue 3.4) and 3) iscovery and

characteizaion of novelgenes expresse n samon nner ar

41 Physilogical Stross Rosponso
Physioogial stess response was deermined by measurement of pasma corlsol

concantaton. swess

(Mazoaud et al, 1977) an has been used to demensiate a bocherical response 0 acousical
siress in various fish spacie (0. Santl ef at 1999; ST ef i 2004; Wysocki o a, 2006

by the sndocrine system (Rancal and Perry, 1992). I the presen sty the mean piasma
cortisolconcentrations were 68.1 g (SE 11.5) and 77.0 g (S 13.8) for contol (+=16) and
soismic exposad fish (1=17), respectvely (Toble 3.1 Figwre 3.1). Whie the mean corisol

was ot statisical sigiicant (P=063). The range of lasma corsal canceriration was 2.7

4 180

g/l or more have been recorded in samonids (Baron of a, 1986; Pickering and Potinger

1985), normal cortisol concnirato for non-iressed salmonids is considered to ba <10 ngimi




(Pekering and Potinger, 1989).In the prosont sudy. igher than normal corsol concentation in

.
et capture, and handing (Wedemeyer of al 1676; Strange of a, 1977, Waring et al, 1982;
Demers and Bayne, 1997; Barton o o, 2005; Veisoh o al, 2008 Fast et al. 2008; Hor of al.

2010). Rottant an Tort

s may

However, Hori et

a ©

300 24 hours olowing heat siressanding compared fo conol fish subjeced only o handing.
The piasma cortol response (and degree of respanse) may be diferent for aferent types of
sitoss and ndferent speces

n addiion to possble ffects of handing on plesma coisol i the curtent sudy, i '8
possile that we have missed pesk corisllevels since i reporied in studes on acue stess

at he cortsol response in ms fh is 29, reaching maximum concentraton wii 1 hour

afte being stressed (wama of o, 2006). A sgnifcant incroase in plasma corisol migh have
been datected in the curent study had we sampled a arler e poits postsiress, howeve,

the goalof the sty was to ideny mosecular biomarkers of sesmic sss (Le. at could be

responds i a few hours an rapily goes back f pr-stess avels would ot be very usef.

By choosing the siieen hour post-sress fme po, we increased the Iikeliood of entiying

o

tisue samples.

2009),
o To fly study




cortisol responso in Alanic saimon to seismic nose, a dedicated experiment tat mezsures

Quaaiie observations made during exposure of animals revealed an il starte

of the expostre (~10 minutes; 50 argun blasts). Exposure o inlense naise has been shown to

2001; Hassel ot al. 2004; Smith of af, 2004). In addiion o the intal starle response, 3

afterence in

and were therefore very easy o capure, whereas fish ffom he seismic exposed group
Gemonstated rapd and eratc swimming aciniy (compared 1o controls) duing attemped

In silned tumpler (Poltes sexineatus; McCauley of al, 2000), goifish (Corassus auratus;
Smith o al 2004), European sea bass (Dicontarchus labrax L. Buscaino et al, 2010) and
Githead broam (Sparus aurata L; Buscaino f ai, 2010). An ncrease i swimming actvy

indicates an increasa i overal melabolc ate which imp

a igher domand for oxygen.
Increased swinming actviy and the associsled metabolc costs could compromise oiber
blologial activles, such 9 1009 cquiston, homedstasis due o envconmonial stressors,

migaton and reprocuction (uscaino et a, 2010).

42 ANeration in Geno Exprossion

system are very similar 10 those o trrstial verierates including mamm
2000)

evoved voribratesis tha fsh only have an ime ear (2 membranous sac). In most fishes tis

(Fay and Popper

Jo, and lagena)




middio ear,in addon to ighy elaboate inner ear tructures for sound detecton and analysis

(vasiar papta n i Popper, 2000)

the semicicuar canais and ooithic end organs, cristae and macua, fespecively, contain
mechanoreceptive hae cels which aro associated wih branches of the eighh audiory nerve

1989).

e among iferonces in the ear
fshes and oer vrtebates (Pl 1963; Popper and Fay 1983)

xposure, ranging from transien metaboic sress n he cols fo mecharical disnpion of the
sansory aphosm (Lomax e i 200; Taggart e o, 2001;Cho of a, 2004; Kikegaar of o,
2006; S o . 2008), Whio suies i fh have domonsiroted e behaviral, prysilogal and
Poppa and Hastigs,

2006), the changes in gane expression that underie these biological changes have been

nvestgetad i only one study 1o date, on Zebrafish (Dario ero) (Schuck e al. 2009; meeting

abstoci).
inner oa, and
toois and
ond characterzaton.

