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Abstract

Antimicrobial peptides (AMPs) are short peptides that exhibit broad-spectrum
activiy against a variety of microbes including bactera, viruses, fungi and protozea.
Bascd on previously generated Atantic cod (Gadis morkua) expressed sequence tags
| (ESTS), 1 identified sequences representing four novel AMP-ike transeripts [a peptide.

with sequence similarity 1o lipopolysaccharide binding protein (LBP), a transcript with

sequence similrity o the potto (Solamum uberosum) AMP snakin-2, 35 well s two.
piscidin-ike peptides, The two peptides with similarityf the piscidins,  family of small
catonic AMPs fiom fsh, were elected for further stdy. | btaned ful-engh <DNA
soquences for two. parlogous piscidin ke transcripts wsing bidirectonsl rapid
amplification of <DNA ends (RACE). The Alatic cod panlogues were termed
‘nduscidins (GAD-1 and GAD-2), derived from the genus name Gadis. Quaniatve
Reverse transcipton — polymerase. chain reaction (QPCR) was used in transcipt

SAD-1 and GAD-2. 1 examis these

transcrpts in several tssues from non-strssed juvenile cod. Transeript expression of
GAD-1 and GAD-2 was also examined i immune tissues folowing intraperitoncal (IP)
injection of fomalin-killed atypical Aeromonas salmonicidia (ASAL), or phosphate-

buflered saline (PBS injection control). Putative GAD-1 and GAD-2 mature peptides

for

« e In addition
o structunal characterization, functional characterization was also carried out {0

and GAD-2.A

against Atantic cod red blood cells (RBCs) was performed, as well as a minimal



inhibitory concentration (MIC) assay for both GAD-1 and GAD-2 with Saphylococcus

intermedius and Escherichia coil.
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etal, 2002,

2007). Importantly, many AMPs can kill microbial and tumor cell at concentrations that
2007, Hoskin and Ramamoorthy
2008). In many cases, AMPs disrupt the membranes of targe cells, causing leakage of

have litle ffect on mammalian cells (Rege e

cell contents. However, interactions with ntracellular targets are ahso believed to be an

important component of acivity for some AMPs (Nicolas, 2009). In addition, the

properics of their
acivity in humans and other mammals. (Mookberice €t al, 2007). For example,
mammalian AMPs have been shown o influnce chemotaxi, cylokin relcase, anfigen
prescntation, recepor inteaction, angiogenesis, and wound healing (Lai and Gallo,
2009). The potetial of AMPS 0 act o pathogenic and tumor cells without harming

i

Structurally, AMPs can be generally clasifcd into three categorie: i) peptides

. defnsins),
nsect cecropins, amphibian magainins, or fish piscidins, and i) peptides with an over-
eprescotation of a particular amino acid (Po, His, Gy, Trp) which may ft nt cithr
srctural catcgoey. (-srand pepsides such ax protegrn. which are disophide-bood
stabilized, have well-defined strctures in aqueous solution (Khandeli t a, 2008).
However, the a-helical AMPs are often in an unstructured random-<oil configuration in

17



‘aqueous solution, but adopt a-helcal conformation in the presence of lpid membranes
Taking on this conformation allows the AMPs to ineract with cach other, and with the
Tipids, disruping the bilayer.

There arc generaly four proposcd mechanisms for merbrane disruption: 1) the
bamelstave mechanism (Figure 1A; Baumann et al., 1974), i) the carpet mechanism

(Figure 18; Pouny et al., 1992)

) the toroidal pore mechanism (Figure 1C:; Ludike et

al. 1996) and iv. 1D Leontiadou et a.
2006). n order for hreshold
AMPsat 009). Baumann et

fomation by alamethicn from the fungi Trichoderma viide. This mechanism involves

chel

por

Ihus, AMPs that

Rorek et al., 2000),
AMPs that it this size erterion, and are believed to disrupt membranes in a similar

manner (0 the barrel-stave mechanism. Examples include the 31-residue mammalian

cecropin pl (Gazit et al., 1996), the 20-residue fungi AMP alamethicin (Ticleman et

1999),and the 15-residue gramicidin from Bacillus brevis (Arseniev et a, 1985)



Figure 1. Four mochamioms by wiich AMPS may e pone formsicn = 3

membvane coce Sembeld comcentaton s mached. Depiction of 3) bavebatme

P —

pore mechasie (Ludke @ oL, 1996) and d) diondered forodsl pore mechasions
(Loowiados e al, 3006). Reprited by permision from Macenillan Publisbers Lid:
[Nature Reviews: Mirobilogy) (Mel e . 2009), eopyright (2009).



‘Some AMPs such as the aurcin AMPs from frog (Yenopus laevi), with 13-17

amino acid residues in length, are not long enough 10 conform 1o the barrl-stave

the AMP forming 8 “carpet” on the membrane surface, which acts like a detergent, and

vy

12009,
senom 1994, 2 1999),
1. 1000, por 10

similar 10 the barrel-stave mechanism, but in the case of the former, the AMP is always
‘associated with the lipid head-groups. This association induces a conncction between
inner and outer membrane leaflts (Palffy et al., 2009) and, thus, the pore is lined with
both lipid head-groups and peptides (Yang et al, 2001).

‘These mechanisms for membrane disruption have been derived from a varety of
biophysical studis, in partcular nuclear magnetic resonance (NMIR). For cxample, using

Solid-state NVIR, Tang et al (2009) determined that the cationic beta-hairpin AMP PG-1

a »C)

Inadd

changes the orcntaton of the AMP in the membranc mimtic, as well as the leve of
insertion (Tan et s 2009). Leontiadou ct 3l (2006) introdoced the disorderd pore
mechanism (Figwe 1D) a3 3 possible mechanism for pore formation in 3
dipalmitoylphospatidycholine (DPPC) biayer by magainn MG-H2, an snlogoe of

frog magainin. Th from the traditional o in




‘on the dge of the pore, parllel to the bilayer surfice.
In additon 1o the four generally accepted mechanisms discussed sbove, it has
also been suggested that the scgregation of components of the bacterial membrane into.

domains. Domai and, tho

in a (75:25) I-palmitoyl- 2-oleoyl phosphatidylethanolamine (POPE) and tetraoleoyl
cardiolipin (TOCL) model membrane upon addition of C12K-7-a-8, a highly cationic

AMP using differenial scanning calorimetry.

only one parameter in understanding the complex. means of AMP-induced cell death.
Another important aspect of AMPs function is their spexificity for pathogen membranes.
in comparison 1o host cell membrancs. This is thought 1o derive primarily from the
difference in lipid composition and. thus, physicochemical charactrisics (anionic,

wittrionic, cationic) of the lipids in the host versus microbial membrane. Bacterial

membranes are commonly composed of the  phospholipids cardiolipin  (CL),

#G), and i i (Epand et al., 2009), as

However,
‘and lipoproteins, and Gram-positive species also contan teichaic acids and lipoids. In
‘dditon, both bacterial Gram-negative and Gram-pastive cells have high variabilty in

their membrane composition. For example, the Gram-positive species Staphylococcus

akso Geara-
positive, has 0% PE (Epand et al., 2009). There is aso variabilty in CL and PG content

2



between Gram-posiive and Gram-negative bacteral species. I general, studies of

AMP-mermbrane interactions are limited 1o phospholipid membrane mimetics. While

Such studies with simplificd ipid systems have been valusble in suggesting models for

ity, the interactions can be

the mechanisms of AMP membranc disruption and speci
expected o be much more complex i viso
Interactions between AMP and membranes are important in the study of AMPs,

as they ofien induce cell death by membrane disruption. However, interctions with

for some AMPs. For cxample, AMPs have becn shown to inhibit DNA. and proein
synibesi, cell wall and cyoplasic membrane synthess, chaperone-ssisted procin
folding, cnryme activty (Niolas, 2009), 35 well s encrey disipaton through
mitochondral ineraction (Westerbof et ol 1989). AMPs such as the insect

ferobial clls through a receptor

pyrhocoricin and drosocin are believed to enter

interaction, and once inside, interfere with ither the chaperone Dnak, or inhibit DNA o

protein synhesis (Kragol et al, 2002; Otvos et al, 2005). Human histatin-5, a histidine-
rich AMP, is transported across the membrane in the protozon Leishmania in & non-
perturbing manner, where it causes energetic filure of the cell by accumulatng in the

mitochondrion, and inhibiting ATP synthesis (Lugue-Ortega et ol 2008). Cell death by

AMP-induced energetic callapse has also been reported in Candida. albicans

1999) Patrzykat et ol ahybrid between
winter flounder (Pseudopleuronectes americanus) pleurocidin and frog dermaseptin
inkibits intracelllar functions without dsmaging the E: coli cytoplasmic membranc: P-

e inhibited microbial RNA synthesis, but further studics are required to determine if



primary 2002), AMPs that have been
recently described (over 1,600 i the AMP Database, htp:/aps.unme. e/ AP/main.php),
reltively fiw AMPs have been conclusively proven o enter microbial cels and affect

processes within.

means of AMP-induced microbial death. In addition, many AMPs sid host microbial

and, the
‘and proifertion, as well s the expression of immune medistors (Easton e al, 2009).

For example, PISLL3T -

acts as 3 chemostiractant for mast cells (Niyonsaba et al., 2001), dendritc cells

(Davidson e al., 2004), i 2007, and

al, 2006) LL37 1, 2001), and

2006), Similay, the a-
defensins human neutrophil peptides (HNP) 1 and 2 are chemotactic for monocytes
(Territo et a., 1989), and the human G-defensins (VBD) 3 and 4 are chemotactic for
monocytes and macrophages (Yang et al. 2002). In addiion, human a and b defensins
are chemotactic for memory T cells (Lai and Gallo, 2009), represnting  link between

the innate and adaptive immune systems. Defensins and cathelcidins, which are

microbial invasion at these stes (Yang et al. 2001). For example, Van Wetering et al
(1997) determined that HNP stimultes interleukin (1L)-8 production in human sirway
pithelia; ILS, in tur, is a neutrophil chemoatiractant, further enhancing the immune
repome:



In onder 1o properly undersiand the immunomodulatory propertics that AMPs

possess, signaling pathways that control immune regulation must first be undersiood.

