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Abstract

New technologies for producingtlantic salmon likehe recirculation aquaculture systems
(RAS) hee gained popularity, and has overthrown the traditional flow through systesesl

in the freshwater stages of the Atlantic salmon productid@his is a closed systenith less
water consumption but extended water treatment. Despite the many advantages,
opportunistic bacteria seem to thrive in in such closed and biological sySiere 2007 there
have be@ an increase in the number of yersiniosis outbre&kany of theseoutbreakshave
been in RAS, on fish in seacageghat originated frominfectedRAS The causative bacterium
Yersinia ruckeris capable of forming biofilmthus making it hard to remove during
disinfection. The bacterium can be treated with antibiotics, but facing the worldwide problem
of antibiotic resistance other alternatives are Ighly needed. Oneof the alternatives
suggested iphage therapy. fie longforgotten method of using bacteria infecting viruses for

biocontrolis now being studied again aquaculture

Bacteriophages infecting.ruckeriwere investigated in this study. &odifferent lytic phages
and a cocktail including the four were delivered by ACD Pharmaceuticals. They were all
tested in growing cultures of .ruckeri,where they all showed a good bacteriostatic effect.
This indicates that the bacteriophages have a goténtial for application in bio treatment

of water and filters used in rearing fi§hlarva and fish.

We studied the ability afalmon to produce anfphage specific antibodies. This was done by
immunization of salmon with phage as antigandthe fishwas injected thre times with
inactivated bacteriophages. The fish asgra were tested with enzyreked

immunosorbent assay (ELISA), and all sera showed a high production-jof g

antibodies in the fish given injection with phagdene or combired with adjuvance. The
non-vaccinated (no phage antigen) control fish groups did not show amphatie antibody
production. A neutralization test was performed using sera containingmage antibodies,

which proved that antibodies are highly neutralig the bacteriolytic ability of the phages.

In summary he results showed that the phages used alone or in combination were highly
bacteriostatic forY. ruckeri The ELISA test using bacteriophage as antigen can be used for
screening of salmon sera aftearious exposure to bacteriophages. The immunsera can
serve as positive controls. Thus, a screening method forpdnatye antibodies has been

established.



Sammendrag
Store frenskritt innen Norsk akvakultur har fart til nye teknologier innenfor proglksav

Atlantisk laks. De siste 10 arene har resirkuleringsanlegg gkt massivt i popularitet, og har
erstattet de tradisjonelle gjennomstrgmsanleggene som brukes i ferskvannsfasen av lakse
produksjonen. Dette er lukkede systemer med mindre forbruk av vaen krever mer
vannbehandling. Til tross for mange fordeler, ser det ut til at opportunistiske bakterier trives
godt i slike lukkede biologiske system8iden 2007 har det vaeen gkning i antall utbruddv
yersiniose hvor de fleste har veert i resirkulgsanlegg, eller i sjganlegg hvor fiskemmer

fra et infisert resirkuleringsanleggyersinia ruckerier den forarsakende bakterien til
yersiniose, og den er i stand til & danne biofilnbe somgjer den i stand til & overleve
desinfeksjon. Bakterien kanebandles med antibiotika, men n& som verden star ovenfor
problemer rundtantibiotikaresistens, er andre alternativer gnsket. Et av disse alternativene
er fag terapi. Den gamle metoden der bakterie infiserende virus lsrtikiokontroll blir na

forsket paigjen.

Bakteriofager moty. ruckerble i dette studiet undersgkt. Fire forskjellige lytiske fag samt en
cocktail som inneholdt alle fire ble levert av ACD Pharmaceuticals. De ble alle testet i voksende
kulturer avY. ruckerihvor de alle viste en god kteriostatisk effekt. Dette indikerer en at
bakteriofager har et stort potensiale for bruknen biokontroll av vann og filter brukt i
akvakultur av fisk og fiskelarver. | dette studiet ble laksens evne til & produsere bakteriofag
spesifikke antistoff stuert. Dette ble gjort ved & immunisere laks med §agnantigen. For &
oppna en hgy antistoffrespons, ble fisken injisert tre ganger med inaktiverte bakteriofager.
Fiskemsantiserum ble derettetestet med erzymelinkedimmunosorbent assay (ELISA), hvor
alle fiskene som hadde blitt injisert med inaktiverte fag viste en hgyfagtantistoffrespons.

De uinjiserte kontrollfiskene visiagenantistoff produksjon. En ngytralisasjonstest ble gjort
pa antistoffene fra fisken sd hgy antistoffrespons, som viste antistoffene er sveert
ngytraliserende pa den bakteriolytiske effekten til bakteriofagene. Resultatene viste at fag
brukt alene eller i kombinasjon er sveert bakteriostatisk Yorruckeri.ELISA testen med
bakteriofager som antigen kan brukes for scregnav lakseserum etter ulike eksponeringer
for fag. Immunserumet kan brukes som en positiv kontroll. Dermed har en screening metode

for anti-fag antistoff blitt etablert.
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1 Introduction
Norwegian aquaculture is ttay experiencingan increased interest of new production

methods due totechnological advanse More and more Atlantic salmofSalmo salar |).
producers are building recirculation aquaculture systems (RAS), instead of the old traditional
flow through systensfor salmonidproductionin freshwater(Hjeltnes et al., 2012TheseRAS
are well known systems based on technology made to reduce the usage of water and
electricity. Likewisejnfection pressure an@roblems caused by the salmondihave opened
for salmon production in closed systems insteattadlitionalopen sea cages. This,addition

to a new trend of producing big smolt in closed sea water facilitiese led to an overall
increase ofAtlantic salmon production in closed and recirculation systefisw disease
challenges willnaturally follow these new production system@Hjeltnes et al., 2017)
Opportunistic bacteria can cause severe losses if they are allowgrbto in such a system
(Hjeltnes et al., 2012)This has beedemonstratedby the increasing number of yerswsis
outbreaksin RAS systenthe recent yeargHjeltnes et al. 2017) Thecausativebacterium
Yersinia ruckens capable of forming biofilnen materials and surfaces in these systems,
making ithard to remove during disinfection Antibiotics arestill the only tool for treating
infected fish (Kumar et al., 2015)Recently, bacteriophages have been suggeste@rs
alternative to reduce infection pressure or directly treating bacterial infectionsin
aquaculture Their selfreplicating natureis particularly beneficial in cked systemsand
phages can badministered in different waysMore importantly, several successful phage
therapy experiments orish andshellfishinfections have beerompleted and reviewedy
Madhusudana Rao and Lalitha (20X5)d Oliveira et al. (2012)This givesoptimism in
developingbacteriophagegroductsastoolsfor bacterial control in closed systenm$owever,

more research is needed to establish effective phage therapies.

Salmonidproduction in Norway
Norway is the leading producer étlantic salmonwith a total of 1171 20 tons produced in

2016 (Hjeltnes et al., 2017)n addition to producing significant amountof 84 500 tons of
rainbow trout (Oncorhynchus mykissValbaum)(Hjeltnes et al., 2017)This enormous
productionhasopened br alarge-scaleexpat of fish. In 2014Norway was the second largest
exporter of fish and fishery product. Withtatal value of 1803 million US dollar§~AO,

2016) Aquacultureis an industry of major importancein Norway (Fiskeidepartementet,



2014) One dthe factors making Norway so suitable for Atlardedmon production is thiang
coastline including special fijoigy/stems The Gulf streanfeeds the coast with warm water
and mixes with the nutritious freshwater from the ast. Facilitating exceptionally good

conditions for aquaculturéHansen and Mortensen, 1998, Bjerkestrand et al., 2011)

1.1 The fish production

Aquaculture is a relatively young industry in Norway. But has sisaart in the 60s grown
rapidly, with todays Atlantic salmon production being seven times bigger than meat
production (Bjerkestrand et al., 2011The production starts at breeding companies where
the broodstock selected for further production is stripped for roe and mifter fertilizaton,

the roe is placed in trays at the hatchery. One and a half month later they have become eye
roe, and shipped off to the smolt facilitht the smoltfacility the roe start hatching about a
month later.The newly hatched fry consumes their yolk sa®beftarting to eat dry feed. In
the following growth phase the fish is manipulated by light to initiate the physiological
transformation to adapt to the seaWhen this physiological transformation called
smoltification is completegdhe fish is ready to & transferred to sealhe sea watefarmsare
traditionally based on open net pens in fitting locatioms the sea cages the fish grow to
become approximately 5 kg before being transported to the slaughter h{®jsekestrand et

al., 2011)Today there is ambitions gfoducing salmon iolosed system$or multiple reasons
such as less louse affection, reduced waste, and a good growovititions (Rosten et al.,
2011)

1.2 Production in closed or recirculation aquaculture systems (RAS)

1.2.1 Productio of Atlantic salmon in closed aquaculture systems
There has been and increasing interest of farmitigintic salmon in closed systems on land

or inthe sea. The main advantages giving rise to these interestdRam@ucing the number of
escapes reducingthe spreadof salmon lice by making a barrier between the fish and
environment, preventing spread of disease, better control overimste, and the potential
economic gainfAndaur et al., 2012)Several producers are applying for permission to build

developmental systems for farmirfglanticsalmon(Rosen et al., 2011)

1.2.2Recirculation systems
Recirculation syems arethe new systers preferred today.In 2015 thenumber of RAS

facilities had reached 7(Hjeltnes et al., 2016Y0Id flow through facilities are often changed
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to RAS during upgrade or expansion. The technology behind RAS is based on reuse of water
(Bjerkestrand et al., 2011Jhis isdone byextensively treating the water aftat has been in

the fish tanks The technology is optimized to reduce water consumption, waste, and give an
overall better control over water qualityVerdegem et al., 2006Martins et al., 2010)
However,with suchsystens, comes new challenges and advanced technololg. Water
guality has tobe closely monitorecht all time The danger of opportunistic pathogens is
always present, especlglif the water qualitygetsbad. To maintain good water quality in RAS
facilities,ammonium(NH") and carbon dioxid¢CQ) must be removedin addition to organic
matter. Removing th ammonium is a critical measurBodaythis is done by a biofiltegyhich
involvesseverakpecies obacteria. A new system like RAS opep$or new disease problems

in the fresh water productiorfMartins et al., 2010, Hjeltnes et al., 2012, Bjerkestrand et al.,
2011) (Bjerkestrand et al., 2011)

Software

P Moy

Mort Collector

Feed System

Header Pumps

NH,

Biofilter

@ Mechanical filter
“ UV filter
CO,

CO, Stripper

N
Split-loop design . 3

Figurel. The concepbehindof RAS faciliés(Bjerkestrand et al., 2011)

1.2.3Flow through system
Flow through is the old and traditional way to run a fresh water system. The water source is

usually from a nearby k& with greater altitude. This way the water pressure is favorable
(Bjerkestrand et al., 2011The watesed inproduction is taken from a relatively deep level

to maintain a stable temperature and it contains less microorganisms. Before the water
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reachesthe fishtanks the wateris treated in several ways. Some producers prefer extensive
water treatment, while other have a good water souroeeding minimal treement which is

less expensiveWater treatment in flowthrough systems oftenconsist only of particle
filtration, for particle removal and UWwradiation, for microbial removalOxygen is also
supplemented to make sure the saturation is correthis typeof systemhas a higher demand

of water thanRASBjerkestrand et al., 2011, Bjerknes and Liltved, 2007, Hjeltnes et al.,. 2012)