o saismic

T s tho frst study 1o examine changes i gone exprs

fon i respons

e

s 0 the frst e CONA libraries from saimon inner ear have been constrcted, and novel




421 Mcroaray-dentfed reproducbly nformatve gone set

In this stucy, successful appication of 16K samonid cONA microarays 10 study the

(smol) Atantc samon (Saimo sala) was demonstated. DNA microarays have been used 1o
identéy genes responsile for deainess in human cochear and vestouar tssues (Abe of al,
201;

Cho e ai, 2004; Kikegaard ot al, 2006), chinchita coctiea (Taggart f al, 2001) and more

42.1.1 Energy and metabolism. Difeenta expression of several ianscripts encoding genes
important in celuda respiraton, incuding those win roles i Gxygen anspor the glycaic

paway,

Four dferent y

23
o), hemoglobi beta (2540, hemogiabin aioha-4 (2310d) and hemoglobin apha (2.140K).
Theso were represaniod by @ total of ight features (Le. $pots) on the micoarray. QPCR

: Figure 324, Higher

lavels of homogiobin n

damage 10 fishes (roviawed in Hastngs and Popper, 2005), Inciuding damage 1o hair cols
(Enger, 1981; Hastings o al 1996; McCauley o al 2003). Incraased hamogiodin may also

ncrease in metabolc actviy.

i & bosynthetc capaciy, including synhesis of heme tough succiytcoenzyme A (CoR).
Deplation o giucose appears o be the major mochanism for he increased expression of TCA




cycle enzymes necessary for oxdaiive metabolism, leading 10 @ 3- 10 100 incease in TCA.

1o97), s mpertant in onergy

metabalam wih mporiant roles in the ciric acd cyce or sleckon Wansport chan were

in respen (Tables 32

ana33),

genes imporant in .
wnen

s Nghly exprossed n teloost hai colls (Saidel and Crowder, 1997, has been shown by.

immunonistochemisty o decrease in the cochiea of ibino guinea S i rosponse 10 acoustc

1998).Hu ot l.
actity imples that metabolc damage may piay a fole n nose-nduced hearng loss. The.

microaray

oxidase encoding Wianscrpts in saimon ear further confiming the potental for metabolc
dsurbance in response 1o intense nose exposure. OF partcular nerest s the anscrpt

which

gaso has boen reported fo bo responsibie for & specific miochondrial brain dsease,

Neurons require lrge smounts of energy 1o Suppor her survival and functon, and ar

2006) Nicotinamide adenine inucieotde (NAD*) s an essntil co-actr for melabolc and

e icotnamide ioside Knase (Nrk) pathway (Temge ef al 2007). It has boen reportd that

day atr




o, 2008). Two

ranscrpts for N2 are reproducibly up-roguiated (290, SE 03; 1840, SE 02) i samon

o GPCR corfimed

preguition of his gene (1.-0d; P=0.02) (Table 3.4; Figure 328), N2 up-eguiation in
response to noise exposure in samon ear poins fo evidence for neuronal protecton in ear
vough increased producton of NAD: Nik2 may potentally be an important biomarker for

seismic nise exposuse i samorids and ober fish species

(UPP), which funcions in the process of proten tumover in eukarytic cells, consists of the

combined acton of enzymes. that ik chains of ubiquitn onto prolens fo. mark them for

egradation by
ubiquitnated proteins ot i, 2006).

ecuired 1o ink chans of ubiquiin onio proteins that oo destined for degradaton: ubiguin-

activatng enzyme (E1), ibiquit conjugaing enzymes (E2), and ubiauin lgase (E3), whih is

process
he ransor of actvated ubiquii to i (Alberts of a, 2008). Inducton of the gene encoding E3
ubiquitn ligase has been previously reported in njured tissues of chick cochlea immedately

following noise exgosur (Lomax ot al. 2000). Lomax e al, (2001)ife that E3 ubiquii lgase

by oxidative damage, a5 1t s homologous fo an oxdaive stess responsive gene. However,

1A (a putatve ortologue of uman E3 ubiquiin igase (100% ientiy) (2.0, SE 0.6) (Table
33)in samon ear in response to sesmic noise exposure. I additon fo cown reguaton of E3

in e UPP in response to nise exposure, whereas ther is an nducton of genes impartant




in the UPP.

LSE 1), (2310, SE 02) ang
protsasome subunt beta type-S precursor (190, SE 05) (Table 33). Uniquitn carooxt
1 in response in saimon 23-

fold, SE 0.4) (Tave 32).