Although there have been few studies of signaling pathway regulation of AMPs in fish,

‘much is known about regulation of signaling pathways by human and insect AMPs.
human AMPs

pattcm (PAMP) receptors (.. Toll-ike receptors (TLR) or releaseof cytokines (Lai and
Gallo, 2009). The human B-defensins hBD2-4 are induced by simulation of TLR ligands,
1L-18, interferon (IFN)7, and tumor necrosis facor (Selted e al., 2005), whereas
cathelicidin is regulaed by histone deacctylation (Kida ct al, 2006) and the vitamin D
receptor (Wang et al. 2004). The signaling pathways regulating expression of AMPs in
humans are further complicatd by their major intcgration with the adaptive immune
system.

Insccts,however, lack an adaptive immunc sysicm, and, thus, ely heavily on ther
innate immunity. Their response o invading pathogens i to apidly produce AMPs and
elease them o cirulation (Aggarwal et al., 2008), The release of an aray of AMPs
induced by nuclear fator wlight-chain-enhancer of activated B cells (NF-xBlike

iption f hich d by the Toll, Janus ki i transducer and

activatorofranseripton (AK-STAT), cJun NH(2)terminal Kinase (INK), and immune
defcency (IMD) pthways. Much i known shout the pathways reglating the innate
imimune response in Drosophila; oweve,intractions betwcen these pathways s ot
ol o, Fatermore, patiay reglaion by o immane neacions is sbso
presen. For cxample, Radyo ct sl (2010) demonstrted hat peroxirdoxinS, 3 rdo
eneyme, acts an & regulsor of the immune response in Drosophila melanogaster by



modulating the JNK pathway, which results in greater resistance to bacterial infections.
Even though AMP studics in fish have thus fa argely not included analyss of signaling
pathways, it has been suggesied that Atlantc cod cathelicidin up-regulation may be
associated with the TLR-9 signaling cascade (Feng et al., 2009) Similarly, Feng et al

putaive AMPs cathlcin and hepeidin,oher immanc reevan ranseripts suh a5 [L-
18, IL-8, and IFN regulatory factor-1 (IRF1). It is possible that fish AMPs may share.
similarty i regulation with human and nset examples. n adition, fish AMPs may
Py i h

furher investgation.

of millions of years of molecular evolution that contrbuted o the catalogue of AMPs

potental 1o reduce the reliance of modem medicine on_ tradiional antimicrobial

therapeutics, an i siven the roblem of

“The lack of structurally novel antbiotis in recent decades (Spelberg et al., 2004)

combined with the emergence of “superbugs” such as mehi

their
constant threat of infecton in the marine environment (Patrzykat and Douglas 2003).
Fish AMPs have been previously shown to exhibit microbial Killing potency 12-100

s




times that of amphibian AMPs against numerous pathogens (Park et al, 1998).

2S-residue, C- AMP) nto the

peritoncal cavity of coho salmon (Oncorhynchus Kisuich) using  miniosmotic pump.

significantly redoced mortalty from 67-75% in the control (n0 AMP administstion)
roup to 5% following imaperitoneal (IP) challenge of Vibio anguillarum (ia t al.,
2000). This study demonstrated the sbility of a ish AMP o protet the host against
pathogenic bacteiain vivo (i et a. 2000), which suggests ha new stratgics may be

developed for using AMPs to prevent bacterial discases of fish.

Over 1,600 low molecular weight, caionic AMPs have been idenifed from
various organisms (The AMP Database, hip:/aps.unme.cdw/ AP msi.php) inclding
fish. The picidins s a iy of AMP common t many fish spcies. These peptides
have widespread disribution in fish (Silphaduang e al, 2006, and shre the propetis
of an cheicl structur, low molecular weight, broad-specrum antimicrobial activit,
and catioic charge t physilogial pH. The pisidin faily inchudes AMPs such a5

pleurocidin moronecidin, chrysophsin, dicenracin, cpinecidin, and myxinidin (Cale et

al, 1997 Lauth et al, 2002; jima et al., 2003 Salemo et al, 2007; Pan et al, 2007;

Subramanian ct al, 2009).

‘Many studis of AMP expresson pttrns, ncding this one, mike use of mRNA
analysis, AMP-coding genes n fish e expressed at the mRNA levl in  brosd range of
tissues. Pleurocidin mRNA was fist detceed i winter flounder skin (Coe t 1. 2000),
and as wellus in inestinalepihelia (Cole e ., 1997; Douglas t s, 2003, Moronecidin
ne exprssion in hybrid stiped bas (o hybrid generated from Morone sasarls and
Morone chrysops) was deteted by quantative reverse transcipion - polymerase chsin

»




reaction (QPCR) in gil, skin, intestine, spleen, head kidney, and blood (Lauth et al,
2002). Another fish AMP derived from grouper (Epinephelus coioides) cpinecidin-1. had

transerpts in head kidney, intestine, and skin as detected by RT-PCR (Pan et al., 2007).

Mandarin fish (Siniperca chuasisi) piscidin mRNA was detennined by QPCR 10 be
located in intstine, head kidney, and spleen (Sun ct al., 2007). Recently, expression of
AMP-coding transcripts was discovered in 3 number of fish immunc.relevant cells

in from labrax) was observed

in periphersl blood, kidney and peritoneal cavity leukocytes by n situ hybridization

(Salemo et al, 2007). Smilarly.

using in siru hybridization (Salero et al, 2007),

AMPs. It

s oo tht some fish AMP transcrpts re inducibe by stcnated baceria or PAMP
e liopolysaccharide (LPS)] challnge, whie thers do ot respond signifcaly (o
actcia atigens. Using QPCR, Feng e al. (2009) showad that both cabelicdin and
hepedin. rmscripts were significanty up-egulted by formalin-killd typical
teromanas salmonicidia (ASALY i Atlnic codspesn and hend idney: Using QPCR,
St al (2007) showed that moronecidin transripts from Chinse perch were up-

regalated by LPS in brin, gill, idaey, head kidney, ki d spleen. However,

a QPCR study of the effet of Sirepiococeus iniae challenge on moronecidin transeript
expression in hybrid strped bass indicated tha the bacteial challenge did not resul in
upregulation (greater than four-fold_ higher as compared to mockinjected) of

moronecidin i blood,gil,head kidoey, intestine, liver, or skin, (Lauth e al., 2002).



‘With this project, 1 set out to identfy and characterize novel AMPS from the

for wse in The

from

the Atantic Cod Genomics and Broodstock Development Project (CGP,
hitp/codgene.ca) database. Once antimicrobial motifs were found, the putative AMP-

coding transcripts were sequenced, and the correct open reading frame (ORF) was

doduced to pot AMP sequence. Al

blood,

brain, g, pyloric caccum, and splecn), as well as in head kidney and splecn upon
bacterial antigen challenge. In additon, impact of nodavirus carrier state on gaduscidin
in head assessed. Next,

AMPs were chemically synthesized, assessed structurally using CD and NMR, and
subjected o functional antimicrobial assays against a Gram-positive and Grannegative
species. Finally, hemolytic assays were performed to determine any hemolytic effects

against cukaryotic erythrocytes.




2. Materials and methods

2r
timulation

QPCR sample preparation started with collecting tissues from juvenile Atlantic
The fish

used in this study were from a single family (Family 32, CGP 2006 year class). The cod

0%

0 saturation) and kept on a 12 h light 12 h dark photoperiod. Fish were fod daily at 1.5

% body massiday for 17 days and kept in scparate tanks for two groups: 1) a control

group that was given an

saline (PBS), and injected with 100 p of formalin-
Killed atypical Aeromonas salmonicidia (ASAL tank). Immedistely prior 1o simulation,
fish were injected with a lethal dose of 0.4 1 of wicaine methanesulphonate (TMS)
(Syndel Laboratires Vancouver, BC, Canada). Tissucs used i the study were excised,
fash-frozen in liquid nitrogen, and stored at 80°C until RNA extraction. For the ASAL
and PBS groups, the hematopoietc Kidney (antrior or head Kidney) and spleen tissues
(Figure 2) were collectd from eight individuals prior 10 inection (0 h), and at 2, 6, 24,
and 72 1 postinjection (HPI) (Feng et al., 2009). Consituive GAD-| and GAD-2
transeript expression was also examined in blood, brain, gill, head kidney, pyloric




Head kidhey

Swim bladder

Pyloric caecum
Liver  Intestine

Figure 2. A depiction of Atlantic cod (Gadus morhua) imemal anatomy, including

tissues sampled for this sudy.



members carried out the cod rearng, stimulation, and sampling work prior to my arival
i the lab; however, as part of my honours rescarch, 1 did RNA extractions from

mumerous tssues used in this study.