1.3Disease in Norwegian aquacultsgecies
Despite theprogress in fistnealthand welfare, there are still problems and huge economical

losses due to infectious diseases Atlantic salmon The Norwegian coast and fjords
inhabited by larggopulations of wild fishmaking the risk of disease transfer between wild

and farmed fish gretar (Johansen et al., 2011)

Today,disease caused by parasites and virudeminate in Norwegian aquacultureThe
bacterial diseasehave beenminimizeddue to effective vaccinesHowever,there arestill
some bacterial problemsainly causedby winter ulcer lacteria andlately, yersiniosishas

been diagnosed in an increasing number of locatigtjsltnes et al., 2017)

The salmon lice(Lepeophtheirus salmonjisepresent the largesproblem today. Laws and
regulations imposeAtlanticsalmon producers to carry out lice treatmahthe number of lice
exceeds 0,5 adult female lice per fidhis is to protect the wil@tlanticsalmon and to reduce
secondary infectionsHowever becauseo f t h ability tooqeicklg develop resistae
against effective chemicatreatments have become ineffectiv@.he level of resistance
remains high in 2016.0Fcing the industry to always sedr for new treatment optionsThus
driving the aquaculture industry to change from chemical treatment to rabremical
treatments like mechanical driologicaltreatment (Helgesen et al., 2017)he second most
sever parasités Negparamoeba peruranghe causative agent fokmoebic gill diseasdGD)
The diseasavasfirst reported in Naway in 2006(Steinum et al., 2008 AGD hasaused
significant problemsin the last couple of years, butas less severin 2016 than 2014. The
disease carbe life-threatening and capable of giving chronical gillammation in sea
production(Hjeltnes et al., 2017)reshwater and hydrogenpexiale areluckilystill effective

in treating AGDinfected Atlanticsalmon(Hyttergd et al., 2017)
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The most problematic viral disease is Pancreas dis¢BB9 with two roamingepidemics
caused by different subtypesf salmonid alpha virus (SAVThe diseasés slowly moving
further northin Norwaycausingoroblemsand discussion around tiiisease fightingtrategy
and control zones of the diseas@Hjeltnes et al., 2017For Infectious salmoranemia(ISA)
the situationis more stable with 1020 outbreaks each yeaAlthough,still problematic when
present because of the mortality and the restrictidne toregulationthat follow outbreaks
(Hjeltnes et al., 2017)Theincreasing number oHeart and skeletal musclaflammation
(HSM) and cardiomypathy syndrome (CMS) outbreaks, indicadehigh abundance of these
viruses(Hjeltnes et al., 2017As well as thésolation of the virus associated with HSMI from
wild fish and marine specid&arseth et al., 2013a, Garseth et al., 2013b, \Wiésen et al.,
2012)

1.3.1 Bacterial diseas@s Norwegiarsalmond production
Bacteria exists everywhere in the environment. Some of them have been selected through

evolution to infect cerain niches. Some of these niches being tissues and cells of other
organismsThese are specialized tausedisease and infect hosts, making them true obligate
pathogens. There aralsodistinct bacteria which are abundarm the normal bacterial flora

in healthy fish, that may cause disease in some cd3sesditions making this possible can be
stress,genetically differencedyad water quality, malnutrition, or other factomected to

the host, bacterium orenvironment These bacteria are considered faaltative or
opportunistic. Because their ability to create disease (virulence factors) normally would not
overcome the hosts defenses. The infection route is mainly through the gill, gut or skin, before
entering the circulation system and becoming syste(Biano et al., 2013)Closed systems

and RAS systems could be fitting envir@mts for opportunistic bacteria, andlacteria are

allowed to settle in such a system, they could be hard to get rid of.

In Norway, bacteri¢hat cause disease ilstlanticsalmonare mostlygram negative, while only
a fewbacteriaaregram positiveNorwegian aquaculture experienced severe loshesto the
diseasesfuruncolosis and vibriosis, causdy the respective(gram negativg bacterium
Aeromonas salmonicidag.salmonicidaandVibrio angullarum. The(grampositive) bacteria
Renibacteriunsalmoninarunmhave caused major lossessalmonid productionn Canada and
the Faroe Islands, but due to good routines in broaast production losses have been

minimal in Norway(Bjerkestrand et al., 2011Yodaybacterial problems irproduction of
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Atlantic salmon are stablevith lossesnainlydue to infections withwinter ulcerassociated
bacterig Tenacibaculum maritimum, Moritella viscosad Aliivibrio voodanis Y ersinosis
outbreaks has also increasém a few outbreaks in 20040 over 30 outbreaks in 2015
both fresh and seawater facilities. In 201&e number of outbreaks have not increased
indicatng a stabilizatiorfHjeltnes et al., 2017)The main reason for this decrease in bacterial
diseaseproblems can be explained by vaccination and preventive measureqrédentuse

of antibiotics is thereforeminimal (Folkehelseinstituttet, 2017)

1.3 Yersiiosis
Yersimosis, also known asnteric rednouth disease (ERMi) rainbow trout,is a contagious

bacterial disease caused by the bacteriYmrsinia ruckeriY.ruckeriwas first isolated from
rainbow trout in Hagerman Alley, Idaho, USA, in the 1950s. Later describ&bssy et al.
(1966) Several species are susceptible to the bactdmid it mainly infects salmonigdsvhere
rainbow trout are the most susceptible the acuteERMdisease Yersinosis is a term often
referred to as a less sewecondition, often &fecting Atlantic salmoninvolving a different
serotypes of Y.ruckeri Besidesdrom Europe, the bacteria hdseen found in Australia, Asia,

South AmericalNorth America and South Afri¢@arson and Wilson, 2009)

Yersinosis has usally either acute ochronical development, and the clinical and pathological
symptoms arenften similar toother Gram negative bacterial diseas&be acuteor peracute
outbreaksof the diseaseoften occur infreshwater stagecausinghigh mortality infry and
fingerling populationswith onlyafew external clinical signs of disease. The more chronic form
often causeshanges in pigmentation, disturbance of balance, and lethargy. While other signs
of diseaseare exophthalmia, ascites, cutaneous petesiand heamorrhage irthe gill
filaments. Thepopular name enteric redmouth disease comes from the hyperaemia on the
jaw and oral cavity, that is oftebut not always presenwith ERMn rainbow trout InNorway,

this is notnormaly observedasyersiniosisis mainly a problem ontklantic salmon Internal

signs can be intestinal heamorrhage, petechiae on serosa membranes, swollen kidney and an
enlarged spleen. Histologically; congestion, oedema and peteengakeequent. The kacteria

can befound in severhorgans often affectingthe gills and brain, Wile necrosis is common

in spleen and kidney tissue, especiatifhe glomeruli(Bruno et al., 2013)
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1.3.1 Yersiosis in Norwegian aquaculture

The firg isolation ofY.ruckeriwasin 1985from an Atlantic salmorsea farm close to the island

of Senja, northern NorwafSparboe et al., 1986After the firstisolation,there wasabout 10

30 outbreakseach yeafrom 19861992.In 1987there wasa top, with a total of 58 outbreaks.
So far the bacteriumhas mostly been connectedo disease in Atlantic salmon. Isually
aoccursin the early freshwater stagedut the disease has nowalso been observed afte

transfer to seaas wel] includingfish with no signs of yersiosis earlief(Borng and Linaker,

2015)

From 20072008, the number of yersiasis outbreaks doubledgain with an increasen the

following years. In 201&ll 34 reported outbreakwere north of Sogn and Fjordane, except

one in Hordaland. Of thes27 was from sea locations, and seven from freshwhtdcheries

(Hjeltnes et al., 2017All confirmed isolations of the bacteria were also serotyped, placing al

isdates in serotype O1 and (Rjeltnes et al., 2017)
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Figure 2. Localities experiencingy. ruckeri
outbreaks in 201¢Hjeltnes et al., 2017)

year. Half of the freshwater locatiotisat hadan outbreak in 2007, had yearly outbreaks the

following yeargHijeltnes et al., 2017)hiscanindicate that infectionsare caused byouse

As an explanation of this increase of

Yersiniaoutbreaks, the conversion to new

recirculation systems is blamed. Instead of

the old flow through systemsa more
environmental friendly closed system with
more water treatment is used during the
freshwater phaseThis give®pportunistic
bacteria an advantag It is well known that
Y.ruckericanform biofilm which promote
its presence on production surfaces like
tanks (Coquet et al., 2002a, Coquet et al.,

2002b) Biofilm formation also promotes

t he
this is reflected when looking atthe

reported outbreaks each

b a ct dgasunave disinfediion|

Ity



strainsof Y.ruckeri The number of yersiniosioutbreaks might also be undegported, due
to the producers not always reporting yearly outbreaks of house stréttjsltnes et al., 2017,

Hijeltnes et al., 2016)

1.3.2Yersiniauckeri
The causative agent of yergisis and BRM is the flagellatedod shaped @m negative

bacterium Y. ruckeri.Reaching a length of-3 um and 0,75um in diameter It was first
described to be fermentative, catalase positive and oxidase neglasigteriumin the 1950s
(Adams, 1959)The taxonomy of the bacterium wafrst difficult to determine due to
differencesfrom the Yersima genusin biochemical testsAlthough itwas confirmed and
included to thefamily Enteriobacteriaceaand genusYersinidby Kumar et al. (2015A family
and genughat includesmanynon-pathogenic and pathogenlzacteria in both mammals and
fish. The most knowryersiniabacteriainfecting humansis Yersinia pestjgesponsible for
causingmillions of deathsn the last two millennia(Raoult et al., 2008)There are other
Yersiniaspeciessuch asYersinia enterocoliticshat commonly cause sickness in humans
(Hering et al., 2016)he bacterium is classified into several serotypes and two biotyjjes.
bacterium does not 6rm bacterial spores, busome strains haveshown to form biofilm

(Coquet et al., 2002a, Coquet et al., 2002b)

1.3.3 Current treatment angreventionof Yersiniosis
Today vaccination isonsidered necessary to nméain production of Atlantic salmon as

increasing numbenf producers experience infectigrof yersiniosisvery yealHjeltnes et al.,
2017) The bacteriumappearsto survive disinfection and otherleaningmethodsby forming
biofilm, thismay createhouse strain®f Y. ruckeriin freshwater facilitiegCoquet et al., 2002a,
Coquet et al., 2002b)Severalmethods are presenly used to prevent, control and treat
Yersiniainfections in fish and production site Due to the fear of antibiotic resistance,
scientists are especially looking for preventive measures against yersifibgidifferent
measuredried out are probiotics, vaccination, antibiotics and phage therggymar et al.,
2015)

1.3.3.1 Probiotics
There is a great concern about the development of antibiotic resistareefore alternative
measuredfor treating or preferably preventive measures are likappreciatedor needed.

