IoA Thesis

Genetic Variation for Disease
Resistance in Rainbow Trout
(Oncorhynchus mykiss)

By

Gareth Melgalvis Butterfield

A thesis submitted to the University of
Stirling for the degree of
Doctor of Philosophy

January 2008

PhD GMB



IoA Thesis

Dedicated to my parents, David and
Linda Butterfield

PhD [ GMB



IoA Thesis

Declaration

| declare that this thesis has been compiled byethgsd is the result of my own
investigations. It has not been submitted for ather degree, and all sources of

information have been duly acknowledged.

Gareth Melgalvis Butterfield

PhD ii GMB



IoA Thesis

Acknowledgements

Primarily | would like to thank my parents, DaviddaLinda Butterfield, for the
support they have shown me, not simply for thiggmiobut throughout my student
career. Without their help, both emotionally amdancially, 1 could not have

achieved this goal.

My appreciation goes to my supervisors, Professen@an McAndrew, Professor
Alexandra Adams, and Doctor David Morris. | amoa¢xtremely grateful for the
assistance and guidance from numerous staff membershe Institute of

Aquaculture, particularly Mrs Ann Gilmour, Mr Nialluchinachie, Doctor Charles
McGurk, Mrs Gillian Dreczkowski, Mrs Debbie Faichypeand Mrs Maureen

Menzies. Without their training, perseverance, aatience | would never have
learned the techniques required to finish this euioj For their expert guidance |
would like to thank Doctor John Taggart for hisemndive knowledge in the field of

genetics, and Professor John Woolliams for hishieas of statistical methodology.

Finally, | thank the Department for Environment,08pand Rural Affairs for their
part in funding the project, and similarly the Uerisity of Stirling for their role in

financial support.

PhD ifi GMB



oA Thesis
Contents Page
Chapter 1: General INtrodUCHION .........ouuiiiiei e 1.
11 RAINDOW TrOUL.....coiiiiiiiii i eee e e e 2
11.1 The family Salmonidae.............ooouieeiirii e, 2
1.1.2 Classification and distribution .........ccceecooiiiiiieiiiiiii e, 3
1.1.3 Rainbow trout in aquUaculture...........ccceoeviiiiiiiiiiie e 4
1.2  Genetic Improvement in AQUACURUIE.......cocceeiiiiiiiiiiiiiii e 12
121 Selective breeding; the potential for genietigrovement in
AQUACUIIUTE ... e ettt e e e e 12
1.2.2 Selective breeding in aquaculture; from pagtresent................... 13
1.2.3 Breeding goals ...........oooiiiiiii 14
1.2.4 The basis of selection — variation.... .. ..oooeeeeeeeeeiiinnieneeenennn. 15
1.2.5 Heritability ..........ooi e 16
1.2.6 Methods Of SEIECHION ....ui e 19
1.2.7 Risks in selection: inbreeding.........cccovveiiiiiiiiii e 27
1.2.8 Molecular markers in selective breeding.ceccc......oooevveviiiiinnnennn. 30
1.2.9 Genetic improvement in aquaculture ............cccccceeeeveneeeiiennnnnnn. 32
1.3 Proliferative Kidney DiSEaSE.............aeeeeeuiiiiiieiiiiiiiii e 37
13.1 Affected species and geographical range...........cccooeoveeevviinnnnen. 37
1.3.2 PKD in the United KingdOm ............coommimmiiiiiii e 37
1.3.3 Causative agent: discovering and classif¥iegacapsuloides
DryoSalMON@E.........eeeie e 39
1.3.4 Salmonids and PKD .........uuiiiiiiiiieeemmme e 41
1.3.5 Detection oT etracapsuloides bryosalmonae.................ccceeeeee. 46
1.3.6 Freshwater Bryozoa amétracapsuloides bryosalmonae........... 47
14 FUIUNCUIOSIS ... e 50
14.1 Affected species and geographical range...........cccocoeeeeevivinnnnn. 50
1.4.2 Causative agent: discovering and classifgiagbmonas salmonicida
51
1.4.3 Salmonids and fUrUNCUIOSIS........... . 51
1.4.4 Detection and treatmentAfsalmonicida...........ccccceeeevieeeiiinnnnne. 54
1.4.5 VaCCINALION ....ciiiiiiiii e et e et e e e eeeeees 5.5
1.4.6 CONLIOL. e e e 55
1.5  AIMS and ODJECLIVES .......oovuiiii it 57.
Chapter 2: General Materials and Methods ... ocoeeviiieiiiiiiii e 58
2.1 Molecular Biology; GENetiCS..........cuuuuiiiiiiie e 59
211 DINA EXITACTION ..ttt ettt eeeeeeeaeees 59
212 Polymerase chain reactions (PCR) and primers....................... 61
2.1.3 Parental assignment; software and analySiS............cccccuunnen. 67
2.2 IMMUNONISTOCNEMISIIY......uiiiiii e e 68
221 Supply, culture, and maintenance of monot¢lang@bodies............ 68
22.2 Preparation of samples ..o 69
2.2.3 Immunohistochemistry methodology.......ccececeveviiiiiiiiiiiiineenee. 69
224 COUNLING PArASIEES ......eiiiiiiiiiett s s oo eeeee e e e e e e e e 70
2.3 7= (o1 (<] 4 o] [0 | VAPPSO PPPPPTPRPN 72
23.1 Source and quantificationAgéromonas salmonicida.................. 72
23.2 Challenge preparation and Culture ................ooooveviiiiiiineeenennns 72
2.3.3 Injection and bacteria reCOVErY ... iieeiiiiiiiieiec e 73
PhD iv GMB