‘The CGP EST database was fist probed for sequences containing AMP motifs

AMPer 1., 2007). In addition, the

EST, ey

AUOFACT (Kosk tal. 2005, A contiguous seqence (coii all ¥2.010045.C1) with
antimicrobial annotaton s found,and hypothtical raslations f this ranserip were
probed for AMP-ike mais, lso uing AMPer. Furher analyss reveled ht the cont
contained four ESTs (GenBank accesion numbers FG315061, EY972641, EYO7373,
and EY974225) (Table 1, Supplemental Table 1), and ncoded  puative AMP. Based
on UBLASTn algnment ofthe cont all_v2.0.10048.C1 sequence against the CGP EST
datbase Bowman et a. 2010 (i press), | idenified a cont conainig. two ESTs
(S1_V20.3805.C2; sccession ambers FF411756 and EST73100)(Table 1, Suplemental

Jated cod

The fulllength cDNA sequences of GAD-1 and GAD-2 were obtained using

RNA ligase-medisted (RLM) rapid amplification of cDNA ends (RACE), Full-ength



Table 1. Mewfication o gl remeripes m the €GP database.
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ON).Briefly, Iy(A) RNA

RNA from 20 2000).
si 22, 2 for GAD-1
I GAD2 200
RACE Per PoRas

Forboth 5" and 3" RACE, PCR using | ul of RACE DNA (250 ng ofinput RNA) s

» PCR. For both PCR react GeneRacer 5° and 3°

and

Table2), € 5" and 3" RAC

period of 2 min st 04, followed by 25 cycles of (MC for 30 sec, 10°C for 30 sc,
72°C for 3 i), and 1 cyce at 68°C for 10 min. For S and 3" nested RACE, cycling
paramcters consisted of 2 i at 4. fllowed by 25 cyeles of (O4°C for 30 e, 65°C
for 30 see, 65°C for 2 min), and 1 cycleat 68°C for 10 min. GAD-1 and GAD-2

dvantage lontech, Mouniain

View, ¢ PCRp from

a1 de with 1X TAE bufe

the QIAQuick Gl Extraction Kit (QIAGEN, Mississauga, ON) following the

. Upon washing,

cl-extracted PCR

PCR21-TOPO vector (Invitrogen) following the manufacturer’s instructions.

E col cells




TacAc
Genclaces ¥ P GCTGICAACGATACGCTACGTANCG  YRACE
r G ACTGA

Prmer CGACTOGAGCACGAGGAC RAC
Gencltaces ¥ Nosed  COCTACGTAACGGCATUACAGTG. ¥ Nk RACE

[
Genekacer § Nesiod  GGACACTGACATGGACTGANGGAGTA & Nesiod RACE.
o




GAD-1
1 ATCTCTACCTGTCGARAGGTT 21
22 CCAGTTTACAGCTTCAAATCAGAGGICAAATCGGTATCTGARAGS 66
67 ATGAGGTATATTGTTCTACTTGTTGTCGTGCTGCTTCTGGCCATG 111
Mg oY1 LA M

VLLV,VVLL
12 ATGGECAGCCMK:AGACTGCITTMCCA1CACM‘CA1\:GQGT§ 156
"

M Yy OPADCEFI
157 ATCAL 201
TS HGVRATIMRRATLRHGSGE
202 ag 246

XAEEYIMVD.
247 291

292 GAAGAACAAGCATGCTAACGTTGCAGTTCGCATGTTTCAAGTTTT 336
337 AATGTAAATGGCATGTTGGTGATAAATAAATAGGCATTATAAACA 381
382 TAAAAAAAAAAAAAAAAAAARAAA 405

GAD-2 —_

i ATCTCTACCAGTCARRAGGTT 21
22 CCAGTTTCCAGCTTCAAATCAGAACTCAAATCAGTATCTGARAGS 66
67 ATGAGGTGTATTTTTCTACTTTTIGTCGTGCTGCTTCTGGCCATG 111

P SO
12 AR T g et 156
Wv L B AR G F LN AT VoG

W'HC LS LFGDERADEKDA

E Y IAVD.
ST AArE T g AN TN 231
292 CAAGCATGCTAACCTTOCAGTTAGCATGTTACAACTTTATTGTAA 336

382 AAAAAAAAAAAAAAARAAAA 401



Figure 3. The full-length <DNA sequences with putative translatons for GAD-1 (A), and

GAD-2 (B). Gene specific primers that were used for cloning (see Table 2 and Section

23) are denoted as primers: amows above the quence; the

c the putative:
open reading frame (ORF), with the stop codon shown as 3 period. The AATAAA

polyadenylation signal is underlined. In the GAD-2 sequence, the single nucleotide

positions 128 (A-G) and 165 (T-C




(Invitrogen), 16 hours at 37°C on LI

plates containing bromo-chloro-indolyl-galactopyranoside (1.6 mg/plate) for blue/white
colony. selection. Individual colonies were cultured at 37°C for 16 hours in

L Plasmid DN

well format using standard methods. Prior 1o sequencing, recombinant plasmid insert

sizes were determined by EcoRI (Invitrogen) digestion and visual assessment of the

restriction fragments on & 1% agarose gl run with the | Kb Plus ladder (Invitrogen). In

1 and GAD-2 ensure

high quality at least 3 individual clones were seqy in

both directions using the ABI 3730 DNA Anslyzer with BigDye Terminator chemistry
(Applied Biosystems, Foster City, CA). Sequencing was performed at the Genomics and

Protcomics Faciliy (GaP), Memorial University.

Nodavirus RT-PCR festing was conducted by Charles Y. Feng (Ocean Sciences.

Centre, Memorial University) on a set of unstressed (0 h pre-injeted) individuals that

m » .

2008; Feng et al, 2009; Rise et al., 2010). For eac

ividual involved i the study, | g
of DNAse-1 treaed, colum-purified bran toal RNA was reverse transcribed using
Moloney murin leukemia virus (M-MLV) reverse transeriptase and random hexamers
(Invitrogen) at 37°C for 50 min in a fnal reacton volume of 20 ul a in Rise et o

(2008), was dilued e




volume of 200 pl. The PCR amplificaion was performed using DyNAzyme EXT DNA

polymerase (V) Research Waltam, MA). Each PCR reacion contaned 1 U of
DyNAzyme EXT DNA. polymerse, 1X manuficturer’s optmized DyNAzyme EXT
Buffe, 02 mM ANTPs, 4 il of dlted cDNA (20 s of npat total RNA),and 02 M
esch of modavirus specific primers ACZF and ACZR (Table 2) PCR eycing condions
consisted of 40 cyces of (MAC for 30 e, 61°C for 30 secand 72°C for 10 sc).Forcach
50 4l PCR reacion 55 il of 10X Bie Juic (Initogen) was addd and 15 il ofthis
minture was clctrophoreticaly separsted on 3 1.5 % agarose ge (sained with cthidium
romide and visuslized under UV Tight) wsing 100 bp Iakdr (invitrogen) o size

marker, The area used for pixel inensity quantification was constant in cach gel lanc.

R

the “noflow” nodavirus carrier state and individuals with visible nodavirus RT-PCR

bands (mean pixel imensity in the range 10,973 to 33,733) were assigned 1o the “high”

Figure $1 Table 52).

2.5, GAD-1 and GAD-2 putative open reading frame (ORF) sequence analysis

Based on the ull-iengih cDNA sequences of GAD-1 and GAD-2,tei respective
open reding frames (ORF) were doduced uing BLASTS aligamentsand he Sequence
Builder function of the Lasergene 7.20 software package (DNASTAR, Madison, W)
“The MegAlign ClustaW functon (Lasergene 7.20) was used to consiruct an amino acid
scquence aligament of trnslated GAD-1, GAD-2 and their best Uriversal Procin
Resource (UniProt hitp v aniprotorg!) BLASTP his (. Enalue < 1), This

»



threshold was used because these two putative cod AMPs and other fish AMP-

sequences are. relatively short (i less than 90 amino acid residues), and poorly
conserved. An unrooted phylogenetc iree was generated from this set of amino acid
sequences using the MEGA 4 software (Tamura et al., 2007) and a ClustlX (Version

200 seay jgnment. The tre, was

bootstrapped 10,000 times.

26 i in reacti "

RNA extraction and purifcation were carred out s in Feng et al. (2009). QPCR

2) GAD-1 and

ind ) the '
of high nodavirus carier stae (assessed by brain RT-PCR with nodavirus-specific
primers, e section 2.4) on GAD-1 and GAD-2 transcript expression. The consttutive:

expres

on of GAD-1 and GAD-2 transeripts was determined in 6 tissues (head kidney,

ood, brain, g, pylric caccam, and splcn) with § non-strssd (0 preinccid)
il co (biogicl reficaes) to asess ioogical variabiy. I the second QPCIC
Study, the trnsript cxpresson respons of GAD-1 and GAD-2 was anslyzcd in hesd
idney and splcen i four tme-pints (2, 6. 24, and 72 b following IP injection with

ASAL or phosphate buffered saline (PBS); for cach time-point

seven biological
replcates were used for cach ASAL and PBS injection group. Pre-injected (0 h) control
groups (n-7) were also included for each tank (i ASAL tank and PBS tank). In the

thid QPCR study, the constitutive transcript expression of GAD-1 and GAD-2 in brain




- oo At e 4 2.

was analyzed in individuals with high nodavirus carrier sate (v-8) and individuals with
noflow nodavirus carrer sate (u-5). In additon, the effect of nodavirus carier stae on
the transeript expression of GAD-1 snd GAD-2 in head kidney and spleen was slso

analyzed by comparison of the consituive transcript expression (c. the transeript

expression in pre-injected individuals) in individuals with high nodavius carrier state

(1=5) and individuals with nolow modavirus carrierstate (n=7).
Primers for QPCR amplificaion of GAD-| and GAD-2 (Table 2) were designed
using the Primer3 program (Rozen and Skaletsky, 2000, hip:/frodo.wi mit edu). Primers

for 15 o

A (Table 2) amplification were the same as in Rise et al. (2008). For each

QPCR primer pair (Table 2), 3 standard curve was generated o assess amplificaion

efficiency, and a dissociation curve was generated to ensure that a single product was

amplified. In additon, no-template conrols were run o ensure that primer dimers were

agarose gel with a 100 bp ladder (Inv

absent, Amplicons were also run on a 1.5 ogen)

1o ensure amplicons were of the expected size. The amplification efficiency fo the 185

TRNA primers (95%) differed from the previously determined eficiency for these
primers (109% in Rise et al., 2008), possibly due to differences in samples and QPCR

instruments used in the studics.
Inall QPCR studies, the expression of GAD-1 and GAD-2 was normalized (0 the
expression of 158 ribosomal RNA, which was stably expressed [theshold eyele (Cr, was

witin 1.5 eycles for al samples]

A samples. QPCR in the 96-wel format was carried
out with the Applicd Biosysies 7500 FAST Real Time PCR system. For cach sample, |
4 of DNAseT trsted, column-purifid totsl RNA was reverse transcribed using
Moloney muine leskenia virus (M-MLV) reverse ransciptase and random hexamers

©




(Invitrogen) at 37°C for 50 min in a final reaction volume of 20 il as previously
describe (Rise ct al. 2008). The resuling cDNA was diluted with nuclease-free water

(Invitrogen) 1o & final volume of 200 kL. The reaction volume for cach QPCR.