Several studes have been successful in {wontrolling of Y. ruckeriby orally administering
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probiotic bacteria(Raida et al., 2003, Robertson et al.,, 2000, Capkin and Altinok, 2009,
Balcazar et al.,, 2008However the protection gaied was most likely from immune
stimulation (Robertson et al., 2000, Abbass et al., 2010)addition to bacterial probiotics,
bacteriophages can be used asatural viral probiotics in bigontrolling bacteria

(Madhusudana Rao and Lalitha, 2015, Pereira et al., 2011)

1.3.3.2 Vaccination

Vaccination is the most effective waypoevent bacterial infectionst has solved some of the
biggest disease cHanges inNorwegian aquaculturdn Norway, vaccinesaveremovedthe
bacterial infections frunculosisand vibrosis in farmed Atlantic salmdiijeltnes et al., 2017)
A vaccine againtesinia ruckemwas one of the firseffective vaccines made for fisand has
been available for over 40 yearand was initiallyproduced against the EMR disease in
rainbow trout (Busch, 1978, Gudding et al., 201%he vaccinevas a monovalent vaccine
containing inactivated whole cells of. ruckeri serotype O1 biotype 2, and itcould be
administeredby injection, immersion,or orally. It providedgood protection against biotype 1
strains(Raida and Buchmann, 2008, Costa et al., 201 same level girotectionwas also
shown ina new vaccine containing severaltracellular and extracellutaYersiniaproducts
(Ispir and Dorucu, 2010Biotype 2 strairhave been more difficulto defeat,and this strain
hasemerged sincehe late 1980s and has beenshown tocausethe yersiniosis irAtlantic
salmon, and hus causing disease ifish vaccinated against biotype (Austin et al., 2003,
Gudding et al., 2014)rherehas now been developed bivalent vacineand it gives good
protection against both, biotype 1 and 2 straifi3eshmukh et al., 2011%ince yersiiosis
often appear at the hatcherywaccination bymmersionis the normally usedhethod, and a

second vaccine boost is usually neces$aryurther protection (Gudding et al., 2014)

1.3.3.3 Antibiotics

After a bacterial disease ocaythe fish are often treated with antibiotics. Toddkere isonly
a feweffectivechemicaldicensed for fishery use that are availabléhese are oxohic acid,
oxytetracycline, amoxicillin, sulphadiazjneimethroprim, and themore recentflorfenicol.
With such aimited selection of compoursg] the risk ofdevelopingresistance increases
(Alderman and Hastings, 1998tudies indicate that European isolatafsY.ruckeriare still
susceptible to antibiotic therapfCalvez et al2014) However, invitro experiments show'.

ruckeri to easily develop resistance against oxolirdcid, oxytetracyline and possibly
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suphonamidgRodgers, 2001Y .ruckeriproduces holomycinand are thusaturallyresistant

to it (Qin et al., 2013)

1.3.3.4 Phage therapy

There have been found bacteriophageausing lysis ofYersiniaspecies indicating the

potential of phage therapy again3 ruckeri(Stevenson and Airdrie, 1984)here are no

present phageébased preparationavailablefor aquaculture use(Madhusudana Rao and
Lalitha, 2015)Howevera Norwegiarpharmaceuticatompany isn a late stage ofleveloping

a bacteriophage product againgersiniosis(http://www.acdpharma.com/?page_id=17

1.4 Bacteriophages
The word phage derives from the Greek and translate to eat or devour. Translating

bacteriophages to bacteriaaters(Stent, 1963)Bacteriophages are smallacteriainfecting

viruses. First discovereddependentlyin 1915 byTwort (1915andd * He r e | ,bugfirs( 1 91 7))
describedbyd’ Herel l e (1917), d. 'Battenoghbgesean lzerfaind Smi t h
everywhere, ad are the most abundanirganismsn the world. Therecan be as much as in

~10 virusparticlesper ml of seawater(Suttle, 2005)Bacteriophages as the name implady

infect bacteria andcan bespeciesspecificor strainspecific.Bacteriophagesan \ary in both

size am morphology.After the discovery ofntibiotics,the research on phages has been

limited to the Soviet Uniorand eastern Europe. While the western countrfesused their

research on the favored antibiotiasith a much broader spectrunin killing bacteria The
phagesare simple organisms with a very small gem which is easy to manipulate,
therefore,they have a big potential for application using moderohmology in production,
molecular analysis and manipulatiorOther applications of phages can ls biocontrol,
vectorgtargeted delivery vehicleslytic phage typingphage therapy and they canalso

produce lytic enzymegrulisKawa et al., 2015Phage typing ia methodused toclassify

unknown bacteriaby their susceptibility to various bactephages(Cammack et al., 2006)

Phage therapy is using bactepghages to defeat a specific bacterial infection bplgmg the

phage in different way&utter and Sulakvelidze, 2005)

1.4.1 Bacteriophage lifestyles
Bacteriophagearedivided into two different groups by theharacteristidifestylesthey adopt

when infecting a bacterium which is the lytic and lysogenic lifesyl@$he most common

lifestyle of phages ishe lytic lifestyle which is a virulenbfection form that results in
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destruction of the infected bacterialhe lytic lifestyle consists of four stepsdery inlysis of

the bacteria Theg steps are: dachment of phage tdacterium, injection of phage nucleic

acid, intracellular development, and a final lysiglo# cell with a release of progeny phage
particles(Madhusudana Rao and Lalitha, 2Q15)tic phages are natural killers of bacteria,

and a lytic cycle can lssshort as 20 minuteshisquality makes them suitable f@ontrolling
bacteria. They Wl also increase in numbeis long as a there are host cells to inf@teitbart,

2012) The other lifestyle is a more lateone. After injection of phage nucleic adgido the

host, the phage genes are replicated with the host genes. The phage genome can stay in this
state for several generations with no impact on host metaboliEhe phage genes in this state

can change int@a lytic cycle, followed by natural release of phage particles. This ability is
known as lysogeny. Phages capable of both lifestyles are called temperate phages. Lysogenic
phages can & triggered to enter dytic life style by differentchemicalor physicalstimuli
(Madhusudana Rao and Lalitha, 2015)

1.4.2Phageclassificatiomndmorphology
Baderiophages differ considerably in structure, biological characteristics, and

physiochemicayl. Making thema very heterogeneous group of viruse$his als indicates
apolyphyletic origin. Their genome is primardgnsistingof dsDNA, althouglsomedsRNA,
SSRNA, and ssDNoecurin some small groupsAll DNA phages only have a singular DNA
molecule. The phage morphologycan also be very different, thgirions can be tailed,
filamentous, polyhedral, and pleomorphithus bacteriophage families are often listedter
morphologyfor convenienceSome mayalsoinclude a lipidcontaining envelope or vesicle.
Many phage species have been examined since the disg@id¢he electron microscope, at
least 5500 in total (Ackermann, 2001)Making them the largest virus caty studiedby
electron microscopyand largest existing virus grogfickermann, 2012Bacteriophages are
categorized into 1 order, 13 families, and 31 gene@wer 95% of the described
bacteriophages are from the family Caudovirales, which are tailed phégetter and
Sulakvelidze, 2005] he classification of phadamilies is mainly based on virion morphology
and nucleic acid, however there are many more criteria to consider for classification. When it

comes to genera and species theaee no common standargo far(Kutter and Sulakvelidze,
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2005, Regenmortel and Viruses, 2000)
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Figure3. Basic bacteriophage morphotypésutter and Sulakvelidze, 2005)

1.4.3Isolation
Isolation ofbacteriophages can be done lepllecting samplesfrom any source material

abundant in the desirethrget bacteriumand followingspecific methods for isolatiofiPereira

et al., 2011, Park et al., 2000hese samples are often added to a soft top agar supplemented
with the respective bacteria you want to fimhages for. If any plateshowsigns ofysed areas
after incubation, be iquid formed in these areas @llected for centrifugation. Before being
tested on homogenous plates of the bacterium to test ability of lysis. If plaques are formed

they are tranferredto liquid culturesand purified(Stevenson and Airdrie, 1984)

1.4.4Phage herapy
Today, bacterial resistance against antibiotibave become a worldwide problem, this a

result of uncontrolled useantibiotics. Antibiotics have beemwur firstline, and last tool to
control pathogenic bacterigCenter forDisease Dynamics, 2019hishave made scientist
open their eyesagainfor a long forgottenweaponin the fight against pathogeabacteria.
More precisely bacteriophages, bactesidling viruses, anthe method of using thento Kkill
specific bacterial pathogenshese hages werdirst applied as therapeutic agents in treating
cholera in byd'Herelle (1929) and the method was named bacteriophage theraphe

discovery of these bacteria killing virusgsickly becameoverthrown by the disovery d
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antibiotics, but wasused and considered aaluable resource ifighting infections inthe
Eastern Europeand Soviet.The Soviet Union frequently used bacteriophages for treating
infection like dysentery and gangrene during world waf\l@dW?2) (Summers, 2012)After
WW?2,the research on phages continuedsatveral institutes, with the center of activity at the
Elava institute of bacteriophage, microbiology, and Virology in Thilisi, Gedrigeainstitute

is still today a leadingfacility intreating infections with multi resistaribacteria. Today they
have the biggesarchiveon phages in the world Containing phages against mariyjuman
pathogenic bacterigSulakvelidze et al., 2002)/estern scientist now got a renewed hope in
phage therapy as antibiotic no loegare effective against sontcterialstrains. The search
for new weapons is critical, and phages has shown to be effective in several araaaViore
importantly, all the successful treatment #he Eliava instituteshows the potential of phage
therapy. Another reason for thioptimistic interestin phages is due to the progress in
molecular andbiochemical sciencsince last time phage therapy waged out. This interest

is especially reflected in thancreasing researcln the topic of phages théast decades
(Adams, 1959, Sabour et al., 2010, Pereira et al., 2011, Richards, 2014, Borysowski et al., 2014,
Madhusudana Rao and Lalitha, 2015)

1.4.5Phage therapy in aquaculture
The intensive production of fisand shellfish is increasing worldwjdathoughpathogenic

bactelia are responsible fomajor losses. This in addition to a global market demanding fish
not treated with antibiotics, havded scientiss to look for other methodsto use in

aguaculture.

Because of the high presence of bacteriophages in aquatic environment the phage therapy is
naturally suggested a possible alternative to antibiotics. The viruses are the natural enemies
of the aquatic bacteria. Thadministration methodsin aquacultureare nultiple, equally
important isthe replicatinginfection nature of these viruses. When bacteria infected with one

or more phageundergo lysisit will release more infectiouphages util there are no more
bacterial host to infect. This & quality especidly useful in viscougquatic environments.
Many successful experiment haveedn completed on fish pathogens likkeromonas
salmonicida, Flavobacterium psychrophilum, Flavobacteriufungmare, Pseudomonas
plecoglossicidand Edwardiella tardgRichards, 2014, Madhusudana Rao and Lalitha, 2015,
Oliveira et al., 2012)
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Background

Bacteria are responsible for large disease outbreakscandause major losses in the farming
of fish andshellfish. As a result of thisjassive oveuse of antibiotics has been practiced in
an effort to control the situation. The use of antibiotics is disputed due to-sftéxts, its
impact on the necessary natural microflora, risk of resistance developarmhanincreasing
demand forfood free for antibiotics. There isa need for alternatives to antibiotics and
bacteriophages, virusethat specifically infectoacteria, is one such alternativéd major
research and development project in ACD Pharmaceuticals AS has, since 2011hebeen
development ofbacteriophage based producter use inreducing bacterial infections in
aquaculture.Immunization offish after receiving phage treatment could potentially reduce
efficacy of subsequent treatmentue to the ubiqutous nature of aquatic plges, no
additional immunization effect is expected from phage treatment, however, it is necessary to

determine and document this.