IoA Thesis

234 Pigmentation analysis and morphological eration................... 73
2.3.5 Gram staining and agglutination teSting.-..--...........coeeeveivivennnnn. 74
Chapter 3: Proliferative Kidney Disease Cross $@CH............cc.uvvvuiieeeeeennes 75
3.1 INEFOAUCTION .t e eeeas 76
3.2 Materials and MethodsS............cooooiiieeeemmn e 78
3.2.1 Broodstock and mating desSign...........ceeeieieeiiiieiiiiiee e 78
3.2.2 Offspring: incubation t0 groWOUL........cccuereeiiiiiiiiiiie e 81
3.2.3 PKD data COlECHION ......ccoviiiiiiie s et 81
3.24 Statistical analySiS .........coooiiiiiiiiie 82
3.3 RESUIES . e e e 85
3.3.1 Molecular DIoIOgY ......ccouuuueii e 85
3.3.2 PKD I€SISTANCE......ceiiiiiiiiiii e eemee et 86
3.4 DISCUSSION ...ttt ettt eeem e e e e et e e e e eeeee e e e e e eeees 89
Chapter 4: Proliferative Kidney Disease Challenges..............ccoeevvvvunnnnnn. 100
4.1 INEFOAUCTION .ot e 101
4.2 Materials and Methods............cooooiiieeeimmr e 103
421 Broodstock and mating design...........coeeeeuviiiiiniiiiiiiii e 103
422 BatCh 1 - ARF ... e 104
4.2.3 BatCh 2 - BRF ... e 107
4.2.4 ChalleNgEs. ......ee e e 810
425 Statistical analySiS ..ot 111
4.3 RESUIS . e e 114
DISCUSSION .ttt ettt e e e e e e et e e e e e e e et abnen e e e eeeeenn 126
Chapter 5: Furunculosis Challenges. ... 139
5.1 INEFOAUCTION .ot e 140
52 Materials and Methods............cooooiiieeeimmr e 142
521 Broodstock and mating design...........cceeeeuviiiiireiiiiiiii e 142
5.2.2 ChalleNgEs.......eu e e e 214
5.2.3 Statistical analySiS ...t 144
5.3 RESUIS . e e e 148
53.1 FUrunculosSis reSiStancCe..........coovvuuiiiiriiiiiiii e 148
53.2 GBNELICS ..ttt et 54
5.4 DISCUSSION .t ee ettt et memem et ettt e e e e e e e e neaan e 157
Chapter 6: General DISCUSSION.... ...ttt e e e e e eeeeens 46
REfErenCes CIEA .........cooiiiiiiiiiii e et e eee e 179