134 and a2 L 1X
Power SYBR green master mix (Appiicd Biosysims) and 50 nM of the forward and
reverse primers (Table 2). The smpiification protocol for the QPCR consisted o | cycle
of 10 min at 5°C, fllowed by 40 cycles of (95°C for 15 sec, and 60°C for | min), with
fuorescent signal measurd at the end of each 60°C sip. The ranscripts of ieres and

normalizer amplifications were run in triplcate on the same plate

cach sample. In
‘additon, a control smplifiction resction was run on every plate in cach study to ensure

that ther was no technical varsbility smon plat runs

2.7, QPCR data collection and satistical analysis

The iy 7500 Fast

Real-

ime PCR System software (Applied Biosystems 7500 fast v2.0). For technical
replicates that were of low quality (indicated by 7500 Fast Reabtime PCR System

software fugs), either the unaceeptable technical replic

e was removed (resuling in

acceptable technical duplicaes),or the triplicate reactions were repeated if dropping the

outlier lag. In sdditon, the exp the norma

a5 an indicator 10 control for cDNA template quality. Samples with nommalizer Cy

e 75 cycles e Crofall

were removed from the analysis (sec footnotes of Supplemental Tables S3 and $6). The




Cx values and amplifcation effciencies (Table 2) for each gene of interst (GO, and

normalizer primer pai

using the 7500 Fast Real-time PCR System software and the delta-delta Cr quantification
method (Livak and Schittgen, 2001).

Al RQ values are presented as mean + standard eror (SE). For cach QPCR study,

the k (e RQ value of 1). For

a Tukey

posttests was carried out on RQ values 1o detemine if there was any statistcal

difference in basal transeript expression of GAD-1 and GAD-2 across the different
tissues (head kidney, blood, besin, gill, pyloric caccum, and spleen). For the immune

stimulation QPCR study, two-way ANOVAS were conducted on the RQ data obtained

for GAD-1

ASAL o PBS) and time post

jection on GAD-1 and GAD-2 transeript expression

In addition, for both treatments, one-way ANOVAS with Tukey postiests were

‘conducted to determine if there were any effects of injection (PBS or ASAL) on GAD-1

and GAD-2 expression at 2, 6, 24, or 72 HPI 3

o if there was any difference in expression between the time-matched PBS and ASAL
groups i cach of the time point. To determine if high asymptomatic nodavirus carrer

stte had any effect o transcript exprssion i brain, head kidney o spleen, two-sample

and GAD-2 RQ valucs 1
high nodavirus brains or noflow nodavirus brains (see Supplemental Figure 1 and

Section 2.4). For all satstcal assessments, Systat 12.0 (Systat Software Inc.) was used,




and data comparisons using tiests, ANOVAs and Tukey post-ists were considered

significant ifp < 0.05.

GAD-1

server (Nielsen et a., 1997; Bendisen et al, 2004,

motif. I adds

AMPS. AL and GAD-2

alifornia,

amphipathiciy.

2.9, Pepiide synthesis and purification

4 GAD-2

(FLHHIVGLINHGLSLFGDR) were produced by solid-phase synthesis using O-

(CS336X, CS Bio Company Inc, Menlo Park, CA) using 0.43 £ of 4 047 mmolg Rink

amide resin (CS Bio Company I, Menlo Park, CA). Dissoluion and de-blocking of




). and i "

‘Adrich Co.,St. Louis MO). Resin washes were carred out with DMF. Upon completion

10310 mi syringe (BD Diagnostis Co.) equipped with a fltr, and washed with

30 min followed by

. Cleavage.

using a solution of 9.4 mi trfluoroacetic acid (TFA), 0.25 mi 1.2-Ethanedithiol, 0.1 m

). and 0.2

3hours. which

contained the C-

Toronto ON). The pept

“20°C diethyl cber, °C ovemi

“The precipitate was then pellted by centifugation at 4°C, 4,000 rpm, 5 min,the

hours.

water with 0.1 % TFA (Sigma-Aldrich Co).

Department,

(HPLCYVarian ProStar HPLC, Varian Inc, . Laurent, QC). The HPLC was quipped

c Inc. St Laurent,

Q).
(8020% HPLC grade water/acctonitile - 0/100% aceto

rle; Sigma- Aldrich Co). The




‘Memorial University).

analytical HPLC. Upon mass confirmation, the C-terminally amidsted GAD-1 and GAD-

2 putative mature peptides were Iyophilized.

210, Circular dichroism (CD) spectroscopy

Iyophilized

(POPC) and. -

[Avanti Polar Lipids Inc, Alabaster, Al] were dissolved separately in 20 mM pH S dibasic:

25 mM,

etch membrane, Whatman, Toronto ON) under nitrogen gas pressure. I addition, €D

Jphate (SDS, " ! i I

Easton, MD) was used 10 assess secondary structure of GAD-1 and GAD-2 in buffer as

0% TFE and POPC Spectra were

mm quartz cuveti. Spectra were collected between 193 and 260 am. For both GAD-1

‘and GAD-2, four separate solutons were made: 1) 30 M peptide in 20 mM pH 5 dibasic:



2 20mM pH 20%

TFE,3) 20mM pH of L mM

POPC liposomes, and 4) 30 M peptide n 20 mM pH 5 dibasic phosphate buffer with

addition of 1 mM i

ution was used for 1 thus, €D data would be d

‘comparable fo cach of GAD-1 and GAD-2 (except for SDS, which used a different stock

strict estimate).

molecular mas of the peptide, ired,
accuraely bl -1 and
2 Yang etal
1986.1
Iysoozyme,cytochrome ¢, subiilsi BPN,
bonuclease A, a-ch 3 A)with Xeray

erystalography results, most of which have been studid by five laboratores. For hlical

proteins, Yang et al (1986) found that th difference between the CD and X-ray

erystalography data used to determined hel

fractions was 3-8 %,

211 Solution nuclear magnetic resonance (NMR)

¢ nucear thesized

section 2.9) were dissolved at pH $ ina solution of 90% H,0, 10% D;0, 0.2 mM 4,

150 mM deutert

SDS (Cambridge



Isotope Labor Andover, MA). Sampl

tube (Norell Inc. Landisville, NJ). For all experiments, DS was used as an internal
reference and the water-gate watersuppression was used with a 3-9-19 pulse. All 2D

‘experiments used a recycle delay of | sccond. For both GAD-1 and GAD-2, one:

and TOCSY
using a Bruker Avance 600 MHz spectrometer equipped with a TX1 probe. For 1D '

NMR, "

| NOESY. For the 2D TOCS) o the.

ime was 80 ms, with 128 scans. Spectra were processed using either INVIR

Mill

(Goddard et al, 2005).

2.2 Minimal inhibitory concentration (MIC) assay

and GAD-2,

(Wiegand et al., 2008), both

#2963, Manassas,




densityof 1 x A

was performed to arive at the working concentration of § x 10¢5 il

inc. Coming, NY)

20mM

o 1 mgml, and 20wl

Tof plate 1. Also,

oH 1. plate

Next, 20 il of 2 0.04

Po—

ol 2% acetic
acid and 0,01 % BSA solution was added ino all wells of columns 2-10 ofplte 1. In

order to obtain  two-fold diluton, 10 l from cach well in column 1 was then added o

‘column 10, and the last withdrawn solution from column 10 was discarded. The bacterial

901

1410, and n For

120f plate 2

10 wells

incubator at 37°C for 16 hours. To ensure valid results, the inoculation density used i the

Briely,



A frther 1:10 dilti 10041

37°C for 16 bours.

1065 chsm.

As sated in 2008,

turbid. MIC of GAD-| and GAD-2 i defined as in Wiegand et al., 2008 as the lowest

with visual inspection.

213 Hemolytic assay

“The hemolytic assays were completd as in Stark et al, 2002, with minor

odifi o 10m

syringe rinsed with heparin, centrifuged at 4°C for S min a1 3,000 X g The serum

mM i i .

centrifuged i 4°C for § min at 3,000 X g. This washing procedure was repeated twice.