2004), UCHs have

boan shown fo be highy expressed i the perpheral nenvous system of mammalan species.
incluting in the sensary and motor nerves, and are imporant n preventng neurodegeneraton
(Ghen e al, 2010). Down-reguiton of genes important in the UPP, along wi increased

ofreguisted protin degradation machinery via the UPP in fesponse 1o noise induce siress in

saimen ear. at (200
protin inlobster (Homarus americanus) exposed o seisic noise suggesing a disturbance in

proten syntesis. I the microaray stuy. ubiqutin famiy domain-containing protein 1 Was the

Saimon ear. Whie there ae o gene ontcogy ferms assigned to tis proten, s eparted 0 be
important i proten modication (Foaner of al, 2008). Pepidypropy cis-vans somerase,
important i postransiatonal prolen modiicaton, was. also up-reguated in sakmon ear i

fesponse 1o soismic naise exposure (180l SE 03) (Table 3.2) and has prevously been

necefoe, prevented
(Locker ot o, 2006). Togstner, ciferentl reguiaton of genes imporant n fogulied protein
madficaton poit to evidence for depression of UPP genes and an increase in atemaive

processes invoved in protsin modifcaton that may affet mporant physilogical processes



ew proten synihesis o energy producton

42:1.3 Coll cyce / coll death, axongenesis. Throughout the e of eukaryoles many ces e,
i during sue remadeing, or dus 10 ey o mecharical sress. Regulated col deat (i
apopiais) s imporant durng deveapment and mantenance o tssues (Cambi and Figdr,
200). Caspases are a famiy of cysane potoases that are cral n destucion of coll
constuents uring apoplosis (Masumichi f . 2006). Smith e a. (2008) observed increased
apoptotcactiy n godth (Carassis aurats) ear issues 02 Gays following 1550 xposure,
cainciding withthe period of restest hi cll s, suogesing hat hr clls weo dying e o
ol Gean. Ao allred expression of genes invved in roguiaten of apopioss has been
repored in mammatan ar tssues foowing N0 exposure (dscussed in Kikegaard f o,
2005). Microaray-dentfed ranscpls encodng genes imcived i apopiosis hat are
feconialyroguiated in saimon ear folowing sesmic nose exposure nclude caspeseS
precursor (21f0d upregulted. SE 0.2) Table 3.2) and B-el recepior-assocaied rofein 31
(27-40d down-regulaled, SE 0.8) (Table 3:3). However, QPCR resuls 6 nok conim up-
reguaton o caspase 8 precursor-encoding tanscrt (Tabe 3.4 Figure 32€). Several aber
ranscrpts encoding ganes impartan n cll cydle and neuroregeneralon were dentied n he

micrarray oxperiment

being diferentasy xpressed n soismic xposad and contol samon
ears (Tables 32 and 33), Of partular nrost i down-oguiaton of tho tanscrpt encoding
caium binding protein $100-8 (2340, SE 0.5) (Table 3:3) i the microaray sudy (g ear)
and e enticaton of e ranscrip encoding cacium binding polen S100-8 (3 ESTS) i the

forward SSH CONA lrary onl (it ear), whih was designed o be enviched for anscrpts vp-

Galcum binding
bean idenfied n the newrons and secrelory cels of the developing avian ear (Fermin of a,
1985). Eary incucton of $100 proten has been demonsiated in response 1 1) intense nose

xposure i crinchila cochiea (Taggart of al, 2001); and 2) destncion of the vestibular

-es-




epielum in quinea pig. In the late case eary enhanced expression of S100 i the side

conralatrai 1 the lesion was folowed by a decrease one day postauma indcatng a shit n

1995).
dotermine i tis gene s up- or down-reuiated by seismic nose exposure, Giferences i gene
xpression would b expected between rgh and et ear e fish received more exposure on
one sde reltie to the other due fo the anmals crentaton Wi respect 1 the souce
we

1o ncreased exposie.

421.4 immuniy. o
necrosi; 2) s charactrzed by distubance of energy metabolism, disnpton of celudar

membranes and the relesse of cyloplasmic and nudear components o the extracellar

of surface raceptors known to recogrize micrbial carbohydrate moietes, also sense products
hat moduate (Gambi

and Figdor, 2009).

ype lectn rocepir A n compared win con
e up-roguaton of s ranserpt (Table 3.4; Figure 32H). As soen wi ohr noisa induced
genes oparted in tis sudy there is a high bicgical vaibilly among indiiduals from the
seamic exposed group, supgesting thal here are difronces in the sensiy of Gifernt

ndividual ears to stessinduced by nose exposure. Other transcrpts wih immune-reevant

arelsted i Tables 32and 3.3




4215 Snaing, synaptic transmisson. The necroandocrne system provides an iterace

. sresses) are
met wih adapive reacions, iniated by newroendocrne signals (Dorshiind and Horseman,
2001) produced du and hat