PhD Y GMB



IoA Thesis

List of Figures

Figure 1.1 - Ancestry tree of salmonids, illusingtevolutionary progress ............. 2
Figure 1.2 - Internal and external anatomy of salithGpeCies .............cccvvneierennne. 3
Figure 1.3 - Schematic diagram of the productiatiecjor rainbow trout .............. 7
Figure 1.4 - Global production of rainbow trout@@nl950................ceeeevviiiiinneenne. 8
Figure 1.5 - Annual Scottish production of rainbweut from 1991 to 2006.......... 9
Figure 1.6 - Rainbow trout eggs imported into Endland Wales by month in 2004
.................................................................................................................... 11
Figure 1.7 - Increased productivity in farm animasl finfishes following World

L AT L | PP 12
Figure 1.8 - Example of control population useddfrulate the genetic gain from
1] (=T o] TP PPPPTPRR 18
Figure 1.9 — Example of a common mating design ursedlective breeding
programmes for rainDOW trOUL...........oooiii oo 20
Figure 1.10 - Schematic diagram demonstrating thim fiactors in a fish breeding

0T 0Te | =T 0 111 0= P 26
Figure 1.11 - Internal symptoms of ProliferativelKey Disease, including swollen
KidNEY and SPIEEN.......coiiiiiie et e 42
Figure 1.12 - Atlantic salmon affected Agromonas salmonicidahowing classic
TUTUNCUIE ... e ettt e e e nnnan e e e e e eeenees 53
Figure 3.1 - Specific crosses of Houghton Sprirmpldstock used in the PKD Cross
SECHON STUAY ... ormmmo e ettt e e e e e e e e eeenees 79
Figure 3.2 - Specific crosses within and betweeairst of the loM broodstock used
in the PKD Cross SECHiON StUAY............u ettt e 80
Figure 4.1 - Possible Visible Implant Elastomeiggtag locations on rainbow trout
.................................................................................................................. 106

Figure 4.2 - Example of Ethidium Bromide staine@% agarose gel image.
Chelex extracted DNA (source: kidney) from (norf@ated rainbow trout. Lanes 1
to 4 negative for PKD (no bands), lane 5 @X 1740R¥A Hae Il ladder, lanes 6 to
9 positive for PKD. Bands apparent at 435 DpP.......coooviviiiiiiiiiiiceiecei e 114
Figure 4.3 - Timecourse of kidney scores for ramlimut over sampling weeks in
the PKD Challenges; demonstrated using only sixliesn(three ARF and three
BRF) to highlight variation..............ouuu e 116
Figure 4.4 - Mean body weight (g) for rainbow trosed in PKD Challenge 1 and
PKD Challenge 2........ e ettt eeeneaaas 116
Figure 4.5 - Mean fork length (cm) for rainbow ttased in PKD Challenge 1 and
PKD Challenge 2....... ettt eeeneaaas 117
Figure 4.6 - Mean kidney score for rainbow trou¢@ath sampling week + SE for
PKD Challenge 1 (n=556), PKD Challenge 2 (n=476) mortalities of PKD
Challenge 1 (n=53; NB Week 10 mortality is a singiservation; standard error
could not be calculated). ..o 118
Figure 4.7 - The number of mortalities per famiy both PKD Challenge 1 and 2.
The colour blue indicates families with parentahéde of low EBV to PKD, whilst
those coloured in pink represent families with pgakfemale of high EBV........ 119
Figure 4.8 - Kaplan-Meier estimate of the surviuaction (Overall) for the
duration of the two challenges (77 days) of rainltmumt with Tetracapsuloides
bryosalmonag— Survivor functionp Censored observations ...................... 12Q.

PhD Vi GMB



IoA Thesis

Figure 4.9 - Daily temperature profiles for PKD @Q&ages, and days post injection
to death of mortalities encountered throughout REiallenge 1 and PKD
ChalleNge 2 ... ..o e e 121
Figure 4.10 - Sporogonic and extrasporogonic stafi@stracapsuloides
bryosalmonaaevithin a kidney section (stained brown in colofaf)owing
immunohistochemistry using the aiiti-bryosalmonaenonoclonal antibodies A8
AN DAL e e e e s 123
Figure 4.11 — Parasites/MifT etracapsuloides bryosalmonasbserved at each
assigned kidney score; numbers displayed relateetmean parasite/nfripink

line) and number of observations (n) at each KidBTEYe .............ccoevviiiiiiineeennnn. 124
Figure 5.1 - Kaplan-Meier estimate of the surviuaction (Overall) for 21 days
following challenge of rainbow trout witheromonas salmonicida Survivor

function, 0 Censored ODSEIVALIONS........c.uiie i e e e 149
Figure 5.2 — Cumulative mortality of all familiesvolved in the Furunculosis
Challenges up to 18 days post injection vAgromonas salmonicida.............. 151