7. The red

o which yields a




1 781

Inc) with 100 mM phosphatc buler, pH S, in & volume of 800 uL. Then, 200 ul of the

37°C for 60 Forthe positive:

‘control, 800 L. of 1% (v/¥) Triton X-100 (Sigma-Aldrich Co) ws added t0 200 ul.of

the RBC solutior

osmolarity. Also, RBC W,

the water on, all sampl

‘were mixcd by inversion and centrifsged at 4°C, 3, 000 X g for S min. The supernatants

om (the.

absorbance for positive control)] X 100,



3. Results

1. Ldentification of potential AMP-coding transcripes
Identification of potential AMP-coding sequences began with mining the CGP EST
datsbase. (hiip-codgene.ca. Bowman <t al. in press). This database contains EST
scquences from & number of tissucs obtained using fechniques such as suppression
subtractive hybridization (SSH), which leads 1o “librares” cariched for genes. up-
regulated or down-regulated in response to stimuli such as heatshock or IP injection of

PAMPS (c g bacterial ). Using the CGP EST 1
identificd a potential antimicrobial AuoFACT (Koski <t al, 2005) annotation on onc of
these sequences, GAD-1. The contig contained four ESTs (GenBank accession numbers

FG315061, EY972641, EYOT3T33, and EY974225) (Table 1, Supplemental Table S1)

AMP. Based on tBLA | V20.10048.C1 sequence

against the CGP EST )

w0 ESTs (ol v2.0.3805.

accession numbers FF411786 and ES773100) (Table 1,
Supplemental Table S1) representing  second, related cod AMP-like gene. In addition o
GAD-1 and GAD-2, two additional putative AMP coding transcipts were also found by
applying AMPer (Fjel et al., 2007), hidden Markov model based software to the CGP

EST database. This program is designed o identify AMP sequcnce moifs by comparing

charge, and length. EST database:
with AMPer revealed two AMP-ike transcripts: lipopolysaccharide binding protein

(L8P, and. i snakin-2 from
Both were assessed bioinformatically, and ten fokd-coverage of the cDNA sequence of

5




the 3' cnd of the latter was obtaincd using by designing primers specific fo the EST
representing the snakin-2-ike sequence, bi-directional RACE, and subsequent
sequencing of cloned cDNA (according to materials and methods, Chapier 2. However,

the <D/ nd the

project moved ahead with transeipt expression charscterization of GAD-1 and GAD-2

exclusively.

3.2 GAD-1 and GAD-2 sequence identification

Staring from the contiguous DNA sequence ideatified “all_v2.0.10048.C1” in the

CGP EST 1

sequence for AMP sequence motifs using the AMPer program (Fjell et al., 2007). The

Tuster 3,

whose representative member is chryosphosin from red sea bream (Hjima et al., 2003).

Based on (BL | ¥2.0.10048.C1 EST database.

(Bowman et al in press), we identified a ot containing two EST all_v2,0.3805,

accession numbers. FFA11786 and EST73100) (Table 1, Supplemental Table S1)

representing a second,related cod AMP-like gene, GAD-2

3.3 GAD-1 and GAD-2 eDNA sequence determination

“The putative AMP-coding GAD-1 and GAD-2 sequences obtained from the CGP

EST database were incomplete and, thus, 1 needed 1o obtain the full-length cDNA



sequence. In order fo obiain these sequences, | designed RACE primers that were
complimentary o each EST sequence in order 1o amplify the 3 and 5° ends of the
trnscript. I addiion, these primers were designed o our PCR. amplificaion
temperatures, and length (Section 2.3 and Table 2). Using bidirectional RACE, 1
obtained the full-kength <DNA. sequences for GAD-1 (GenBank accession number
HMOISS27) and GAD-2 (HMOISS2S). which are 405 bp and 401 by in length,

respectvely (Figure 3). that they have

 the putative translations (Figure 3), of
these nucleotide sequences were aligned, and have 61% ideniity at the amino acid level.

For RACE, 1 used a cDNA template synthesized from pooled RNA fiom several

nucleotide polymorphisms (SNPs) at positions 128 (A-G) and 165 (T-C) (Figure 3).
frame (ORF),

position 128 causes an amino acid change [glotamic acid (E) > glycine (G)] in the

put for GAD-1
members of the piscidin family in fish. The best Uniprot BLASTP hit for GAD-1 was

siriped bass moronecidin (Piscidin-1) (E = 7 ¢-4, 38% identity over 49 AAs), while the

best BLASTP hit for GAD-2 was a pscidin-ike peptide found i red-spotted grouper (E

- 0001 35 A9)

A

reltionships of GAD-1 and GAD-2 with AMPs from various other fish species is shown

in Figure 5. GAD-1
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Figure 4. An amino acid scquence alignment of GAD-1 and GAD-2 with relted
scquences. The alignment was genersied using the MegAlign ClusalW function
(Lasergene 7.20), Astriks were used to indicate identical residucs, whil colons and
perods indicate conservative and semi-conservative residues (i residues with similar
physicochemical parameters), rspecively.Idenical esiducs in GAD-1 and GAD-2
scquences, a5 well s their best Uniprot BLASTP i, ae highlightd in dark gry.

Tor

inlight grey. »

origin.  Following the sequence names, the scientific names for all species (in

listed as follows: GAD-1 (Gadis morhua) HMOISS27; GAD-2 (Gadus morhua)

HMO15528; chrysops)

QSUUGY: moronecidin. (Anoplopoma.fimbria) C3KHO6; moronecidin (Siniperca.

chuaisi)  QVWHS; dicentracin (Anoplopoma fimbria) CIKHIS;  diceniracin

(Dicentrarchus labras) PS9906; piscidin-like peptide (Epinephelus akaara) BIVE3;

crocea) BIVEY; epinecidin-1 (Epinephelus coioides) QOIWQ; pleurocidin-ike peptide
(Pleuronectes  americanus)  QTT0S4;  pleurocidinlike  peptide  (Hippoglossus

hippoglossus) QTSZG6



GAD-1 and GAD-2

Figure y
was generated using MEGA4 (Tamura ct al, 2007) from the best GAD-1 and GAD-2
Uniprot BLASTP hits (E-values < 1) as in Figure 4. The tree was bootstrapped 10,000

times, and these bootstrap values are shown a percentages.



peptides andepinecidin-1, and more distantly related 1o the moronceidins and

dicentracins (Figure 5).

3.4, GAD-1 and GAD-2 constitutive mRNA expression

Upon obiaining fll-length CDNA sequences for GAD-1 and GAD-2, QPCR
primers were designed for transcript expression studies (e o assess constitutive
expression of these transcripts in a number of tissues). Paralogue-specific primers were
QpeR
for

 given s, For cxample, n 51, the relstive quansityvalos (RQs)of GAD-1 ranged
fiom 4.5 i individual No. 6 1 7595 i idividal No. 4 (Fg. 4C, Supplemcntal Table
SIA). In splocn, GAD-2 RS ranged from 4455 in individual No. § to 41623 in
indiidusl No. 4 (Fig. 4D, Supplemertal Table S3B). In some cass,bigh RQ in one

-

for every individual (Figure 6). The expression of GAD-1 and GAD-2 transcrips was
detectable in all 6 tissues examined in the consitutive expression study. However, the

expression of these transcripts ranged widely across different tissues. The mRNA

GAD-1 and GAD-2) was 157.6 fold (for GAD-1) and 617.1 fold (for GAD-2) greater
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Figure 6. QPCR ascssment of constitutive expression of GAD-1 (A) and GAD-2 (8)
E s standand eror)

155 ribosomal RNA.
the individual with the fowest normalized GAD-1 or GAD-2 exprossion. Identicl letters

>008).

Table $3).



as i

dysis of GAD-1 and

(GAD-2, another QPCR sty was carid out 10 asess any changes in expresion upon

bacteial GAD-I

reater than o the ASAL tank ASAL in
splecn (Figure 7A.C) but not in head kidoey (Figure 78, D). For GAD-1, maximum

ASAL response: 20p1

P = 0.056 for the 2 HPI versus 0 h ASAL groups), and transeript expression was

2 HPYand 24 HPIASAL (Figure 7A). For

GAD-2, maimum ASAL response in splecn was scen at 6 HPI (2.1 fold up-regulated

compared 10 0 h; p = 0.129 for the 6 HPI versus 0 h ASAL groups), and transcript

o and 72 HPIASAL Figure 70).

GAD-1 transeript was g

both splecn (5.7

and GAD-1

72 HP1 groups






Figure 7. QPCR analysis of GAD-1 (A, B) and GAD-2 (C, D) transcript expression in
spleen (A, C) and head kidncy (B, D) pre-inicction (0 ) and at four time points after
intraperitoneal injection of phosphate-butlered saline (PBS) or formalin-killed, atypical
A salmonicidia (ASAL). Expression data are presented ss mean (¢ standard crror)
reltive quantity (RQ) normalized to 155 ribosomal RNA. RQ values were calibraed o

the individual with the lowest. normalized GAD-1 and GAD-2 expression. Fold up-

egulation for
preinjected control group). Down-segaltion was calulaed s the nverse of od up-
egulation f that vaue was less than one.  Idenical letrs indicate o statsicaly
significant differencein expression (p > 0.05) for cach time-point post-nection within
cach trestment. Atk indicae  stasically significant differnce p < 0.05) between

ASAL and PBS for a given time point. HPI = hours post-njection.



(Figure TAB). Interestingly, GAD-2 transcript was significantly up-regulated by PBS in
splecn at 2 HP (2.1 fold) compared to both 0 h and 72 HP1 PBS groups (Figure 7). In
splecn, the transcipt expression level of GAD-1 at 6 HPI was significantly different

between PBS and ASAL groups (Figure 7A). In head kidney, the transcript expression

level of GAD-1 L lhe 24 HPI

and 72 HP1 7B). For both ASAL head

Kidney study, there were no significant differences in transcript expression among

different time points; however, the time-maiched ASAL and PBS groups (with the

exception of; 7D) likely

tank

prior o injection) rather than trestment effect.

36 Nodavi

Some individusls used in this stody and. prevous studics were found 1o be
asymptomtic cariers of nodavirs (Ris e al 2008 Rise t s 2010; Fen et l 2009,
and high nodaviras carie stte was shown to affect brin ranscript expresion for
several immuncreevant genes (Rise et sl 2010).  Nodvirus carer state was
detenmined by Charkes Y. Feng (Osean Science Center, Memorial University) i the
brins of fsh used in the stdy using 3 RT-PCR based method s n Rise e af (2008).