Aim for the study

The first aim was to test the bacteriolytic activities of four phages.tauckerto obtain
information wseful for various later planned experiments on applications of the phages in

aguaculture.

The next aim was to investigate the immunogenicity of the phages in salmon and to establish

an ELISA to measure specific anti phage antibodies.
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2 Materials and Metbds

2.1 Bacteriophages
The diffeent phages and the phage cocktaded inthe presentstudy, wereobtained from

ACD Parmaceuticals AS, Norwayherewasa total of four different phagesand a cocktail
containingall four. The phage solution wé#trated (0,22t & ) and dilutedin TM-buffer (see
appendix) b reach a concentration dix10'* pfu/mL each. All four phages were lytic infective

for the bacteriumYersinia ruckeriThe phages were stored at@ diring the whole study

2.2 BacteriunYersinia ruckeri
Theonly Y.ruckeristrain used throughout the study wakelivered by ACD Pharmaceuticals

AS, and was cultivated in Lwiartani (LB) broth(see appendi¥.1), and storedfrozen at-
80°C inampoules ready to be used later. For colony growing eitheragBr(see appendix.1)
or Tryptone-YeastSodiumGucoseAgar(See appendiX.1) were used. All cultures used were
initially grown as liquid culturedyy adding a freezing culture to an Erlenmeyer flask (@)
containing 50 mLBmedium,incubated for 12hoursat 25°C with shakingin an Minitron

(Infors HT) incubator

2.2.1Preparation of frozen bacteria stock
Bacterial cultures were harvested e exponential growth phase, supplemented with 12 %

glycerol, and distributed into Cryo tubé€ryoTubé& 1,8 m| Nunc, Denmark)The glycerol
stocks were marked with the name of bacteria, passage, and date of fredmfge being
frozen at-80°C to maintain access to bacteria for inoculation of starter cultures throughout

the study.

2.2.2Freeze dryingf Y.ruckeri
One Cryo tube (CryoTuB&1,8 ml Nunc, Denmark)containing 1 mlpf frozenY. ruckeri

culture was added to an Erlenmeyer flask contain@ml LBmedium. The flask was
incubatedat 25°Cfor approximately 16 hours, without shaking/vhen the OD had exhed
0.7, 2mlof the preculture wassuppliedto a 1000ml Erlenmeyer flask containing 200 mtLB
medium,and left for 16 hours ofincubationat 25°C The main culture wasquallydivided
into four 50 ml tubes. Ae tubes were centrifuged for 1Binutes at3000xg at 4°C ina
centrifuge (Allegra®Xx-15R, Beckman CouljerThe spernatant was poured of, and the
bacterial pellet dissolved in Phosphate Buffered Sal{P8S, Lonza, Bio Wittaked®fore

centrifuging agairasdescribed earlierThe spernatantwasagain poured gfand the pellet
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dissolved in 1 ml RNAse free wa{&gmaAldrich), and frozen at20°C, laying obliquely for
the liquid to get asnuch surface as possibl€hey were then freeze driedith an Alpha 12

LDplus (Martin Christ Gefriertrockngsnlagen GmbHjeezedriet

2.3 Optical density

Optical density (OD) can be used to measure the density of bacteria in a suspérson.
spectrophotometer sends beams of light at a chosen wavelength through a suspension and
the amount of light absorbed wibgive a measurement of the optical density (OD) in the
solution. In the present study. ruckericultures were red at wavelength As>onmusing plastic

cuvettes (MBH) in a Spectroquant Pharo 300 (MERCK) Spectrophotometer.

2.3.1Y.ruckerigrowth curve
Agrowth curve wagstablishedor Y.ruckerito identify the time when the bacteria was the

lag, log and stationargrowth phases. This information is important for knowing when to
harvest the bacterium at the exponential phase. The phalserethey aremost viable. AlY.
ruckericultures were grown in L-Biedium.Thus,a sterilel ml suspension diBmediumwas
used for calibrating the spectrophotometésr background absorption by the growth media
As2onmwas red on a spectrophotometer (SpectroquantaRh300, MERQKTo make gre-
culture one freezing culture oY.ruckeriwas added to a 250 ml Erlenmeyer bulb containing
50 ml LB medium and left overnigat 25°C The next day mlof the pre-culture was added

to two new1000ml Erlenmeyer bulbs, coniaing200mL LB medium to make duplicate main
cultures. The optical densit As;onmwas red on a spectrophotometer (Spectroquant Pharo

300, MERCHKn both main cultures every 60 minutes urgihtionary phase was reached

2.3.2Colony forming units andBD-CFU/mlalculation
Colony forming units (CFd)ethe number of viable bacteria capable of forming colonies in a

suspension. The suspension tested for @Y diluted to make sure the number of colonies

on the platesvascountable. Hence the bactefieulture was diluted and plateah triplicates

from ten-fold dilution on LBagar Theagarplates with ba&teria were incubatedver night at

25°C The next day colonies formed was countedd &FU calculated hilge formula below.
TOIMDAI 1TH®RAOA

. Ol AIAB& PO | SET SBEAGT
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2.41nactvation of phages with UNght
The effect of UMC (206280 nm) radiationwas tested orbacteriophagep 2. Bacteriophage

2, diluted to a concentration of 2x2PFU/ml in Tbuffer, was supplied as aliqts of 60l

to each of 18 wells in 9&vell Nunc plate§Nunclod™ Surface)Two plates were inaded, one
plate treated with UWCradiation, and one as mon-treated control. There weréive sample
points, 15, 30, 60, 90 minutes and 24 hours posttt&dtment. At each samplindriplicate
samples ofa combined volume 0120 plwere collectedfrom both plates The exposure to
U\tradiationwas done in an airflow cabinebade for microbiology with the plate lid ofhe
phages inactivated for the immunizati@xperiment wereexposed to UVadiation in a petri
dish. Hence, he volume of phage suspension was calculated to be corresponding to the

volume tested in the wellsf the inactivationtrial.

2.4.1Phage survivapot assay
Soft agar wasnelted, andaliquas of 6780 Y were put in individual sterile 15 ml tubes

(SARSTEDThe tubesvere left in a water batfGFL)at 30°C, for 10 minutet® temperate,
before 678 pl ofY.ruckericulture (at OD=0.6) wasuppliedto each tube the suspension
vortexed and pougd orto quadratic petri dishes containingy SG agar. The plates wat to

dry withthe lid on.

Every 120 ybhagesamplesat each 30, 60 and 90 minutes wedlduted by tenfold dilutions,
in TM-buffer. One drop ob pl of every dilutiorof UM-C treatedphage samplewere then
carefullysupplied on toTYSG agar platesntaining softagarY.ruckeritop layer. From the
non-UV treated control samples only the last four dilutions were supplied to the agar plates.
The plates were left to dry for 30 minutesfbee they were incubated overniglatt 25C°. The
following day plaques in the bacterial lawn were counted and plaque forming (##d)
calculated by the formulaelow.3 EOEO ET 1 £ Ol Al EAOS

T Oi AlAml ARBOBAIOA OA

| ATABRE P O | S ET ORRAH
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2.5 Phage activity curves
To test the phages bactericidabilities, phages weradded to a growing culture of the

respective bacteriun¥. ruckeriat two different optical densitiesOD 0.3 andOD 0.6 In
parallels for eacl®D,phage stockdiluted in TM-buffer, was added amultiplicity of infection
(MOI) at 1:1 For each cultur& mlY.ruckericulture was added teach well in 24vell plates
(Nunclor™ Surface), and me 24-well plate was includedor each OD. Auspension o100l

phage dilution aspension was then added to eyewell, achieving a final MOI of 1.

The OD was measured in the first two watisnediatelyafter adding the phage suspension,
and was then measuredevery 10 minutesfrom duplicate wells from each plate The

measurementended after 160 minutes with a total of 17 sampling times.

2.5.1Phage activity assay
Supplement ofwo different phageconcentrationswere testedon Y. rucketifor each phage

aloneandfor the cocktail For each phage anfdr the cocktail me 50 mltube (Greinel) was
supplied with 1 mundiluted phage sampleand one tubewas supplied with al ml phage
sample diluted with Thbufferto aMOI=1 withthe number of bacterium at the optical density
used. A thid tube containindl mLof sterileTM-buffer was irtluded asa none-phagecontrol.
A volume of 1 mlY.ruckeriat OD 0.5vas thenappliedto each of the tubes before incubag

the tubes for 30 minutes at 2&to allow adherence of the phage ontbe bacteria.

After incubation,24 ml LBmedium wassuppliedto each tube, andhe tubes gently mixed
before distributing the contents of the tubes into e-2ll plates Nunclorf™ Surface, 1 ml
in each well. At sampling timene (to) out of seversamplings, e two first wells in each plate
were harvestedSamping continued every hour,xeeptfor te which was sampled after 24
hours At each sampling 10@l harvestedprobe wassupplied with2 pl of 2% chloroform
(SigmaAldrich) to kill the bacteria,before being placed ithe fridge at 4°C for later PFU

testing

2.5.2Colony forming units
The 1@ pl of samplsfor CFlLtalculations were first diluted by tefold dilutions in LBnedium

before aliquots of 100 pl suspensions of the dilutions were plated on duplicaag&Bdishes.
The agaiplates were incubated at 2% in dVlir.154-PE (Panasonitcubator After 24 hours,

the colonieghat formed on the plates were counted.
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2.5.3 Bacterial cell number
At each sampling the number of bacteria/ml was measured using a-CRA&M countefM

(INOVATIS AGIn additionto cell number, size and aggregation factir the bacterial

suspensions werdetermined.

2.54 Determination of phage titers
The twentyone 100ul probes for each phage were first diluted with a series of tenfold dilution

to reach a concentration that waddi givecountableplaques on a petri dislror each sampling
time, duplicatesamples of 100 pl were supplied with 300vukuckersuspensions fnm a main
culture with a OD at 0.5The bacterigphage mixture wasncubated for 20 rmutes before
every probe were transferred to a tube containing 3 ml melted soft agaf°C)and gently
mixed beforethey were overlaid on TYSG agar mat After 24 hours of incubain, the phage

plagues were counted and PRidscalculated.