Figure 5.3 - Kaplan-Meier estimate of the surviuactions (by challenge) for 21
days following challenge of rainbow trout witeromonas salmonicida Survivor
function,0 Censored ODSEIVALIONS..........uiieiii e e e 152
Figure 5.4 - Kaplan-Meier estimate of the surviuactions (by Female) for 21
days following challenge of rainbow trout witeromonas salmonicida Survivor
functions, o Censored ODSEIVAtIONS ...........vuuiiii e 153
Figure 5.5 - Kaplan-Meier estimate of the surviuactions (by Neomale) for 21
days following challenge of rainbow trout witeromonas salmonicida Survivor
functions, o Censored ODSEIVAtIONS ..........uvvuiiii e 153
Figure 5.6 - 2D scatter graph displaying the proporof each family that died due
to infection withAeromonas salmonicidaver a 21 day period, against the
Estimated Breeding Value of the females selectethi study...................c....... 155
Figure 5.7 - Kaplan-Meier estimate of the surviuactions (by High and Low
responders to PKD selected for the study) for 3% dallowing challenge of
rainbow trout withAeromonas salmonicigla Survivor functionsp Censored
ODSEIVALIONS ... et e e e ee e 156

PhD vii GMB



IoA Thesis

List of Tables

Table 1.1 - Rainbow trout production by major prodg countries in 2006 .......... 8
Table 2.1 - Primer and loci information for muleglPCRs used in the project.....64
Table 3.1 - Analysis information produced by Beckn@oulter software for locus

tags used in the Multiplex SYStEMS ..........ouuuiiiiiiiii e 85
Table 3.2 - Structure of the PKD Cross Sectiondata..............ccevvvuiiiieeeeeeeeenne. 86
Table 3.3 - Mean kidney score, fork length (mmy andy weight (g) overall, and
per strain £ SE for PKD Cross Section data...........ccccevvviiiiiiiiiieiiiiiiiiieeeee 7.8

Table 3.4 — Overall estimates of heritability + 98¥nfidence Interval (Cl) for
kidney score, fork length (mm), and body weight (@lculated using Genstat for
PKD CroSS SECHON GALA .....cceeiiiiiiiiin e cmmim oottt e e e e e ee e eeeeeanans 87
Table 3.5 — Overall estimates of heritability £ $Enotypic, and environmental
correlations calculated using ASReml for PKD Cr8sstion data........................ 88
Table 3.6 - Genetic and environmental covariatartfie traits, fork length (mm),
body weight (g), and kidney score from individuialshe PKD Cross Section data

.................................................................................................................... 88
Table 3.7 - Average fork length (mm) and body wefigf) of fish assessed in the
PKD Cross Section using the scale of Clifton-Haddegl. (1987)..........ccccoeeeeeee 88
Table 4.1 - Family generation and pedigrees oftiséd in the PKD Challenge
HAUS e e e e e e aae e 104
Table 4.2 - Tagging location and code for expert@leARF families used in
CRAIIENGES ... e e 106
Table 4.3 - Tagging location and code for expert@leBRF families used in
CRAIIENGES ... e e e 108
Table 4.4 - Mean values for kidney score, fork tar{gm), and body weight (g), as
well as the number of fish measured in the PKD Bhgks.............ccccccoeviiiiie 115
Table 4.5 - Mean fork length (cm) and body weightdf fish assessed in the PKD
Challenges using the scale of Clifton-Hadé&al. (1987)........ccoooveviiiiiiiiiineeeeen. 117
Table 4.6 - Summary of mortality, in days post atijgn to death, in PKD
ChAlIENGES. ... e e e e 119
Table 4.7 - Summary table of water temperaturéiierPKD Challenges............ 120
Table 4.8 - Summary of genetic components for PE@ e from the PKD
Challenges, DY WeekK.........oouuiiiiiii e 122