Pixel intensity values (Supplemental Table S2) of RT-PCR bands gencrated using

gur Individuals with no

visible nodavirus RT-PCR band (mean pixel intensiy in the range 662 to 887), were



categorized as “no/low nodavirus”, while individuals with visible nodavirus RT-PCR

bands (mean pixel intensity in the range 10.973 10 33,733, see Supplemental Tables $2,

$4,and 55) 10 “high nodavirus” for
For brain (Supplemental Table $4) and immune tissues (splecn and head kidney,

‘Supplemental Table $5), GAD-| and GAD-2 transeript expression showed no significant

differences (p
Therefore, high nodavirus carier state did not significantly impact GAD-1 or GAD-2

MRNA expression n these tisues.

a7

GAD-1

fom. GAD-1 into

the signallP server (Niclsen et al., 1997; Bendisen et al, 2004;

. 23, Predicton of

Known AMPs, "

GAD-1 and GAD-2. Both pro-pieces had  net negative charge of -3, and sharcd 72%.
identiy over 11 amino acids (ClustalW2;

it/ bi.ac.uk ool clustawindex hml).



Californa, 3

38 Circular dichroism (CD) spectroscopy.

GAD-1 -l

Figures 9 and 10) was.

collected, DITOF-AS.

Varying pH from 6 109, with and without the presence of salt (100 WM KCT) and/or cold

Finally, GAD-1 hospha

buer at pH 5.

environments. CD spectra of 30 uM GAD-1 and GAD-2 solutons were recorded at 25°C

Secondary

Yangetal.,
1986,

buffe,
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Figre 8 HPLC spectrm of GAD-1 chused with 3 st et Sapics were

comsisent wih GADM by MALDETOF-MS..



Figre 10 HPLC spocirm of GAD- cied with 2 sckomrle gradient. Samples e

consitent wih GAD-2 by MALDI-TOE-MS.



Figare 11, CD spectra of 30 M GAD-1 dissolved in 20 m ph § dibasic phosphate:
bufler as well s in the peesence of A) 20 % TFE, B) | mM 200 nm diameter POPC
Tiposormes, €) 1 mM 200 m diameter POPS liposomes (See section 2.10 for iposome
reparation), wnd D) 1 mM SDS fiposomes. All spectra were taken using | mm path-

Temgth quartz cuvette from 193 fo 300 e a 25°C.
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P8 TrE POPC POPG  SDS

GAD-T | _o-helx _fstruciure _Random
27 67

TFE 35 25 40
POPC 38 34 28
POPG 44 55 1
sDs 16 57 27

Figure 12. Grphical representation 3nd comesponding percentage of secondacy
sructural characteisticsof 30 uM GAD-1 disolved in 20 mM pi S dbasic phosphate
buffr (PB), a5 wel s i the presence of 20 % TFF, | mM 200 nm diameter POPC

posmes, 1 a1 Note that

D with SDS was perfomned uing  diffrnt stock solution and, thus, cannt be
compared dircly to other conditon. The sroctual conten of ahel, st (8
combination ofP-um snd f-shet),or random col wascakulted rorn the CD specza

ot Figure 1, section 29)as n Yang el 1986.



B

TFE, the a-helical content increased 0 3% (

HIA, 12). 1 the presence of

stucture and 40% random coil)Figure 1A, 12). In | mM 200 nn POPC liposomes, a

38% and 34%, respectively (289% random coil)Figures 11B, 12). The presence of nionic

% chlix, 55% B-

sructure and 1% ne

(POPC) liposommes "

o - but a-he

‘compared to allother membrane mimetics (Figure 11D, 12)

helix, 25% Figures 13A, 14) as well

O 20% TFE (4% ahelix, 2 random coilFigures 134, 14), and

13, 14) However,the presence of POPC . which

moderately inccased a-helical content of GAD-2 (17% a-helix, 26% - i sructure and
7% random coil(Figures 138, 14). Intrestingly, in the presence af SDS, a-helix

content of GAD-2 remains similar to that of other membrane mimetics. However,the

Of SDS induced a propensity toward B-strcture (Figure 13D, 14),

e




Figare 11 CD spectra of 30 M GAD-2 dolved in 20 m i § dhasic phosphatc
buller s wll s n the presence of A) 20 % TFE. ) | mM 200 s dismeter POPC
tiposomes, €) 1 mM 200 m diameter POPG fipostes (Soe section 210 for liposome
preparation), and D) | 1M SDS fipasomes. All spectra were tken using | mm path-
e it cuvete from 193 10 300t 25
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_-helix
. p-structure
= Random

Figure 14, Grphical represeniaion and comesponding percentages of secondary
‘sructurl characteisticsof 30 M GAD-2 disslved n 20 mM pl § dbasic phosphate
buffr (PB) a5 wel a i the presence of 20 % TFE, | mM 200 nm diameter POPC

posomes, and | mM. Not h

tiposmes, |
D with SDS was perfomned using  diffret sock solution and, thus, cannt be

compured dirstly to othr condions. The srctural content of acheli, st (&

e

dat (Figare 13, section 29)a in Yang e, 1986



NMR 3AD-1 and

G the foundation for

7.6 ppm were

aromatic. The HN region of the 1D 'H NMR spectrum for GAD-1 displays 13 peaks that

7 -

2 ppum or more, unfolded

. 1956).

farly sper

over 6.8-8.5 ppm (Figure 16). Hnce, both GAD-1 and GAD-2 appear to exhibit a fir

the TOCSYs (~7-9ppm,

a reasonably, well defined-structure (Figures 17 and 1),

NOESY has 12

12 pairs of
1956) 13GAD-1

residues are in o-helical confirmation (Figure 10). However, the GAD-2 NOESY showed

only 7




Figure 15,1 sohsion NMR 'H spectram of GAD-1. The peptide snle (2 mM) was




Figre 16, 1D soksion NMR ' specra of GAD.2. T eide sl 2 ) was
e

deuteratd SIS, The spctrum was scquied wih1 6 s wnd processed wing Top Spin
(ke




Figure 17, Soluton NVIR 2D TOCSY specram of GAD-1. The pepeide sample 2 mM)

was disslved a pi ' solution of 90% H0, 10% D;0,02 mM DSS, ad 150 mM
deuteaiod SDS. The spectrum was ocqured with 128 scansand  mixin e of 80 s

The procesing ws done sing INMIR (it



deteried SDS. The speciem was scsuieod with 128 scam and 4 i e of 80 .
The proceing was done ing INVER (b et



Fieure
‘wasdissolved a1 i scuton of90% H0, 10% D0, 0 M DS, and 150 mM

dentersted SDS. Thespeirum wasacquied with 12 scans anda i e o 150

ma The procesing was done using INMER (b i ).



.

Figur 30 Souion NVIR 2D NOESY specirm of GAD-2. The peeide sample (2 mM)

detersied SDS. Thespecies was eguird with 128 scam and 8 i time of 150
. The processing was done i INMR (b e e st



i ination of minimal inhibi i 1 and GAD-2

nd GAD-2,
The MIC ynihetic, C-terminally
coli 2
GAD-1 with MIC
(Table 3, Figure 21),
a1, e acti
The
AUI2S pgml, GAD-1 32% hemol sively. At

gl ., %

compared to 149% for GAD-2 (Table 4),



GADT (rgm)  GAD ()
Staphvlococe ntermedue (1) 6130 36 125
Escherichia colf () 1256 61 S0 29




2mm). GO

‘control and SC represeats steifty control (Section 2.12).
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Pepeide conc. 731 pg/mi 2

"

[EUEEN
£




4. Discussion

Inthis study,

the CGP EST database. These paralogous transcripts were termed gaduscidins (GAD-1
‘and GAD-2), derived from the genus name of Atlantic cod, Gadus. GAD-1 and GAD-2

el

f GAD-1 and GAD-2, the multiple sequence alignment and phylogenetic analyses

of AMPs within this family (Figure 4 and 5). Using the CGP EST database, Femandes et

al which |
H Femandes etal.
bis My thesis work
based
ection. n addi

they indecd possess antimicrobial actvity.

QPCR anlysis reveled that GAD-1 and GAD-2 transeript expression was
highest in spleen, head kidney, and ill,intermediate in peripheral blood, and lowest in
pyloric caccum and brain. The high levels of constitutive MRNA expression in head
Kidney and spleen are consistent with the immune functions of thes tissues i teleosts.
Similarly, 3 previous study in hybrid sirped bass also revealed high levels of
moronecidin transcipt expression in head kidoey and spleen (Lauth et al., 2002). In
addition 1o high levels of gaduscidin transcript expression in immune tissucs, the

™



exprssion ofthese transeripts were s igh n i, Prvious st in wincr flounder

e localized plsnoidi rascrips nd potin prducts i epitelal el of the sk

and inestin (Col t L., 1997, 2000). Abough | did ot cxmine epithela tsues otber

han il for GAD- and GAD-2 transerip expresson, i i possble that cod epthlisl

clls also synhesized the gadscidin rscrips deected i g The high leves of
sl

recent findings | ngsr et al. (2010),

contained within the crude protein extracts from these tissues in Atlantic cod. Several

various specics.
For example, piscidin-] and piscidin-3 from hybrid striped bass have becn localized to

2001). Similar

piscidins are contained within the granules of circulating mast cells and acidicophilic
ranulocytes of gilthead seabream (Sparus aurata). In human, a small a-helical AMP,
the cathelicidin hCAPIS/LL3? is also produced in immune cells including natural-Killer

cells, mast cells, and neutrophils (Lai and Gallo, 2009). In lght of these previous

GAD-1 and GAD-2 transeripts in cod blood may likewise be due 10 the presence of
eaduscidin transcripts in circulating immune cells.  Interestingly, | found that GAD-2
MRNA was expressed in blood and head kidney at similar levels (148.2 and 212.8-fold
higher than in brsn, respectivly), whereas there was a greater than 10-fod difference in
GAD-1 mRNA expresion in blood and head kidney (10.0 and 125.0-fold igher than in
brain,respectively). This suggests an important role for GAD-2 in peripheral blood. a

hypothess that warrants urther investigation.