2.7 Immunizationof Atlantic salmonvith bacteriqgphages

2.7.1 The fish and rearing conditions
The Atlantic salmomised in the immunization experiment was delivered and rearedhby

Industry laboratory, Mrineholmen BergenDuring the whole study the fish werept in 500
liter tanks with a salinity of 25 pmnd a minimum oxygen saturatioof 87%in the outlet
water. The ight manipulation was set to 122 light:dark and the fish werded byautomatic
feeders.In thetrial, three treatmentgroupsof fishwereincluded. Thereatment groups were
identified bydifferent colors oiVisible mplart Elastomer(VIE) tags placesibcutaneouslyn
the transparent epitheliaaround the eyes. Ongroup (n=15)injected with TMbuffer was
identified by ayellow stipe. Onegroup (n=15)injected with only phage waslentified by an
orange strigs on the right side, while the fishjécted with phage and adjuvaifih=15)was

identified byorangestripesaround both eyes

2.7.2 Vaccinereparation
The vaccine injected into the treatment fisturing the immunizationrial, were made by

inactivatingthe bacteriophagesocktail(7,2x168* PFU/ml)usingUV radiation. One fish group
received inactivated bacteriophage cocktail emulsifiedFeunds adjuvant incomplete
(DIFC@and one groupreceivedinactivated bacteriophages in TNduffer. Preparation of
vacane with adjuvant was performed by adding the adjuvant to a final concentration of 5.0

mg/ml vaccine and thoroughly mixing using a shaking machine (Fas2BYépG).
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2.7.3lmmunization
To test immunogenicity and production lodcteriophage reactivantibodes, Atlantic salmon

was injected withinactivated phageslnactivation was confirmed by plaque test performed
on phage suspension used in timeemunization experimentA total of 60 fish, separated into
four groups of 15 fish, were used in the immunizatexperiment.In addition sera from fish

in one group,non-vaccinated, were sampled at the time of vaccination of the other three
groups. Thisvasthe nonimmunized baseline contrgroup. Fish in one group was injected
with sterile TM-buffer as a negativean-phage control. The Last two groups were injected
with the UVinactivated phage cocktail, one group received cocktail mixed with adjuvant and
one cocktail in TMuffer. The injections were doney intraperitoneal injections inloses of
100 pl usingvaccnation pistols (Socorex) supplied with 0.6 x 5 mm needlés. fish were
injected three times. For the fish group receivibgcteriophagecocktail in adjuvant, the
adjuvant was only incorporated at the first vaccinati®he second injection was 30 dayteaf
the firstinjection, and the thirdvas15 days after the second injectiofhe fish were starved

for 24h prior to vaccination. At vaccination, the fish were anaesthetized Tsicegn Pharmag®
(metacain, M222)

2.7.4Blood sampling
At time of thefirst immunization blood was collected from theon-injectednegative control

fish. At termination of the experimen0 dayspost the first vaccinatiorhlood samplesvere
drawnand serecollected were from the remaining 45 fistHematocrit levels were measured
in all fish. Length and weighof the fish wasmeasured at all three injection times, and at

termination of the experiment.

The fish were starved for 24prior termination of the experiment and anaesthetized using
Tricain Pharmag® (metacain, ¥22) before blood was drawn. Blood was sampled from the
caudal veinVena caudalisand allowed to coagulate af@ for 12h before centrifugation at

1300 x gAllegra® A5R, Beckman coultgior 5 min. The serum fractions were collected and

stored in aliquots at20°C.

2.7.5Enzymdinked immunosorbent assay
Presence of specific antibodies reactive to the bacteriophage cocktail was measured by

enzymelinked immunosorbent assay (ELISAkee 96 well immunoplates (Nunc MaxiSdtp

were coated with bacteriophageockail (7,2x10'* PFU/ml)by adding 150ul of the antigen
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suspension to each well excefair the outermost wells. The plates whetken wrapped in

plastic with lids on before being incubated &C4overnight.

After washing three times in PES(PBS containing 0,05%e€ken 20) 200l blocking solution
(3% (w/v) skimmed milk powder in PBpwas added to each well atite plates incubated
for 1 hour at room temperature. The plat@gere washedas described earlieand 100 pl of
the salmon sera diluted in PBB wasthen supplied to the wells Two parallel wells were
included for all dilution of sera and wells containing PBS instead of salmon serum were used
as blank control. Aftepvernightincubationat 4°C. The plates werewashedas describd
earlierand supplied wittb0 ul of rabbit antisalmon §M diluted 1:2000 in PBE The plates
were incubatel for 2 hour at room temperatur@nd washed. &ore 50 ul of peroxidase
conjugated goat antiabbit Ig diluted 1:2000 in PBSwvas added to each well arttle plates
were incubated forone hour atroom temperature After washing 50 pl of peroxidase
substrate solution (é¢°henylenediaming OPD) wassupplied toeach well to initiate the
reaction. After 6 minutes the reaction was stopped by addingub6f 2,5M H,SQ to each

well. TheODwasread at 492 nm in a Sunrise microplate reader (Tecan Group Ltd.)

Twortailed unpaired t tests were performezh the resultausing GraphPad Prism 5. The results
were considered significant when @< 0 5 . I n Prism 5, P>0. 05
* k% * mmo

2.7.6Antibody opsonization test
To investigate the antibodies ability to neutralize the bacteriophages, a neutralization test was

completed. This was done by performing a plaque asdasre antiserafrom the fish group
injected with inactivated phageocktailwere premixed with the phagebefore mixingphages
with the bacteriaculture at OD0.5,and PFltalculations wasead as described earlieThe
antisera were dilutedn TM-buffer tolearnat whatdilutionsneutralizationwould be effective.
Therewas included a contrahere phages were premixed with the sera from the fish group

injected with sterile TM buffer
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2.7.7SDSPAGE of bacteriophage components
Protein profile of the bacteriophage ddail were analyzedby SDFAGE (12% acrylamide)

according to the method of Laemmli U.K. (1970). SBXSGE were performed othe
bacteriophage cocktail usedor coating 96well plates (Nunc MaxiSorp") and on
bacteriophages harvested after ating andduring the first washing step o®6-well plates
(Nunc MaxiSorp"). Harvest of bacteriophages from @¢ell plateswas performed by gently
scraping thewells using a bent Pasteur pipette and-sespending in TM buffer
Electrophoresis was performagsing a Mini Protean Tetra Cell (Btad). The antigens were
heattreated (96°Cdr 5 min)insamplé u f f er c-maercaptaethanolSames ob pl
were loaded onto each welklectrophoresed at 190 V for 45 min, followed by staining of

proteins usng Silver Stain Plus kit (BRad) according to Switzer et al.
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3. Results
The sty of the bacteriophagesand its respective bacteriunY. ruckeri began with

determining the bacterial growth and phage characteristics. Results from phage activity
experimentswill be presented individually for each phage and the cockiaik study of ati-

phage antibodyproduction in Atlantic salmowill be presented finally.

3.1Y.ruckerigrowth curve
To study thegrowth of thebacteria,ODwas used to measure twparallelculturesover 14

hours After the addition o2 mlY.ruckeripre-cultureto 200 ml LBmedium a slow increase

in OD was observed. This increase was enhanced after about four hours. A rapid growth
continued until 10h o u post addition of bacteria. After 1Rours,the nutrition in the LB
medium seem to be exploited and growth slaiv@ he growth was measured to be similar in
both parallelflasks(Fig4 ). TheY .ruckericultures was grown with or without shaking, however

the culture stopped growing at OD 0.5 without shaking.
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Figure4. Growth ofY. ruckerin LBmediumat 25°C and200 rpm. The growth in two parallel cultures
(orange and blue) are measured by absorbance at 620 nm over time.
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3.1.10DandCFltorrelation
To get an overview of the correlation between the OD and the CFU, a correlation(Eigve

5) was made by platig out dilutions ofY.ruckericultures at @ given OD The plates which

had formed a countable numbef colonies were choselates containingpetween 50300

colonies are therefore preferred to get the most accurate number of colonies. These plates

were then counted and the total numbers of CRidble 1) was calculatd by the formula

shown in material and methodsection 2.4.1)The curve shows a that after the OD reach 0.2

the number of CFU increasapidlyuntil OD 0.5 when the CFU/ml is 1810
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Figue 5. Correlation between optical density andFUfor Y. ruckerincubated in LBnedium at 25C

and 200 rpm.

Tablel. An overview of CFU with correlation to OD measured at the different dilutionsojtieal
density was measured &20nm.

Dilution CFU/m OD620m
0 1,80E+08 0,910
2 9,00E+07 0,453
4 4,50E+07 0,197
8 2,55E+07 0,136
16 1,125E+07 0,067
32 5,625E+06 0,035
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3.2 Spot survival assafphagedgnactivatedwith U\tlight

To make sure full inactivatiasf the bacteriophagewas achievegrior vaccinatiorof salmon

a plaque asay wagerformed after U\(Ctreatment. Two replicates trials were performed.
The firstone had 30 minutes as the lowest time for UV treatment.(6)igand the second had
15 minutes(fig. 7). In both trials a Plaque agswas also performed after 24 hours to ensure
that the phages were still inactivated. A nblV treated control was include&or the norUV
treated control he phage dilution providing clear and countable number wisibleplagues,
preferably 240, wasused for countingThe plate treated with U\Mfadiation dd not form any
plagues after 1%ninutes in any of the dilution§ig. 7). Furthermore, no plaque was observed
at the later sample pointsThe control platesvithout inactivationgave ahigh density of

plaques at the low dilutions and a few at the three highest dilutions as seen in icamd 7.
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treatment grups

Figure6. Results from plaque asspgrformedon UV-Ctreated (UV) and control netreated phages
(NT) in the pilot trial. Showing PFU counts of phage $esmjaken after 30, 60, @90 minutes of
exposure of UMCand PFU counts after Z¥burstreatment (NFD2).
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Figure?. Results from plaque asspgrformedon UV-Ctreated (UV) and control netreated phages
(NT). Showing PFU counts of phage samplesitater 15, 30, 60, ath90 minutes of exposure of UV
Cand PFU counts after 24 hours treatment {D2).
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3.2.1Y. ruckerigrowth curveswith addedbacterigohage

To investigate theffect of phages ogrowing liquidbacteria culturesa controlledphagetiter

was added to two different amounts of bacteria in culturese at OD 0.58 and one at 0.36
For both cultures bacteriophage was supplied at a MOI &bt thegrowth curve with start

OD 0.54he growth continued for 20 minutesvhere trere was a slight increase fromere

to an OD of 0,62 at 120 minuteAt 20 minutes the OD declined. This decline in OD was also
observed at in the culture with start OD3®, only 10 minutesater (Fig.8). The OD in the
culture with start OD 0.36 had a simifgnowth pattern with slightly variating growth until 120
minutes, before the OD started teclineat an OD of 0,52 at 120 minutes.
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Figure8. Y.ruckerigrowthas a function of OD over time two cultures with different start OD.©ne
culture with stat OD 0.36 (blue) and one culture with start OD.54 (orange) To both cultures
bacteriophages were supplied at a MOI of 1. Optical density was measuzedten minutes for 160
minute
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3.3Phage activity

To study how differentiters of phages affect¥. ruckeri two differentphagedoses (undiluted
phage stock and phage stock diluted to a MOI of 1 with the bactemag premixed and
incubated withto two parallelY.ruckericultureswith OD 0.5before adding growth medium
In order to examine theroduction of phages and bacteridCFU and PFU samples was
collected eery sample point A control group without phages wawluded to see the natural
growth of Y.ruckeri All agarplatesused for either CFU or PEdunting were observed and

inspectedfor contamination or other problembefore and after icubation

3.3.1Colony forming units

To see how phages affect thé ruckericultures CFUwvas calculated and compared tbe
control. This was done by plating aliquotsl®O ul of the cultures onLBaga. The bacterium
formed small singular colonies, that were easy to couklt.phages showed a bacteriostatic
effect as the bacterial growth was inhibite@here wasalsoobserved a significant difference

in colony size on the control platesth only bacteia and the plates which had phages added

to the bacteriabefore being overlaid. The colonies from plates with phages hgenarally
biggersize rangewhile some where rather small and some colonies were of similar size as the

control Y.ruckericolonieswithout phages.