Table 4.9 — Estimates of heritability + SE (frontlothe sire and dam components)
for each trait measured in the PKD Challenges réydscore; KS, fork length

(mm), and DoAY WEIGNT () - eeeeeeeetinns s oo e ettt e e e e e et e e eeeees 122
Table 4.10 — Summary of genetic components relatimarasite number per rim
from the PKD Challenges, by WeekK...........ooooeeeiiiiiiiii e 251
Table 5.1 - Summary of furunculosis challenge datiected over a 21 day period
for rainbow trout of different families..............ccooiiiiii 148
Table 5.2 - Kaplan-Meier output for the two furulugis challenges combined ..150
Table 5.3 - Average fork length of fish that diedspecific days following injection

with Aeromonas salmonicida the Furunculosis Challenges.............cccu.....154
Table 5.4 - Estimates of heritability + SE calcathfrom Furunculosis Challenges
.................................................................................................................. 156

PhD viii GMB



IoA Thesis

Abstract

Proliferative Kidney Disease (PKD) caused by the lddasporean parasite
Tetracapsuloides bryosalmonaé presently the most economically damaging
disease of British rainbow trout farming, costirige tindustry in excess of £2.5
million per annum in the UK alone. With no vacciae prophylactic treatment
available, and only management techniques curredibpted to minimise the stress
and mortality associated with the disease, altermatipproaches must now be
considered. This document investigates if seledbireeding for PKD resistance is
possible by assessing the level of additive genigation, and calculating the
subsequent estimates of heritability, for comméstiains of rainbow trout.

During a PKD outbreak on a commercial farm, 150hcmnally reared juvenile
rainbow trout from two strains (Houghton Spring dsié of Man) were sampled on
a single day, their body weight and fork length suead, and severity of kidney
swelling scored according to the scale of Cliftoadi¢yet al. (1987). Fish were
assigned to individual families using microsatellitparentage assignment.
Significant additive genetic variation was obseruwedhe population, and families
were ranked according to estimated breeding valuAscombined estimate of
heritability (I = 0.19 + 0.08) for kidney score suggests the patjfmr will respond
well to selective breeding for kidney score, whitlay be deemed a measure of
resistance, whilst the favourable genetic correfaibetween kidney score and the
production traits measured suggest simultaneowectsmh for kidney score and
growth traits should also be effective. In ordestipport the findings of the initial
research, controlled challenge experiments werelwdred. Using the family EBV
information on kidney score from the loM strain édto its certification as a
disease-free site), four females, two with high amd with low response to PKD,
were each crossed with a randomly selected neomealproduce twenty two
families for PKD challenge experiments.

The PKD experimental challenges showed eviden@lditive genetic variation to
kidney score over an eleven week period, supportitigl findings. A low score
was deemed as evidence of greater resistance pmathsite in this study. Although
female EBV was taken into consideration in theistiatl model, there was found to
be no significant difference in resistance accaydinto family.
Immunohistochemistry stained kidney sections fr@aoheindividual involved in the
challenges proved kidney score correlated sigmiflgao the number of parasites in
the kidney, suggesting that the scale of Cliftordldg et al. (1987) is a sufficient
and accurate basis on which to describe the sgwr?KD, and infection level in
rainbow trout.

Having discovered evidence that furunculosis, dawesaagent Aeromonas
salmonicida plays a major role in the mortality of fish suffeg from PKD in the
field, the bacterial disease was investigated &ess the resistance of the same
families used in the PKD challenges. Twenty onehef families were used to
discover that additive genetic variation for remiste to furunculosis is apparent
when assessed as both a binary and longitudinglduagesting significant genetic
improvement can be made to increase resistancerdadulosis in the 1oM stock.
No significant correlation was observed betweemd&jdscore, EBV, and resistance
to this bacterium, but there was a positive phegmiotgorrelation found between
furunculosis resistance and size, suggesting saimeidtus selection for performance
and resistance is possible within this population.
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oA Chapter 1 — General Introduction

1.1 Rainbow Trout

1.1.1 The family Salmonidae

Rainbow trout are a member of the family Salmonidaesmall group of fishes
containing species in several genef@ncorhynchus Salmq Salvelinus and
Thymallus Commonly known as salmon, trout, charr, and lgrgy members of
Salmonidae are naturally distributed throughout tloethern hemisphere, being
native to Europe, north west Africa, northern Asiad North America (Muus and
Dahlstrgm, 1971; Maitland, 1977, 2000), but wideggr introductions - South
America, India, Australia and New Zealand (Maitlad®77, 2000) - now leaves
Antarctica as the only continent not inhabited Byronids (Brannon, 1991; Anon,
2006a).