Consituive transeript expression of GAD-1 and GAD-2 varied grealy between

individuals or the tssues tested (Figure 6C and D). In human, it has been shown that the

transcript expression level of hepeidin exhibts high variation in expression phenotypes
partally due to a variety of genetic factors (Bayele and Sra, 2009). For cxample, the

polymorphic cis in gene can result in diffrential

img non-coding regions of the he

regulation of hepeidin transeription by cytokines and transeription fuctors among
individuals (Bayele and Srs, 2009). The high biological variation in GAD-1 and GAD-2

transeript i our QPCR study may o genctic

variations among individuals,
Upon completion of constituive expression analysis, 4 bacteial ntigen (ASAL)
injection study was carred out o assess if the gaduscidin transeripts were inducible in

e relevant tisues by bacterial stimulation. The ASAL antigens used in this study
were previously shown 1o strongly induce (~ 10 to 69-fold) other AMP-like transerpts
(hepeidin and cathelicidin in splecn and head kidney of Atlantic cod at the 24 HPY time

point (Feng et al., 2009). However, the curtent study shows that GAD-1 and GAD-2

mscript expression was weakly induced (less than 4-fold) by ASAL at ealier time.
points (2 HP1 and 6 HPI) in splecn, and non-respansive o ASAL in head kidney. The

lack of aduscidin transeripts by without

precedent, as similar results have heen observed in previous studies. In hybrid strped

bas, a lack of significant up-regulation of moronceidin transipts following stimulai

with Streptococeus iniac challenge was previously observed (Lauth et al, 2002). In

n shown that while Vibrio splendidus injection

ssel (Mytilus galloprovincialis), it wa

decreased the background expression of mytilin AMP mRNA (Cellura et a., 2007), an

M
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injection with a diferent bacterial species (Vibrio angaillarum) induced mytilin MRNA

(Cellura er af 2009). 1 ble GAD-1 and GAD-2

{ranscrpts may vary depending o the specis of bacterial usd fo generae he atigen
for simalation. It s sl reasonable to suspect tha injcton o i, virlent pathogens
‘may have very different effects on GAD-1 and GAD-2 expression than injection of the
formaliniled bactra used in the currnt st Anothr possbilty fo the lack of
ASAL indoction i thatthe expresion of Atlntic o gaduscidins may b govemed by
postrmcrptona regutory mochanisms. Similry, post-ransitional maificstions
may s play an imporant role i the expression reguaton of these AMP a5 thy are
ofen transated with  signs pepide nd pr-picce, which re cnsymaticaly-<leaved o
‘yildthe mature peptde. Thercfore, he xpression and acivity of AMPs arealso ighly

and Gallo, 2009).

‘While bacterial challenge has been shown o cause AMP trnseript induction,

hese AMPs may b subjoct to regulation t the procin level s well. Siilary, the
abundance of a paiculsr AMP transcript may ot corclte with the level of the
prpropeptde, o the evel of theaciv, mature AMP, i the tisue (Lauth €l 2002). 1
s o b shoventhat precursor o of AMPs can be sord a high conceniraions
in inimcelllr granues for elase when neoded (Lai and Gllo 2009, which also
provides another posible regulstory mechanism for gaduscidin expresion. Alhough
GAD-1 and GAD-2 transcripts i splecn appr 1 be only weakly induced by ASAL
simulstion, the high constitutive leves of these transcrpts in immune-relevant isues

(e:g. splecn, head kidney, snd blood) argue for potentialy important immune functions



for gaduscidins. Thus, it is important that the mechanisms involved in regulation of these

cod putative AMPs are clucidated.

Expression of immuneelevant gencs in Atlantic cod brain can be affecied by

asymplomatic nodavirus camier satus (Rise et al, 2010). Therefore, we investigated if
high nodavirus caier stae influenced GAD-1 or GAD-2 transcript expression in brain
and immunc-relevant genes. Viruses within the family Nodaviridse have been
responsible for serious discase outbreaks in many specics of marine fish (Chia et al.,
2009). Upon exposure to this RNA virus, some fish can survive and become
‘asymptomatic carier. Chia e al. (2009) showsd that two AMPs, tilapa (Oreochromis
mossambicus) hepeidin 15 and cyclic shrimp (Oenacus  monodon) anti-
Tipopolysaccharide factor, exkibited anfivial actvity against grouper nervous necrosis
virus (GNNV) in vitro. Previous studies have shown that some of the fish used i our

CNNY) (Rise
el 200 Femg e . 2009 and Rise et al 2010) Inadiion, whileasympromaic high
nodavinus caricr state had no significant ffet on the basal cxpression of 13 mmune-
elevan ranscripts in spleen (Rise et al, 2008), it had significant impact on the

expression of several immune-relevant transeripts in brsin (Rise e al., 2010). Therefore,

GAD-2 transcript expression. Our analysis demonsiraed that there was o satisticaly
significant effec of high nodavinus carricr sta on consiutive (ranscTipt expression of
GAD-1 o GAD-2 in head Kidncy or splecn (Supplemental Figure S1. Supplemental
Table $2). As previously noted, a similar reslt was observd i study showing that




xpression of 13 immune genes in splecn (Rise et al., 2008). In addition, constitutive

GAD-1 and GAD-2 i brain was ot h

nodavirus carier state. Therefore, the nodavirus carier state of individuals involved in
the QPCR studies presented in this thesis did not appear to influcnce the transcript

expression results

GAD-1 and GAD-2 peptide sequences, and chemical synthesis of both. Members of the

1997; Lauth et a.,
002), form and,
o
. nd Thus,
g signal
Using this tool, |
terminal

sites for moronecidin and diacentracin (Cole et al, 1997; Lauth et

other fish AMPs. Th oy

GAD-2 (FLI SLFGDR) were 21 and iy, and

are 42 % identical over 21 amino acids. Putative mature GAD- was isoleucine (28.6%)




rich (21.1%), 1%,

In it

1 and GAD-2

(Chekmenew et L., 2006),isolati 2

any posttranslationsl moifications.

ath t al, 2002), and winer flounder
pleurocidin (Cole et al., 1997), suggesting a similar configuration for putative mature

GAD-1 and GAD-2. To confirm the prediction o an amphipathic u-helical structur,

€D and NMR spectroscopy were carrid outto determine secondary structural

GAD-| a

TFE, as well

11,12), TFE, known o promote a-helical structure in proteins (Myers et ., 1998 and.

GAD-1 s compared to

n, "




TFE,

1D 'H and 2D TOCSY

15a0d17).
In aditon, 2D NOESY
19). Similah @0
| 13pc: he
[ GAD-1,
|
| na
Ineresting GADL
(Figare rorG
2009 T
Where GAD-1 was
il
(@l etal, 1970).
GAD-2,ho wellas

13,14.G




‘compared to randorm coil content (~70%)Figure 14B). 1D 'H and 2D TOCSY NMR

(Figures 16.and 18 however,the 2D NOESY indicates that it had less a-helical

20). When

1. However,

parameters may have different cffects on GAD-2 structure.

wsed, data. Ths, running.
and this will be:

the focus of  future study.

Although GAD-1 and GAD-2 are encoded by parslogous genes and share
ucleotide and amino acid sequence similaity, it s evident that these peptides exhibit
very different structural charaeteisties in their mature form. 1 is ikely that the marked
structural change observed with GAD-1 in aqueous  versus membrane-mimetic

environments willlead to GAD-1 e

fing greater atimicrobialactiviy than GAD-2.
Also, €D and NMR spectroscopy indicaied that GAD-1 extibited more. a-heical
character, and had an a-helix of grester length than GAD-2. Although frther NMR
studis are required 1o elucidat the mechanism by which GAD-1 and GAD-2 disrupt
membrancs (Figure 1), it is ikely that GAD-2 docs ot conform o the bamel-stave
mechanism, a this mechanism requies tha the peptide spans the atir length of the

2



membrane (30 A; Rozek et al. 2000). Howeve, it is possible that GAD-2 may form a

dimer 10 span the membrane, smila to that of the 15-residue gramicidin from Bacillus

al, 1985). e NMR

both GAD-1 and GAD-2 were simactured

NMR st atomic.

resolution. Using
permeabilizes DMPC membrancs in  manner similar o the toroidal-pore mechanism

MR Campagna et al. (2007) determined that piscidin-1 likely

(Figure 1C). Due 1o sequence similaity between piscidin-1 and the gaduscidins, is

‘more NMR experiments are required o furthe investigae this

1 was also determined by CD and "N solid-state NMR, that piscidi-1 in a 3:1
molar o of  dimyisioylphosphatidylcholine  (DMPC)  and

nearly in the pi

‘adopts an a-helical stucture (Chekmeney et al., 2006). Similarly, Fu ct al (2009) used

2D 'H-"*N-heteronuclear correlation NMR spectroscopy with piscidin-1 and a 3:1 molar

o of DMPC and DMPG 1o show that amiide protons from the hydrophile side of
piscidine1 "N-LYS 14 (an a-helicalpiscidin-1 analogue) intersct with protons from water

molecules at the bilayer surfuce, indicating that the AMP interacts with the aqueous

My €D and

GAD-1 and GAD-2 (10 a lesser extent) are a-helical i the presence of membranc-

P However, broader

structural studies are required to further lucidate their orentation in the membrane, a




an AMP. However, functional assays were needed 10 confim that GAD-1 and GAD-2

possess antimicrobial activit. To assess antimicrobial efficacy agains 3 Gram-posiive

MIC functional using both

aduscidins. It was determined that C-terminally amidsted puative mature GAD-1 and

GAD2 actvity against S

E tive). GAD-1

he case of both specis nslyzed,indicating that t may be & more ptent AMP. Otber
menbers of the piscidin fumily bave comparsble smimicrobial acivites with the
exdusciding For cxample, MIC value aginst £ ol for hybrid siped bss piscidin|
and piscidin-3 were bt 3.1 g (Siphaduag and Nogs, 2001, compured o 125
e/l for GAD-1 D2 Howerer,

cxibited comparable ntimicrobial ctiviy o GAD-2 (50 g, ad s actvity tha
GAD-1in 8 MIC asay using £ cal (Noga et al. 2009, the case of Staphylococcus
anreus, piscdin-1 and piscidin MIC values were 3.1 g, whik piscdin-4 values
g from 6:312.5 i, GAD-1 and GAD-2 exhibitd MIC values of 6.1 and 25
/i rspectivly ains snther Staphylococcusspeies (5 inermedis), howeve, .

aureus was not tested. Although gaduscidin AMP sequences are quite divergent from

they sl have ibactrial
w0 bacterial species tested.