For the phage activity testé.ruckericultures, without bacteriophage supplement, was
included as controls. And for all tests the control cultures gave high and increasing CFU
counts throughout the sampling period. The phage activist peerformed using a low dose

of phaged 2, had lower CFU counts compared to the control, and the CFU counts were
stable throughout the samplingeriod (Fig. 9). The culture supplied with a high dose of
bacteriophagep 2 gave stable CFU counts until four and a half hours had passed, when it
increased to the same CFU count as in the low dose (fig. 9)Y Thekericulture supplied

with a low dose of phagé 3 had the lowest CFU counts one hour after incubation, before it
slowly increased to a CFU count slightly higher than the first counti@®id-or phagep 4

the low dose culture has a decrease in CFU counts at every measuring. After 5 and a half
hour the low dose culture have a l@x CFU count than the high dose culture (Fig. 11). The

High dose culture have a slight increase in CFU at ttensemeasuring point, before it
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decreases significantly at the third. At the last hours, the number of CFU increase again in

the high dose culture, and has as mentioned a slightly higher number of CFU than the low

doseculture (Fig. 11). The CFU measuretaen the low dose culture from the phage9

test are almost identical to those from the low dose culture in phage(Fig. 12). The high

dose culture in the phagé 9 test, does not have much change in CFU count before three

and a half hours have passedhen a small increase is observed before a minor decrease

follows (Fig. 12). In the low dose culture where the cocktail was added, a rapid decrease in

CFU is observed from two and a half hours and until the last measuring (Fig. 13). The high

dose culturewith added cocktail have a slight increase in CFU count, before a small decrease

is observed. At the end the CFU count increases again and is just slightly less than the low

dose in CFU count after 5 and a half hour (Fig. 13).
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Figure9. Bacterialgrowth in number of CFU of.ruckericultures after incubating with different doses
of phage¢ 2. The different lines showon-phagecontrol (black line) low phage dose (LD) MOI 1:1
(orange line) and a high dose (HD) (blue linepn@ining undiluted phage stock dose of 1,44%10
PFU/mI.
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FigurelO. Bacterial growth in number of CFUNafuckeri cultures after incubating with different doses
of phage¢ 3. The different lines show ngphage control (black line), low phage dose (LD) MOI 1:1
(orange line), and a high dose (HD) (blue line). Containing undiluted phage stock dose of'2,25x10
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Figurell. Bacterial growth in number of CFUMafuckericultures after incubating with different doses
of phage¢ 4. The different lines show ngphage control (black line), low phage dose (LD) MOI 1:1
(orange line), and a high dose (HD) (blue)lit@ontaining undiluted phage stock dose of 15,12%10

PFU/mI.

38



1,00E+10

1,00E+09

1,00E+08 e

1,00E+07

1,00E+06

Log cfu/ml

\ —e— Control

1,00E+05 . ——LD

e=o=HD

1,00E+04

1,00E+03

1,00E+02 ‘ ‘ ‘ ‘ ‘ ‘

Hours after additon of phage

Figurel2. Bacterial growth in number of CFUNafuckericultures after incubating with different doses
of phage¢ 9. The different lines show ngphage control (black line), low phage dod.D) MOI 1:1

(orange line), and a high dose (HD) (blue line). Containing undiluted phage stock dose of'41,62x10
PFU/mI.
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Figurel3. Bacterial growth in number of CFUMafuckericultures after incubating with different doses

of phagecocktail The dfferent lines show nosphage control (black line), low phage dose (LD) MOI
1:1 (orange line), and a high dose (HD) (blue line). Containing undiluted phage stock dose &f 7,2x10
PFU/ml.
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3.3.2Bacterial cell number
The number of bacterial/ml was measadrenith CASY cell counter QVATIS) at every

sampling time. With the Casy cell counter analyses, it was possible to separate infected/dead,

and not infected cells visually by cell size. A portion of the cells counted would be dead,

however, a good separatm between the control and LD/HD is achieved. There was a

significant decreasén cell countfrom the wells of the LD and HD culture during theei

period before 4,5 hours pogthage infectionas seen in figure 14
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Figure 14Bacterial counts as fution sizeanalyzedn CASY cell counter for bacteriophdde Control
(A, D and G) is bacteria without phage supplement, 1:1 (B, E and H) is phage supplied at a MOI if 1 and
HD (C, F and ) is phage supplied in excess. All samples are shown at hanv@ss aft@, B and C),
after 1,5h (D, E and F) and aftebd (G, H and I).
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3.3.3Phage titers
It is interesting to see how fast the bacteriophage undergoes a lytic cycle and to see the

difference between the high dose (HD) and the low dose (LD) phagewtuge. To test the
efficiency of the phages used in this study, PFU samples was taken out every hour after
incubating phages and bacteria. After the bacteria was killed by chloroform treatment, and

the samples diluted, plaque assays were used to cakeylhage titers.

Thephages tested showed differences in the lytic abilityvofuckeri Phagep 2 showed an
increase in nurber of PFU at 4 hours in both LD and HD cultures (Fig. 15). Bhagmave
relatively little change in the number of PFU over tifteg. 16). While phagé 4 shows
minimal change at 4 hours in the HD sample series. But it rises at 5 hours (Fig. 17). In the LD
culture with phagep 9, a slow increase from one hour post addition to 4 hours past addition

is observed (Fig. 18). The PFUrddrom the cocktail is the one that stands out most, with a
clear variation in count through time (Fig. 19). Both LD and HD cultures, revealed a trend of
significant increase for two hours, before a major drop at 3 hours was observed. One hour
later the phage titer in both cultures have increased immensely. A #0@D increase is

observed in low dose (Fig. 19).
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Figurel5. Results fom plague assagerformedphage¢ 2 PFU samples. Showing phage tgeswth
over time after the phage addition in low dose (LD) culture with a MOI=1 to ba¢tduia line) and
high dose (HD) culture with undiluted phage stock d#x1G* PFUmI (black line)
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Figurel6. Results fom plaque assaperformedphaged 3 PFU samples. Showing phage tgsswth
over time after the phage addition in low dose (LD) culture with a MOI=1 to ba¢tduia line) and
high dose (HD) culture with undiluted phage stock of 2125 PFUml (black line.
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Figurel?. Resultsfom plaque assagerformedphaged 4 PFU samples. Showing phage tgsswth
over time after the phage addition in low dose (LD) culture with a MOI=1 to ba¢btue line) and
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3.4Immunizationof Atlantic salmon with bacteriophages

To

Il nvestigat e

t he

Atl anti c

s al mosnthe® wasb i

made an &empt to induce a high level of specific antibody productionhe salmon Testing

of sera for antibodies was done lBnzymeinked immunosorbent assay (ELISA). In order to

induce a high antibody responsgthe fish was injected intraperitoneal three tiraewith

cocktail stock solution7,2x101* PFU/ml ofUV-inactivated phagesif there was revealed a

phage antisera productiorihese would be further investigated.

3.4.1The fish and rearing conditions
The fish were examineboth externally and internallyin addition to measuring length and

weightshown in Bble2. This was to make sure there was no complications made by the phage

injection, and to see if there was any difference between Waecinated and nowaccinated

fish groups When the immunizatio trial was finished, the fish showed a normal growth

Average weight had increasdcbm 92,45gramsto 235,17 grans (n=45), and the average

length had increased from 20,17 26,36 centimetergn=45) The fish lookd overall healthy

with nothing indicatingicknesr lethargy. There was observed no signs of diseasé, @one

of the fish had diedluring the experimentAfter the blood wasollected form the caudal vejin

an autopsy waperformedon several fish. This wakne to look for possibleinternal sice

effects form the injection. There was found no sign of lesionorgansin the abdominal

cavity.

3.4.2Blood data

Blood was collectedrom the vena caudaligo see ifphage injection had any influence on

hematocrit levels in the bloadlhe collected d@ta showed ndlifference between the control

fish group injected with Thbuffer, or the fish group injected with phag&abe 2). However,

the group njected with phage and adjuvadid havea slightly highehematocrit average, but

it is considered to b&vithin the normal variation.

Table2. Averagedata form the fish groupwith standard deviation (SD).

Group Length(cm)+ SD Weigh(g)+ SD Hematocrit- SD
Phage} cocktail 26,0+1,1 216,6+ 29,7 40,7+ 4,5
Phage} + adjuvant | 26,6+ 1,1 244,743 7,9 443+ 3,3
TM-buffer 26,5+ 1,2 2442+ 30,3 41,1+ 3,8
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3.4.3Enzymdinked immunosorbent assay
To testthe serum for phagespecificantibodies @ ELISA test was performed on the sera
collected from the fish. A dilution testvasfirst performedto identify which dilution would

be apropriateto use when testing sera from all fish.dilution 0f1:400 wasselected(Fig. 20).

No specific antibodies were present in sera from fish in the control group injected with TM
buffer without phage. Nor in the sera satad before injecting were there any phage reacting
antibodies presentThe serdrom the two last groups injected with only phage,daphage
together with adjuvantdid however reveal a great response during the assay, indicating a high

antibody productioragainst the phageg-ig. 21)
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Figure20. Dilution curves of Atlantic salmon Immune sera against bacteriophage cocktail. Injected with
TM buffer (black lines), baseline sample (grey lines), sample from fish injected with bacteriophage
cocktail (orange lies) and sample from fish injected with bacteriophage cocktail emulsified in adjuvant
(green lines).
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Figure21. ELISA results showing antibody response towards pbagktail of sera (1:400 dilution)
from the 15 fish in each of the treatment groupgdeans with SD are shown. Statistical significance
compared to baseline samples: P>0.05 = n.s., **=P<0.08@ta from individual fish in the four
groups are shown by black circles.
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3.4.4Antibody opsonization test

The immunsera (salmon anti phageds tested for the ability of the antibodies to block the
lytic ability of the phageThephages were opsorezl with antibodiesy incubating phage and
immunosera and subsequently testitige phagesbacteriolytic ability ofY.ruckeriby. The
effect was ested by PFU counts. The results showed pifeiges mixed with undiluted sera
from fishinjected with phage and adjuvagave no plaques. While the contis#ra form non
vaccinated fish gave expected high PFU colihe anti-phageserum dilution experiment
revealed a good neutralizing effect on the phages until a diluti®006{fig. 22), before plaque

count began to rise significantly.
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Figure22. Showing the correlation between plaque forming units and the fold sera dilution. The two
different fishes are showing as F1 (red) and F2 (grey). Thealas shown as control (bl
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3.4.5SDSPAGE of bacteriophage components

To confirm the presence of bacteriophage particles inside the wells used for ELISA, ten wells

of 96 well immunoplate (nunajere coatedwith the bacteriophage cocktadtock solution

washed, saped off before being rsuspended inTM-buffer. This sampleand stocksanple

from the bacteriophage cocktaiere used to perform a SEFFAGEThe results were unclea

however,some of the protes can be seeim the SDSPAGE profile from the sample harvested

from the 96well plate (Nunc).Confirming the presence of bacteriophage in the wells after

coating.

kDa
- 97 4
— 6.2

g — 31

—215

S

kDa

- =-—=074
= 66.2

—31

- 215

Figure 23 SDSPAGE profiles dfacteriophage cocktail (A) and bacteriophage cocktaiVested after

coating and first washing step in-9&ll plate (Nunc) (B).
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4. Discussion
Yersiniosis have becomenaajor challengeproblemin the Norwegianaquaculture industry

The problen now occur both in freshwater and in seawatstages ofAtlantic salmon
production Outbreaks often occurat the samdocationsthe following years, idicating that
ahouse strain has been establisheehichsurvive in spite of the disinfection procedures used.
In Norway vaccination of salmon has been successfyireventing bacterial diseases and is
considered a necessary preventive measure. The vaccines used have not includekeri
antigen thus, antibioticsmight be used tdreat outbreaks.The current use of antibiotics in
Norwegian salmon production minimal There is no intention to increase tlkensumption,

and one arewvell aware of the risk of an increase in bex@al antibiotic resistance.