Growth hormone, fogether wih insuln Growth facors, act s antagoniss 10 ghucocarcnids.
Playing a role in the siress response and immune functon (Kelley and Danzer, 1991). Our

in saimon.
(Table 3.4; Figire 3.2F). Agai, there was high bioogial variabily n the GPCR data for the

seismic exposed group (Ihe p-valve was grester than T sel treshold of 0.05). This high

indiiduas (ie.

may

fold increase i growth hormone encoding tanscrpt i Zebrafish nner ear wo days post nose
exposure wih levels docroasing four days post exposure, whereas a decrease in growth
ormone gen expresson has baen delected n mammalen ear i eary fesponse [0 Nose

exposure associsted with a temporary eshold s (TTS) (Cho of al. 2004). Growth hormone

In addiion to growth homone, thyrod ormanes can act a5 immunostmuiatory
medators, which are. partulaly important during the response o envionmental and

physiclogica sress. Transthyretn is @ carrer for boh hyroxing (3 thyoid hormone), as wel as

toplayan
impartant role in nerve regeneraton (Fleming et al 2007). Microaray-dentfed ranscipts
1 1oe, SE 05 ana 23-

0, SE 02, respecively) (Table 3.2) i seismic exposed samon oar, whie retinod x receptor

70-



beta a-encoding transcript was down-regulted (1840, SE 0.1) (Table 3.3 Cellar retna-

whichis

may pay a role in damage-nduced har ell regeneraton in developing and mature imer ear
organs as wel s in the develoing audory organ (Yikoski ef al, 1984) and is impicated in

paynga

blosynihesis and tyroid hormone Eansport in laner ear of samon may point to protecive

‘Galmodin, important n the G-protein coupled receptor proten sgnaing patwy (gene
ntracetular caicm

receptor whicn maitais inraceluiar cacm homeosiasis in many tissues incuing haiccels,

and a5 3 resul prolects the Cyoskeleton from degradation (Zuo el al 2008). Calmoduin

the cacum

was. downeguiaied (2310, SE) (Table 33) n samon ear in response o sesmic nose

3 gene expression n crinchila nner ear (Taggart et i, 2001) and an increase in camodun

otal, 2008 gene
exprssion between tis study on saimon iner oar and studies on mammalin car is oificul

since stues on mammaiian systems taget specic organs or ssues wiin the ear, and the

coctiea show cferenal expression of several gones, ncuding camoduln expression (Cho et

al. 2001,

2. e

e ear (Flock ef o, 1981), however, noie can fesul in many fypes of cyioskeletal proten

-



a1, 1963). The structural ntegrty of the imer ear clearly dopends on the synthesis of

2000
cylskeltal role have been previusly observed in zebrash imer ear (Schuck of i, 2008;
mooting absrac),rat coctiea (Chen, 2006),chincla cociea (Taggar o i 2001), chick oar
(Gotancho ot ai. 1904; Ader ot a, 1995; Gong ot al. 1966; Lomax ot al. 2000) and

Quinea pig coctlear hair cols (Zuo of al, 2008) following noise exposure. Whio the studos
Gonducted o mammalan and avian ear tssues demonsiate primarly elevated levels of

n e cyoskeletal intrest i .

microarray-dontfiod eproducibly informatve ranscripts ancodig ganos mporant n sructural
scaffoding were aiferonidy reguiated n response o seismic Nse exposure i saimon ear.
Transcrts up-reguted included coronn1A (27106, SE 06) and vasodiatorstmuated

Phosphopeoten (1.9-40d, SE 0.1) (Table 3.2), whie lranscrpts reproducily down-eguiated

se

0.4) which forms part of th extacauiar marix; axd motl spom damain-contaning proten 2

(20406, SE 02) (Tablo 3:3). he most abundant down-eguiled Vanscpt Konifd i tho

microaray iy, which s  mlorprotsn importantn coll iy, Molo protons o known to

e important n normal sudtey functon in mammals (Lomax of 1 2001). Coroni 14, which

bekongs to the WO4O repeat famiy, s assocised wih F-acin and has boan mpicaled n a

varty of cyloskelelon-dependont processes (Mugnier ofal, 2008), WOR gene, which encodes
one ot

o play an important rle i ha ce regeneration i bics (Ade o . 1999)