GAD-1 and GAD-2 exhibit less antimicrobial activity than other piscidin family

members, AP,

in activity to wasp (Xu et al, 2005) and human (Sass et sl 2008) AMPs. The aurcin



AMPs, derived from secretions from the granular dorsal glands of the green and golden
bell frogs, Litoria aurea and Litoria raniformis, respectively exhibit MIC values of 50

l against

al 2000; Apponyi et sl 2004). Conlon et al, (2008) determincd that numerous AMPs

isolated from skin secretions of hose's ock frog. Odorrana hosii, have MIC valucs of

2.5 pgmlor g colind . aures =
(Vespa magnifca) vemom sre comparsble in activity o GAD-1 and GAD-2, with MIC
values of rnging fom 7.5-30 gl gainst - col (X et sl 2009, In o, vespid
(wasp) AMPs cxhibited MIC vaies in the range of 37-10 ugiml against S aures

[ “APIS/LL-37 exhibit MIC

Jower serebrte spcies. MC values were determined 1o be 7.4 and 12 gl agins S
anress fo tese human AMPs (HBD-3 and hCAPI/LL37), espcively (Sass tal.
2008, Song s, (2008) also dctrminod tha ecombinan WBD-3 MIC vl was 525
g/ agins : col and,ths, GAD-1 has st antimicrobil activiy than tis human
AP, Although aninvitro MIC assay i  good ndicaton o aimirobial ciiy, it s
st one messure of AMP fficay, nd many olhr parametns ae nvols in vio. For
example, i th inerst of survival, many baceral species re known 0 adjut her

membrane composition by metabalic means (Zhang et al., 2008). In aditon, the vast

number of bacterial species and varying membrane lipid composition between them

further complicates the study of antimicrobial activi

To assess if GAD-1 or GAD-2 putative mature peptides have any effect on

eukaryoric cels, hemolytic assays were camied out using Atlantic cod RBCs. AMP-




puttine mature GAD-1 and GAD-2 Both of these AMPs xhibitcd hmolytic activity
agsinst Atlanic cod RBCs. GAD-| was more hemolytic than GAD-2, with 42%
Hemolyss of Atlanic cod RBCs at 125 ugiml commpard t 32% for GAD-2 at the same
concentrstion. GAD-1 cxhibied £ coli growth inibiion i 3 concentation of 125
/i, and a & concentation of 781 g, cxhibitod 21% hemalysis. Thus,this AMP

" E coli growth.

However,the MIC value against . intermedius was 6.1 ug/m, but would presumably kill
cukaryoti cells at this concentration to a lesser extent than the 7.81 pig/mi resultng in
21% hemolysis. GAD-2 antimicrobial activity was less than that of GAD-1, but GAD-2
also exhibited less hemolytic activity (14% at 781 pgim). However, a GAD2

‘concentration of 25 and 50 pg/ml is required 10 inhibit growth of S intermedius and E.

coli, 1 against species. Ths,
s cvident that

‘concentration required 10 kill these bacteril species, GAD-1 is less

hemolytic than GAD-2.

GAD-1 and GAD-2 exhibited hemoltic activity comparable 10 other fish speccs.

For example, C-terminally amidated, and non-amidated piscidin-1 at & concentration of

100 ug/m exhibited 73 and 78 % hemolysis of human RBCs, respectively (Chekmenev.

etal, 2006). This is somewhat greate than the hemolytic actvity of GAD-1 (42%) and

G 125 gl However,

amidated piscidin-3 exhibited 15% hemolysis. In contrast, vespid AMPs have litle

hemolytic ffect against rabbit RBCs at concentrations of up o 50 pg/ml (Xu et al.



2005). In addition,

at concentrations up o500 gl (Dhople et al, 2006). Although Atlantic cod RBCs

were used in . AMP-induced RBCs may

vary, and GAD-1 and GAD-2 should be tested accordingly o obiain an accurate
representation of hemolytic activity in humans. These experiments will sid in
determining:if gaduscidins are suitable candidates for the development of novel human
therspeutics.

GAD-1 and GAD-2 are paralogous transcripts (87% identty at the mucleotide

level): however, they encode AMPs with a clear difference in actvity and structure. I is

its important function, while the other was lel free 1o evolve another function. It is my.

ypothess that GAD-1 was retained as an innate immune AMP, while GAD-2 evolved

exhibited more AMP-like charateisics than GAD-2. For example, GAD-1 appeared o
e more siuctured in the presence of deutraed SDS as determind by NMR, with a
s et ofat ess 13 residues compared 1 a eas § residues for GAD-2. Similaly,
D specroscapy determined that GAD-I exbibitd a elear wend toward acheleal
propensit in th presence of TFE as well as zwiteronic (POPC) and anionic (POPG)
Tiposomes. Thi i in contrast 10 GAD-2, which exhibited less sirctural change when
expase 10 the same conditions using CD and less a-helical charater than GAD-1 as
detrmined by NMR. In additon, GAD-1 also presened greater animicrobial activity

against E coli and . intermedius than GAD-2. It is spparent that GAD-2 may have



evolved a distinet function than GAD-1; however, more research is required 10 test this

hypothesis.

drugs. Knowledge of
AMPs and lipids, and antimicrobial and hemolytic actviy is important in determining.
their mechanism of action. An important next sicp in the study of these AMPS is the.

thse pepides fom tissus where they ae ikely o be expressd i thee mature, active
form (gl for exampl), and subsequent sequencing. Also, anti-gaduscidin antbodics
should be camied out in ondr to immunolocalize these peptides to patculr cell types:
such protin expresson st would ai in the determinston of GAD-1 and GAD-2
functon. In additon, gene expresion studies shoukd be caricd out 10 asceain the
sigmling pahways influccing eaduscidin. expression.  Furthemore, experiments
Wherchy GAD-I and GAD-2 are injected nto & model organism (cg. mouse), and

subsequent multi-tissue gene expression profiling with microarray analysis and QPCR

would give an indication of which genes would be up-regulated or down-regulated if

these AMPs were to be used in future clinical applications. Finally, the elucidation of

GAD-1 and GAD-2 3D structures
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Supplemental Figure S1. Brain nodavirus RT-PCR results for fish usd in the QPCR
Studics o determine f igh nodavirus caric state significantly influcnced brsin, splecn.
or head Kidney GAD-1 or GAD-2 transcript expression. RT-PCR was conducted on
brin total RNA. from § PBS tank 0 b (preinjected) individuals and § ASAL tank 0 b
(pre-injected) individuals (top 2 tirs). as wel a § scected high nodavirus carier state
and § selected nolow nodavius carie stte samples.  All samples were taken from

unstressed (0 b, pre-injected) fish (See footnotes of Supplemental Table S2 for deails).

al, 2008; Rise et al. 2010) that used a different RT-PCR protocol (i.c. different themal

eyeler, high PCR
el): in QPCR analysis for 4 genes (ISG1S, DHXSS, RSAD2, and SACS), thi individual

behaved as a “noflow” 200,

"~ cari RT-
PCR resulis. The PBS 0 b and ASAL 0 h samples were used 1o determine if high

nodavirus carrier sate significantly influenced GAD-1 or GAD-2 traneript expression

(QPCR RQ val Table $5)

»
i high nodavirus carrier state significanly influenced GAD-1 o GAD-2 transcript

expression (QPCR RQ values) in brain (Supplemental Table S4). Nodavirus RT-PCR

Table
2. See Materials and methods (section 24) for determination of carier status

designation.
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Supplemeatl Table S2.

Atlanic cod bran samples inolved i his study.

AL Viempal

_smple D' ey
ASALOR T s
ASALGh2

Hettietietioetiig

Rt H

Table S5 and S6.

e,
mple §and 6 are technial replicates of ASAL Oh 3 and ASAL 0 4, rspectivey.
&mk”-ﬁlzmlxmqu f PS O | and PIS 0h 3. respectively.
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‘Supplemental Table S6C. QPCR analyss of GAD-1 expression i speen

Time A dowe regutaed
pom_No' R RQ D siM
0 1 s 76 sw 2w o
0o 2 3
03 e
04 s
0 s us
[T
PBS 21 %0 3% w4 18 06
ms 2 2 3m
s 23 ax
[ )
s 2 s e
s 26 2em
S 6 4 m 1y o om0z 57
ps 6 s m
L A ]
B2 3 600 s s 230 14 07
B 2 1 3
s 4 s nw
ms a6 ns
T
s n 2 am &b e 1 n 09
s 3w
ms w4 e
ms w5 sn
A0 2 sk e T 1w w I
a0 3 wm
A0 um
A0 s 1w
Al 0 6 2%
Al 07 2
As 22 3w um ox 36 03
A2 3 sm
Ad 2 a dem
35 s
As 2 6 s
As 6 2 ne %o 06
Al 63
A6 4
As 6 s




B

EECEREE EEEERD ¢
agsannn ereres
E

=

P

ey
s | 3PS 20
—ASAL 20




‘Supplemental Table S6D. QPCK analysis of GAD-2 expression in splcn
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