Due to the complex background and several difficulties in fightingickerinfections, phage

t h e rordar@ayment of water, biofilms and filterare suggested as an alternative to reduce

the occurrence of bacteria and alsmsome extent replaceor minimize the use of antibiotics.

In this studyfour differentY. ruckeriytic phages and eocktail witha combiration of the four
was tested. AY.ruckeriform biofilm (Coquet et al., 2002a, Coquet et al., 200l relevant
to test the effect of the bacteriophages on biofilm formatiorhuswe performed some ot

experiments on phage activity to obtain knowledge for application in such studies.

Inactivation of bacteriophages was examined by exposing phage stock-rafdiition. This
proved to be an effective method for inactivating bacteriophages. The radiased was UV
C. After 30 minutes of exposure the phages were not capable of forming plaques. The
following day, another plaque test was conducted to see if some phages have regained
activity. No plague was seen the following day either, indicating acgarifiinactivation. This
results is consistent with the findings @lark et al. (2012yegarding inactivation of

bacteriophages in a study whereeh used different methods.

Inactivation of the bacteriophages with 0/ could therefore be used for preparation of

inactive material for use as antigen for immunization of salmon.

U\tradiation is commonly used for disinfection of watérhe effectivenesf the UV

treatment is highly dependenton the murkiness of the water and particles in the water.
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Therefore, UMilters are usuallyocatedright after mechanical filters in RAS facilit{ésstad

et al., 2012) As we have demonstrated)\:radiation are capable of inactivaty phages,
meaning phages coulik inactivated byhe water UV treatment. If phages were to be added
into the rearing wagr of fish, the addition should be right after Lfveatment. This is to keep

them active for as long as possible.

Phages arenaturally present in aquatic environment. In the aquatmvironment, the
exposure fish experience ot supposed to have any immogenic effectThe phages are
however, potentially immunogenic tdAtlantic salmon if given in high doses by oral
administration which is relevant for use as treatmentyofruckerinfections. Aproduction of
anti-phage atibodies could potentiallyeadto reduced effect in subsequent treatments. In
this study theability ofsalmonto produce antbacteriophage antiboéswas tested. This was
donebyi njecting “high” amounts of -phbgaangbodgnt i ge.
levels in all fishand worth noting is that noimmunized fish had no phage specific antibodies
in serum.Thisindicatesthat there is no prior exposur®r no responsegrobably because of
low phage levels andxposurefrom the surrounding waterThe specificity of the anphage
antibodies wasalsoshown by neutralization of phage activity. The antiserum could not be
highly diluted without reducing the neutralizing effect, which indicate that likely high levels

must be present to have any effect on phage activity in vivo.

The production of phage specific antibediin Atlantic salmon was not unexpected, &
extensive immunization with three doses was uséle results from th&LISAest showed
specificantibody production in the fish injected with botpbhageand phage wi adjuvant

This was the most likely outcome after three immunizations with high titer. The antigenicity
of phageswas earlydescribed byAdams (1959), Kucharewiszukowska and Slopek986)

and he confirmed phage antibodyproduction in humans receiving phage therapy.
Bacteriophagesare abundant and natural in aquatic environmen{8reitbart, 2012)
Interactionwith aquatic organism, directly or through bacteria with phages can thus occur.
However, the amounts of phagesd way of exposure make it not likely to stimulate any

immune response in Atlantic salmon.

The results from this study confirms that neaccinated fish had o phage reactive
antibodies However,the inactivated phages were highly immunogenic for salmon agabal

specific antiphage antibody response was obtained in immunized salmon. After three
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immunizations by injecting high titers of bacteriophages, the outcome of highaht levels

was the most probably

The impact of these results on eventual phage &y, is that phages used in for the second
time or more treatments, can be neutralized and removed from the circulation system faster
than when the fish had not experienced any phage. Thus, the first treatment will be effective,
but subsequent treatmentsan be impaired. This can thus interfere with the clinical effect of
the phage therapy in general. However, if high amounts of phages are used for a short period

in subsequent treatment, this problem might be overcome.

Furthermore, how this result will aféé the success of actual phage therapy of fish, will depend
on several factors. The way of administrationigortant, andthe time before the immune
system removes the phage particle from circulation systeithdirectly affectthe therapy.
Some bacteriphages are more potent antigens than othdf@chs et al.,, 1971)This is a
characteristidhat can be selectefbr. A method for selecting less antigenic phages mutants
were tested byMerril et al. (1996)Onemusttherefore take the time to find the preferred

phages, as they most likely exist.

Concerning hie problem regarding immunityt can be solved by the number of phage
products availablelf there are several different mge cocktailsthat are effective in
treatment, they could be usediia rollover treatment system. In this way, you circumvent
immune respons®y not using the same phageoduct in following treatmentHowever,this
would not be possible if cross reactive in antibodiesurs, making the antibodies against one
preparation capable of neutralizing the other onggh antigenic similaritiesGiven the high
diversity of bacteriophages in nature, it should be pblesio create phage cocktails which do
not result in cross immunizatio®hages with a different antigenic profile woulterefore be

the most preferred option in circumventing phage neutralization by serum.

The antibodyopsonization of phageshowed thatthe antibodies had a strongenitralizing
effect on the phage lytic abilities 8t ruckeriThephage titers were found to beeduced when
incubating phages wittmmune serundilutions beforetested ina plaque assayl.o maintain
the inhibitory effect the sera could only be diluted at abo@it200. While the pages alone
providedabove 1,4*18?PFUThis indicate that inhibitory antibodies are not realistic to obtain

in a treatment regime for salmon.
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For aquaculture use, it would be inconvenii¢o inject bacteriophage productsdue tothe
large number of fish. Bath administration of phages colvever, be effective in controlling
pathogenic bacteria that colonize and infect gills or sBigth and immersion method would
be preferred for treatng larvae, juveniles, and eggs in hatcheries, infected with bacterial
diseases. Bacterial cold water diseasd yersiniosis both affegtvenile fish, and prophylactic
measures would be most wantel was observed an increased survival of fish lanvafected

fish tanks whereVibrio harveylysing bacteriophages where presgiwinod et al., 2006)This
indicates that phages have an advantageous eéffec bio-controlling bacteria.The many
administration methods ophages are advantageous aquaculturefrom hatchery to brood

stockas there are many administration routes.

The use of bacteriophages is highly relevant for aquacsiiproduction of shellfish. Shellfish
do not have an adaptivepecific antibody immuneesponsgHovgaard et al., 2001)neaning
vaccination is not an optio.herfore, bacterial disease outbreaks wié equally severevery
time since no antibodies are produceBor shellfishthe fear of phage treatment being

affected byantibody production igherefore not relevant

An early study from 1943 shows that 4600 molecules of antibodies can combine with each
phage used, while only-3 is sufficient to neutralize the infectivity of a bacteriophage. It must
be noted that the antibadies are produced against different structures of the phage. In
general, antibodies interacting with the tail structure were mainly responsible for phage
inactivation, while 1615% were caused by clumping, or only at high leyKlstter and
Sulakvelidze, 2005)n conclusion, thisuggestedantibodies are effective of inactivation of
phages, but it depends highly on what structure the antibodies are interfering with. However,

this is based on human experimengdif this is the same in fish in not known.

Moreover,further investigation is needed to determine the good or bad nataneeventual
antibody-phage complexWhen antibodies bind to phages, they coat the phage surface
Antibodies induce phagocytosisaritigens by markinthem to be more efficiently destroyed
by the innate immune systeneither directly or indirectly by complement activati¢®chs et
al., 1993)If a phage is attached to a bacterium at the time of antibody coatmgraibody
antigencomplex would be maddt could be suggested thatnéibodies in such a bactera

phageantibodycomplex, promotes phagocytosisthie complex.
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The pharmacokinetimvolved inphage therapyof fishshouldbe explored, aacteriophage
therapy of fish is a relevant alternative to use of antibiotics. For hupteage therapyPayne
andJansen (2003)as developegbrotocols of dose and timing of treatmenfthey also showed

that to early inoculation couldesult inreduced effect or total failure.

In contrastto these results phage therapyexperiments conducted by Nakai and Pgdve
different results Theayu Plecoglossualtivelig treated with bacteriophages did not produce
any antibodies after repeatedly receiving phage impregnated gtk et al., 2000, Nakai
and Park, 2002, Park and NakaD03) There were neither detected phage neutralizing
antibodiesin the ayu receiving intramuscular injectiongark and Nakai, 2003Yhe low

immunogenicityof phagesn thisfishwasconsidered an advantage for phage therapy in fish.

In humans anthrgeranimals we areused to think of phage therapyoMever, the application

of bacteriophages to watedor bio sanitization purposes in closed systems for rearing of larva
or in recirculation systems are highly relevanhe laws and regulationshich arefollowing
each of these twavays of phage treatmenare widely different. With therapeutic phage
products being regarded as a pharmaceutieadduct, strict laws and regulations must be
followed. This is one of the main reasons for phage therapy ibgingcommercially available
yet. When it comes to disinfection and bio sanitization the governmané more open
minded.Lytic phages have already begpproved andisedfor controlling bacterial infections

in agriculture, meat and cheese producti@@arlton et al., 2005, Lang, 2006, Lang et al., 2007,
Balogh et al., 2008, Sabour et al., 2010, Svircev et al., 2010, Jones et al F@0t3t reason,
phagebased preparation might soon become approved and légaluse in aquaculture,

maybe first as bio sanitization before therapeutically products.

Another essential point issing phages for bio control of watesr prophylaxis for infections
will probably not create a significant immune response, having in mind thages are
ubiquitous in the aquatic environment. In contrast to this study where phages where idjecte
to the fish bacteriophages in the water will only interact with the mucosal immune system in
the skin, gills or gut of the salmon. This will affect hdwe tmmune system will respond.
Regardingthe experiment with phagémpregnated feed giving no antibody production
(Nakai and Park, 2002t is possiblghat the immunesystemof the fish gut, does not get
immune stimulated by theubiquitous phages. However, more researdn this topicis

needed.
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It is important to note that phage immunized fish showeaal sign ofsicknesr injury. The
autopsyrevealedno side effect®r indication of a problendue to vaccine content anstrong
immuneresponse In summary antigenadministrationseems to have no negative effect on
fish welfare Furthermore, there were no significant differences between the control fish and

the fish injected with phages, wherehgth, weight and hematocrit wereonsidered.

Regarding possible changes in bacterial virulence caused by the bacteriophfdbes.
bacteriophages and the cocktail used in this study have showds teffective in lysingy.
ruckeri It is important to use only lytic phages because lysogenic phages might induce
virulence as shown biylegel et al. (2005Another problem is bacterial phage reaisce. This

can be avoided by using cocktails of several phages.