42:1.7 Otor and unknown. Transcrts tat are ot curenty cassifed or have o known
fncton are aiso enified in Tables 32 and 33, and also represent impartan anscrts
potenily responsive o naise induced siress in saimon iner ear. The micraray-cenied
ranscrpt encoding C14ar159. proai s down-egualed (22401, SE 03) (Table 33) in

fespans o saismic nose exposure in saimon ear and vaidated by GPCR (-1410, Paalue

important in the mitochandrin. Miochondria are Gynamic organeles essentl for caluar Ife,

ceatn, . 2008).

in samon gil etal
2006) and has boen associated wih estiogen recoptor pha in Puman breast cancer cols
(Greekmore et a, 2007). These esuls suggest a role for C14or159 proten i early stess
esponse possiby assosiated wih reguiston o cal ceath, s0 C14or159 may be an important

blomarker ofnaise induced siress i salmon aar

422 Ganos idontifed i rociprocal SSH cONA brries
Effects of noise can range from tansient melaboic svess in the cals to mechanical

ef i, 2006), Microaray resufs on sesmic oise induced siress i salmon ner ear poit 10

regeneration. identcaton of potental

the paricuar 16006 gens that wera present an the array (von Schalbug ef al, 2005). The
CGRASP 16K microarray does ot contan Uanscrpls hat were doveloped fom salmonid aar

nciused in it constructon. Therefore, 1o complement the mecroaray sy, & smal scale

-



vough consiruction and characerizaton of recprocal SSH CDNA fbraries. SSH. ibrary

consructon has the advantages of novel gen dscovery and discovery o poenta imporiant

consinucton fom innr ear of fish. The frs was. development of a subiacted CONA ibxry from
zobvafish inner ear (Coimbra o . 2002).
In tis stody, 333 and 350 ESTs were generated from the forward and reverse SSH

CDNA Iiaries,respecively. The highest proparton of genes represented i the fonvard (11%)

(Table 37 Figwre 33). tary has @ igher
praparion o genes n this functonal catagory than th forward SSH CONA lbrery, suggesting
ot ssimic ncise may down-regulate ranscrts encoding anscptionfvansiational machinery

proteins, 16 hours postexposure. An increase in tanscrptonaltansiatonal machinery and

i an eary response (3 1 6 1) to modorate noise exposure (Taggar e al, 2001) and an early

1o intense noise exposure (24 h)in mammalan cochlea cd ot show an nducton of ranscipts

associted wih transiatonal machinery (Kekegasrd of al. 2008). The suppression of
ranscrptional and ransatonal machinery-elvant anscris observed in samon ear exposed
1o seisic noise may paint o cellr domage o iner e ssues.

Aiso of paricuiar interest s the arge number of sequences enifid s tansposases

(13 ESTs overai) in the reverse SSH cONA lrary (Table 3.6) compared 1o the fonward SSH

ONA lbrary

iraies has rovesiod @ suprisingly large number o tansposon transcrps; microaray studes

oxicy, siress, and bacieral anigens, suggesting that hese genes can be used as sensilve

molecur biomarkers of acu condiions n saimand fish (Krasaov e al 2005). In sddton to

-



i botn

Ghinese perch (Sinierca

chuats) and (atte
36). nd fom nemolode (Casnortabits briggeae). i the forward lorry (Table 35)
Idenfcaton of novel, otently sesic responsive genes i Atlntc samon aa s a sgnficant
scovery i samonid and seismic research

The scond lrgest functonal cassfcaon of SSH lbrary secuences was norey

metabolsm, wih 99% of he forvard brary ESTs and 106% of the reverse Ibrary ESTs

micoarrayidentfied gones mporint n energy metabolism (ncuding elecron tansport, TCA

inthe n
e reverse. SSH CONA liary (Table 35), suggesting discovery of & novel sosmic nose-
responsive saimon cylochvome ¢ oxdase gene. Several other genes imporant in energy

feraton i

metabolsm were present in bt forward and reverse lraris, ending suppert for
metaboism in saimon ear i response 1o elsmic nSe exposure. Metabolc change have boen
previously reportad n sar i response o noise induced siress in lbino guines pig (Hsu of ol

1998) (2009),

ESTs idontfied as important n proteaysis accounted for 7.6% and 1.4% (Table 37

o swsnic acise exposure. The largest

2 potential uprogulation of such ransarips n espons
Gontg i the forward saimon aar SSH lkary (casigned to be up-reguiled by seismic noise

exposure), wih siisen conirbuting ESTs, and an addilonal conig composed of e ESTs,

onop.



iatve with a nigh noise-
exposed indiduas (Figure 3.4). Gene ortlogy terms associted wih  putative othologue of
oNOP from

in protecys. A study axaminng he dfeental expression of ganos Wit mause cociea
idenifled CNOP s being preferentol exoressed i he organ of Cr, ndicatg it may play &
ucl e n hesring (Mo e o, 2008) Camosine i suscapible o hyayss by CNOP,
rolessing essenia amino s important in he TCA cyle (B-lanine, Lnstsne) and i
hitamine synnesi (Listidne) (Ot of a, 2008) Hitamine s known 1o bo reguied by

o, 1992),

(Otan of L, 2008), an essentis innbiory naurotransmiter (Balon et al, 2007). Carmosine s

buffering, heavy melai chelaing, and have ant-crossinking and neurolansTIter propertes,
acting s both  neuromoduistor and a neuroprotecive agent (Bodyrev 2000). Of particular
inrats

2000
exposed salmon ear may ba the resul o an ncreased collar doman for enrgy, by providing

e T in vanscrts anstor

and e TCA . ncusing up-
ogulaton of wanscrt ancodng K2 which procuces NAD® by & novel scavenge panay
CTompol ot al, 2007). CNDP up-oguiaion may lso indcalo an nfammatry respanse o
proecton against excloloxicy 1ough rlease o he Imporant iniblory newrotanster,

GABA. Finaly,
may ndicate iferent indidual hrosholds for response 1o nise induced iress, or hat pask
xpossion of s gene was missed. Further work s fequied lo deterine the 1me-response

gene
a8 moecular biomarker n eary or delayed noise-nduced stess
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ndicaton of transcrpt exprossion response of genes imporant i post-vansiational protein
modficaton, as indicaied in the microaray study. The microaray results presented here reveal

proein 1 (a which s

a0 pr Tocary.
lending uthr suppor 1o ptental down-eguiston of s gane. Several ESTs ientfed a5
bkt conjogating enzymes appesr i the onward SSH CONA rar, suggestng dferental
oguiaton o components of the biuitnproteasome patway (UPP) i sasmic nose exposed

folowing noise exposure in chicks (Lomax of a, 2000) and repored o exnit a higher

suggostng Difrental reg

the ubiquit proteasome pathway in relaton o col diferenaton n at lens epinela h

sevoral biquit-congugating enzymes and dow-requiation of E3 ligase (Guo of al 2004) In

o curront study, the polentl increase i gene exprossion of several UK Conjugatng

fundamenta rearganizaton of the Uk corjugalion syslem in samon ear folowig noise-

nduced siross. Novel transcrpts ancoding genes. important n regulated proten tumover
dentfied in the SSH CONA IIvaries includo a Hghly conserved putaie orthologue of human
ubiqutn-conjugating enzyme 16 (S7% denity at the amino acd level) (Table 3.5) and catfsn

Ganes wih impocant functions i cah cyc, col daah (nchuding apopiosi) nd axon
ogonerton oo presen n b lares, wih a reser porcantage 33poAYing n he rovrse
Tovary (63%) compare 1ot arward ivary (5.1%) (Tolo 3.7; Figure 3.3) A e of gones
posent i annchod for oar




are importantin cel deatn,

binding protein, reticuion-, tesis enhanced geno ranscript (BAX inhBior 1) and NDRGS.

by seismic
oise)incluing $1008, opineur, cateni-beta and NF-kappa-B inibtor alpha, have functional
annotatons suggesting important roes in xoninerve regeneration and posiive reguiaton of
apoptoss. The down-reguiaion of ranscrpts wih rles n negative reguaion i apoplosi, and

preguiston apoplosis.
Smin ot o

(2008) observed increased apoptotc acivy in golish ear tissues 0:2 days folowng nose

programmed col death
Other candidate seismic. noise-responsive vanscrpts dentfied i the curent study

. inorder

10 prtectcel rom even more severe tresses (e Welch, 1992; Tyel o o, 1993). Ther are

oncoding ESTs (3 HSP10, 2 HSP9O beta, 1 HSP70, and 1 HSCT) i the reverse SSH cONA
bary (Tablo 3.6). Up-reguiation of HSPs have boen repored i ra cochiea olowing ishcema
(HSPT2: Myors of al, 1992), i rat cocte falowing exposure 1o @ ol

lovlthat produces o

IS (H5P72 L ot o,
a8 po-condtoning fo nose (HSPTO: Zuo of al. 2008). Up-roguiaten of ganes ancosing HSPs
have been rpored i ot auchory coex (HSP27 and HSPTO; Su of . 2008), nd nchinchila
cochin (HSP74; T i