An advantage of bacteriophageés that they will notaffect the recessary normal bacterial
flora since highly bacteria specific phages can be uBee bacterial normal flora is especially
important in closed systems where opportunistic bacteria are a big thr&gecific
bacteriophages on the other handould not affect the normabacteriatflora, butonly infect
their respective hosbacteria This makes bacteriophages a kind of benefmiabiotica that
stabilizes the bacterial environment. In contrast to antibiotics that would affecange of

bacteria present

All phages used in this study showed a bacteriostatic effedf.anckercultures.This implies
a high effectivity of phage® adhere to the bacterium and reducing their ability to form

colonies.

The low dosgLD) cultures where bacteriophage and bacteria a1 ratio, three of the

phage activity tests had a similar development in CFU. These were the LD cultures from
bacteiophage¢ 4, bacteriophage 9, and the bacteriophage cocktail. The low dose in their
activity test were decreasing at every measuritigie, indicating there was enough
bacteriophages to lyse the bacteria and the phages where effective in lysing @fedof Y.
ruckeriwas much lower in Hphage exposuréhan the LD This meas that therewere more

killed bacteria in these cultures, this is logical due to the high number of phagesiparison

to bacteria. When looking at the PFU counts at each of tiitual phages there cannot be

seen any cell bursts were the PFU count goes up like it does in the cocktail PFU curve. This

might be explained by the binding epitope on the bacterium. In the cultures where there are
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only one kind of bacteriophage they Wiind tothe bacterialphage epitopeWhereas the in

the cocktail, where there are four kinds of bacteriophagasd these four phages as might
not have the same epitope, all four could infect the same bacteria simultaneously. If this is the
case, more phages would find a host cell to infect in a cocktail mixture of phages. The drop in
the cocktail mix PFU curve is most likely due to the phages beastage where they araot

yet able to infect new host likewhen they have injected their genome budtryet made new

infective progeny virions.
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Conclusion and further perspectives

All phages tested in the study showed a bacteriolytic effecYersinia ruckeri

The experiments wére phage activity testing was performed were done irder to gain
experience with this phagbacteria system to further test the effect of bacteriophages on
biofilm formation byY.ruckeri The phages tested can be used alone or in combinations as no
major differences in bacteriolytic activity was observédbacteriostatic effect was observed

by use of all phages or combinations in a certain time period.

Inactivation by UM irradiation was confirmed as an efficient way to inactivate the
bacteriophageslf this is of any significance for the activity of bax@phages after water

treatment in the rearing system is not known.

We have produced salmon immune serum against the bacteriophage and ELISA has been
established to measure specific anti phage antibodies. Immunsera have been obtained after
exposure to hig antigen (phage) load. The ELISA test can be used to evaluate if there is an
antibody response in fish after exposure to a bacteriophage after therapeutic treatment or
administration in water. An immunserum can serve as a positive control in ELISA and
regponses in analyzed fish can also be compared with this serum to evaluate any level of

specific response.

The role of antphage antibodies if produced in fish after phage exposure is not known. Likely
they can act in promoting opsonization of bacteria withages and thus have a positivae.

In this study we showed a phageutralizing effect of aniphage antibodies. It is worth to
note that we used high amounts of specific antibodies. In a treatment procethe@exposure

of phages will be much lowemnd not injected and without adjuvant and we expect none or

low levels of specific antibodies in the fish.
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7. Appenix

7.1 Recipes
- LB agar

Recipe for 1 liter Luria Bertani agar:

- 25g LB broth
- 159 Agaragar
- 1L MilliQ water

To make the Linedium the LB broth powder was weight up and transferred into a 1L flask
(Pyrex). The water was then poured into the flask. The powdermixed into the water with

a magnet stirrer. When the powder had dissolved in the water it was ready for autoclavation.
Before the bottle was placed in the autocla@OMY SXOOE) the bottle cap was only half
way sealedThe flask was then autoclavedrfl5-21 minutes on 129C. When the flask had
cool down enough to be handled, it was poured into Petri dishes in a way that the whole
bottom of the dish was covered.

- LBmedium:
Recipe for 1 liter Luria Bertani mediumfnBdium)

- 25g LB broth
- 1,0L MillkQwater

The LBmedium wasnade the same way as{agar, only it was not poured on to petri dishes.

- TYS@&gar:
Recipe for 1 liter TYSG agar:

- 179 Tryptone

- 39 Yast extract

- 5g Sodium Chloride
- 2,59 Glucose

- 159 Agaragar

- 1L MilltQ water

TheTYS&garwas madehe same way as L&jar

- TYSG medium with SEAPlaque softagar wit*Ca
Recipe for 1 liter TYSG medium with SEAPlaque softagar with Ca

- 179 Tryptone
- 39 Yeast extract
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- 5g sodium chloride
- 2,59 Glucose

- 5g SEAPlague

- 10 ml Cé&'1M

- 1L MillFQ water

TheTYSGnedium with SEAPlaque softagar with? @as made the same way as-&@ar.

- TM-buffer:
Recipe for 1L of TMuffer solution.

- 100 mM NacCl

10 mM Mgdl

- 10 mM CagGl

- 10 mM TrisHCI, pH 7,5
1L MillrQ water

- 5xPBS:
Recipe for 4 5xPBS

14,49 NaHPQx2H0
5,4gKHPQ

170g NacCl

4L MillkQ water

The pH was adjusted to 7,3 before it was autoclavated the same wayrasdiBm.

- 1,5M TrisHCI
Recipe forl50 ML 1,5 M TrisiCl, Ph 8,8 (resolving)

- 27,23g Tris base
- 80 mIMilli-Q

ThepH was adjusted to 8,8 with HCI, bed Milli-Q water was added to a total volume of 150
ml.

0,5M TrisHCI
Recipe for 100 ml 0,5M T#4CL, Ph 6,8

- 6,09 Tris base
- 60ml MillrQ water
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ThepH was adjusted to 6,8 with HCI, before adding Mlkvater to a total volume of 100 ml.

10xElectrodgrunning) buffer
Recipe fir 1L 10xElectrode (running) buffer, pH 8,3

- 30,3g Tris base
- 144g Glycine
- 10g SDS

Dissolved in 1L MHR water, pH was not adjusted

7.2 Poster
Seepageobs.
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Bruk av bakteriofager i behandling
mot bakterielle infeksjoner hos oppdrettsfisk

T, . Amund Strand’, Anita Renneseth', Hans Petter Kleppen®, Heidrun I. Wergeland®!
UMNIVERSITY OF BERGEMN I;_ }I
WY ACDPHARMA IUnturtenet | Bergen
______________ - B0 Pharmaceuicah 85, Leknas 'mﬂ'@m
SAMMENDRAG

Bakterier fordrsaker store sykdomsutbrudd, som medfaerer stor dedelighet og ekonomiske tap i oppdrett av fisk og skalldyr. Den antibakterielle
behandlingen som dette har medfart har resultert i et massivt overforbruk av antibiotika for 4 fa kontroll med infeksjonsproblemene og hindre
spredning av smittestoff. Bruken av antibiotika er svart omstridt pa grunn av bieffekter, pévirkning pa den naturlige mikroflora og risiko for re-
sistensutvikling. I tillegg er det nd en ekende etterspersel fra kunder etter santibiotikafris mat. Szerlig utviklingen av resistente patogener har
na et stort internasjonalt fokus, bade nar det gjelder patogene bakterier for mennesker og dyr inkludert fisk. Det er derfor etterspersel etter al-
ternativer til antibiotika, og bakteriofager, virus som spesifikt infiserer bakterier, er et aktuelt alternativ. Bakteriofager infiserer bakterien, bruker
den til 3 produsere nye bakteriofager og dreper vertsbakterien for & frigjere nye baktericfagpartikler. Smittestoffet blir p& denne méaten
uskadeliggjort. Bakteriofager forekommer naturlig i alle miljaer pa kloden. Vi har undersakt bakteriolytisk effekt og reproduksjonsrate for ulike
bakteriofager rettet mot den fiskepatogene bakterien Yersinia ruckeri.

MATERIALE OG METODER @ Q
-‘.-:'.' —_"_" ‘—_"'I —- Law o —f-
| T , (D@

Vertsbakterien, Yersinig rucker, og ¥ Bakterio/hakterinfag suspensjonene
ruckeri bakteriofagene ble blandet ved g tilsatt 24 ml LB medium, deretter ble 1
MOI=1 (LD} eller med 100x owerskudd av mil suspensjon tilsatt hver brann i 24-
bakteriofager (HD). ¥ ruckeri tilsatt sterilt  pranners Nunc brett. For hvert uttak avK,
ThM medium ble brukt som kontroll (K] LD og HD samples 2 branner. Farste uttak For hvert uttak ble bakterie antall og sterrelse
Blandede suspensjoner ble inkubert i 30 ap yad overforing til bronn, deretter uttak. analysert i en Casy celleteller (Innovatis). Kolo-
minutteri et lite volum (Zml) ford la bak-  pyer time i fem timer. Det ble ogsd tattut nidannende enheter cfu) og plakkdannende en-
teriofagen adsorbere til vertsbakterien. prover etter 24 timer. heter (pfu) ble talt i duplikater ved hvert uttak.

RESULTATER

Det var en tydelig bakteriolytisk effekt av alle testede bakteriofager (Fig. 1 A-C). Reproduksjonsraten for de tre bakteriofagene varierte i forhold
til hwerandre og i forhold til innblandingstiter (Fig. 2 D-F). Ved analyser 24 timer etter infeksjon var cfufml heyere enn ved & timer etter infeksjon
for alle bakteriofager, her vist for bakteriofag £2 i figur 2. Ved analyser i Casy celleteller kunne infiserte/dade celler og ikke infiserte celler separ-
eres visuellt ved at de har ulik starrelse. | celletelleren vil ogsd en andel av cellene talt vaere dade, likevel oppnas god separasjon mellom K og
LOYHD [Fig. 3). Det var en tydelig nedgang i antall celler for LD og HD branner i lopet av perioden frem til 4,5t etter smitte (Fig. 4).

——
—
- w—
, [Eakieriotag sl g Bakuriolag sz o Bakiesiofag 83 v—— %..— e
- — — frm= -— ==
= — = ——— e _—
- - = T
I..-.-— l_u..-.- I_-..-.- w—— e s+ & 1
el = ZLLL o
[ e - [y - [ T - Fisg X Arveall conlbesir | covwr il for K feord,
- - - ___,.._._.-I—-'" n.gmnd::—-hm_ HO [l g LB forare} v srusyser §
e - e — g W58 o M 8 g L g Cany ralialler for bakteriziag o1,

11{i111e
; “4
{1111
1t
AT
-
I ]4
111 T‘im
o
ﬁ‘gl
Fﬁ
b | |l"u
=&

H l
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OPPSUMMERING:

De analyserte ¥ ruckeri baktericfagene viser god lytisk effekt pd vertsbakterien. Videre analyser vil vise om en andre gangs tilsetning av bakteri-
ofager vil hindre ekningen i bakterieantall her observert etter 24 timer. Analyser av effekten av andre baktericfager med samme vertsbakterie
samt en coctail som inmeholder flere bakteriofager er pagaende. Nar denne smittemodellen av bakterier er etablert kan den videre benyttes til
& underseke effekten av bakteriofager i kulturer med fiskelarver smittet med ¥ ruckeri og bakteriofagenes effekt pa biofilm av bakterien ¥, ruck-
eri.
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