0 docroase in HSPTO and other HSPs i samon ianer ear folowing noise exposure may
ndicate roplacoment of damaged cels Ivough denaturaton of domaged proiens and new
protin biosyriness
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ransterase A anc selencgrotein Pa precursor), which were presant i the forard SSH rary

P st varies
wih the intensiy of exposure (Le Prel of i, 2003). Evidence for oxidant siress a5 3

consequence of nase trauma in ea tissues is compeling (Reviewed in Le Prel ef i, 2003).

two contigs in (veta2 microgabui

precursor and a transcrpt reated to chicken Ig-superfamiy proin, 3 ESTs each) (Table 35)

Ge. Since e
best BLASTX it for he Ig-superfamiy-fke samon ear ranscrpt was closest fo Galis gals
(chicken). tis represenis 3 novel, potentall seismic sressfesponsive  saimon tanscrpt

dontfid n the curent sucy.

e

dograces over sueh as nose

(Taggart et al, 2001). Microaray-denified gones n saimon ear Gferentialy reguised n

ponse to saimic nose exposure wih funclonal snnotatons suggesting mporant roles in

eytoskelta sruciure and dynamics o described above (Tables 32 and 3.3). Secuences i

‘SSH CDNA lbcaries from salmon ear, i a largr percentage i the forward car SSH GDNA
rary (6.9%) compared to the reverse ear SSH CDNA lbvary (46%) (Tabe 3.7; Figre 33)
Altered oxprssion o genes wih cyoskeltal s have been previausy Gbserved in zebrash
inner e (Schuck ef i, 2008, meeting absrac).ra cachea (Chen, 2006), chinchila cochiea
(Toggan ot a, 2001), chick ear tssues (Colancha ot af, 1994: Adr o . 1885; Gong o .,
1996; Lomax ef at. 2000) and uinea pig ochiear hai cols (Zuo e a, 2008, flowing nose
exposuce. The largest cont clasifed i tis funcianal ctegory fo boih samen ear SSH



oraios was 3 putaive orhologue of zebrafish matriin4 (Matn4 proten) (Tadle 3.5). 2 novel

inmouse o otal

Whi there were simiar propartons of genes in the ‘signalig, synapic ransmisson

tere were
ifferences in the genes identfed in each Rvary o @ dfecet relatve abundance of genes

(detarmined by number of contbuting ESTs) dentifed in each rary. Fo exampl, myeln PO

(Tavie

35)andone EST.

suroundd i o docroase in Iaveing i

{at cochlea has besn sssocisted wih sensarneural haaring loss (Huiey ef al, 2007). The
potental up-reguiation of this Alantc samon transcript folowing seiSTic naise exposure may
Indicate a need for myesin replacement due o damage or sess i he audiory nerve. Novel,

potentially seismic siess-responsive genes [e.. pulatve orhologues of human myein basic

" 2 ne-prtein Kinase
YK (roverse SSH lbrary), wih functonal annotatons supgesting imporant e in signalng.
were aisa dentfied i the current sudy (Tables 35 and 36).

Also important in ear e speciic gnes for sonsory percepton of sound, audtory

roceptor Togeth

categories. represented 1% for sensory percepton of sound and audiory receplor cell

organizaton and 1. ntegral

Estin

myeiin protein 22 (2 ESTs in the forward brary: 1 EST in the reverse lorary) transcrips with

functonal anntations in th ‘sansory perception of sound’ category. were denfied in both he

intagral membrane prolen 28 (vansmembrane proten BR) has gene ontology (GO) biokogical
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process terms nervous system development and sensory perception of sound. and the human
putative orthologue of periphersl myelin protein 22 has GO bidogical process terms

There was.

atarger win
compared to the forward lbrary (0.9%). In adition o intogral mambrane proten and perpheral

relsted 1o human Alsrom syndrome protein 1 (40% ientl ai the amino ack leve) putaive
ortrlogues of zsbrafish cochin (65% identy at the amino acid level) and N-cacherin (82%
a

e amino acleve),
Geatoess and bl provems (Robertson f i 1968), whie N-cacherin has GO biogcal
process tams incuing ‘audiory receplr el organzaton and “semicur canal
mocpnogenesis (Tabe S4). Streocin s xoressad ol n e sansy ke cels it mouse s
oar and s associsted win e siercocia, the sif microvil forming he  suctre for
mechanarecepton of sound stmuaion (Verpy e, i 2001). A poental downteguaton of

Salmon ar transcripts important in sensory perceplion of sound In response 1o ense nose

protectin, 1o
myei proten 22 these novel samon genes wih hearing<elevant unctonal annolains were
scovered i the curent sudy. Saimon ear-speciic ranscris Kenifid i s sty may be
Vaable in fuure research o the efects of nose exposur i fish, and n future research on
hearing i ish

Ottt homologous to aloconia in aher verebrales, are essenial o the sense of
balance and hearing by conveying infomaton 1o the sensory i cls of the inner ear
(Hudspet, 1989). Actnopleryg (ray-fmed fishes) conan three large ciois that contve 1
Grow tougntot s (Campan and Thorrl, 2001). Genes wih specic funcins relaig 1
clolth Gevelopment identfled in the forward fbrary inchuded tvee sequences iensfed a5



SPARC pracursor (6 ESTs in tota), whieh are required for norma oloh growth n zebrafish

(Kang et al, 2008) and may iso functon i the saimon lens (Troe of al, 2010), 5 wel a5 a

putatve orthologue of cow chondromoduin-1, which has bean shown o be an earspecc

Murayema
ot al, 2002) were present a5 singetans in th reverse fbary (Table 36). The prosence of

spaRC o in otoitn

Togethe.

i boih he forward and reverse SSH iararies combined (Table 3.7 Fgure 3.3). Tne large number

of iferent cll ypes i the inner ear, 3ng Wi the ow perceniage of arget cel types (6.

with ar.speciic functonal anlatons n he salmon ar SSH iraries. Howsver, ne discovery
of genes i these saimon SSH Iiaries wih important (0es I sensery perception or e 031
development wil potentialy id future research o the impac o salsmic nise exposure on fish

and roprosent an important contibution {0 saimon gene discovery.

50 Conclusions

I conclusion, this study demonsirales he  successful applaton of 3 functonal

One of the majo advantages of using microaray technology s that changes in expression of

blomarkers

o environmental sressors. Microaray-dentfed genes esponsive (o sesmic noise-nduced
sress in saimon ear that were valdsiad by GPOR inluded: ricolinaride riosice Kinase 2.

important in & novel patruzy to genarate NAD' in energy producion as wel as impicated in



nerve tssue repaic mechanisms (Tempel et al 2007); hamogiobin subunit aioha-4, ndcatng

possie tissue damage or an increase in Gxygen demand as a resul of sevated metaboic

a12007) s wel as immune esponse i saimon (Morrson ef a, 2006).

dentfcaion of potental seismic stess-esponsve genes i samon ear was aso
conducted trough . constucion and characierizaon of recrocal SSH CONA lbrares
(CNDPencocing ranscp, th lrgest cont i the fonward SSH CONA Rery (enviched for ear
ranscrts upregulted by seisic sress), was shown by GPCR 1o be aver 2740 induced i

‘ompared to conrl ear. I shoukd
(GNP ranscript was nat stastcally significan, due o high ingvidual varibity i exposed

of an increased calulr demand for energy or may indicate an inflammatory responsa for

pay e i hearing
(Mors ot o, 2005).
‘GPCR resuls for many of the genes tested demonsiate & high variabity of gene

expression n saimon ear for indiduals exposed 1o sesmic generated noise. A arge individual

noise Induced hearing loss i humans; after an idetical exposure 10 nolse, some ndiviuals

a1, 2008), I

addion to difersnces in susceptviiy fo nose, otne possibiiies for high varabiy in gene

withrespect o the source.
Multple invaceluar patrways can come o ply in the fesponse o noise over
stmuiaton and the specifc stess pathways tated would depend on the severy o the nose

et al, 2009,
genes classfied as beng important in: metabolc processes (ncuding increased demand for

oxygen), painweys for reguisted proten tmover (ncuding apopiosi). signaling,  and




cyloskelton siructure and dynamics, in response 1o sesmic noise exposure in samon ear.

up- and. down-egulated i esponsa 1o sesmic nose exposure, respectively, vakdae and
complemen resuls fm e microaray sidy. In addion o aieraton of processes/pauays
dentie inthe microaray sty i rsponse o seismic P exposre n samon ear, gones
mporant i transcrptonvansiatonal machinery: stessresponse (ncuing soveral genes o

recprocal SSH CONA lbaris. Targeted gena discovery in saimon ar folowing exposure 10
of novel

Tnere are quidelines i place for seismic surveys bul  is recognized that they were

in global gene exprossion that poit to aeraton of colliar metabolsim, reguiated proten
dogradation, programmed coll death, oxdate.

res, sgnaing, and sensary percepton in

Adantc saimon

 following acoustc stmulaton, Theso novel results on At salmon

ndicate hat microaray and SSH lrary tochnologies hod considerable potental for more

fundamental sucios on selmic sounds
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