Described by Watson (1993) as ‘primitive fish’ dioethe fact they have changed
little over a long period of evolutionary time, s@nids resemble their earliest
known ancestors very closely. The evolutionarygpess of salmonids is illustrated

in Figure 1.1, below.

Tschawvischa

ONCORHYNCHUS

SALVELINUS

COMMON ANCESTOR

Figure 1.1 - Ancestry tree of salmonids, illustratig evolutionary progress
Source: Modified from Watson, 1993
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oA Chapter 1 — General Introduction

Anatomically, their slender design compliments pinedatory lifestyle; keen eyes,
manoeuvrability, and sharp movement are skills ofrue predator (Muus and
Dahlstrgm, 1971), whilst internally the short digestract is typical of carnivorous
fish species (Figure 1.2; Roberts and Shepherd)197

~Spinal cord —Swim-bladder
P ey Kidney | Dorsal / ~Vertebrae  Caudal peduncle

\ . Soft-ray |
\ Pneumatic | \ ‘_" I

Caudal fin
Cerebellum Adipose fin

Optic lobe —

Oral valve <~

; N\
Pharynx —— *Lateral

: line
Ventral / y, / | 4 \ :
~L\ . ) Anal fin

Y “Adipose '\
\ P \ \ Anus

aorta _," /s /9

Atrium , Liver / tissue \ * Pelvic ﬁn\\_ .

Ventricle //  Stomach / \pyloric | Urinary bladder
Gall bladder—/  Spleen ’ caecae - Testis

Figure 1.2 - Internal and external anatomy of salmoid species
Source: Maodified from Shepherd and Bromage, 1988

1.1.2 Classification and distribution

As a member of Salmonidae, rainbow trout displaly cdl the characteristics
associated with the family’'s taxonomy. Howeveagssification to the genus and
species level previously caused some confusionrmé&dy recognised aSalmo

gairdneri Richardson, 1836, rainbow trout were reclassified 989 as scientists
concluded Pacific trout are more closely relatedPaxific salmon than Atlantic
salmon (see Smith and Stearley, 1989). The anamrsroousin of rainbow trout,
the steelhead trout, was also reclassified follgwigrexamination in 1992, and both

forms are now recognised @scorhynchus mykissvalbaum, 1792.

Regardless of strain, rainbow trout are renownedHeir ability to both grow and
mature in a broad range of temperatures (Watso®3)19This has led to a wide
distribution from their indigenous areas of Nortmérica (Sedgwick, 1990;
Brannon, 1991; Watson, 1993). Tod&y, mykissnhabit 39 of the 42 states in the
United States of America alone (Watson, 1993). Wit the USA, they can be

found as far north as Finland, throughout equdteoegions, and south, as far as
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oA Chapter 1 — General Introduction

New Zealand (Brannon, 1991). It is believed sorid,self-sustaining populations
have established (eg Shasta and Kamloops: Anorga206 such areas as Israel,
(former) Yugoslavia, Madagascar, Sudan, Austripezeela, Mexico, and Hawaii
(Muus and Dahlstrgm, 1977; Sedgwick, 1990; Watsk993; Maitland, 2000).
However, these populations are not a result of gaeful management practices, as
attempts to establish free-living populations hgeeerally been unsuccessful; it is
expected that these populations derived from essapé aquaculture (Muus and
Dahlstem, 1977).

1.1.3 Rainbow trout in aguaculture

The farming of rainbow trout has a long history gamed to other members of the
Salmonidae family (Anon, 2006b). Following itstial introduction into foreign
waters in 1874 (Anon, 2006a), the nineteenth cgnivitnessed the first rainbow
trout reared under artificial conditions (RobertsdaShepherd, 1979). As the
longest serving member of the Salmonidae familggoaculture, numerous authors
now suggest rainbow trout are one of the few fisbcges that can be regarded as
truly domesticated (Sedgwick, 1990; Anon, 2004)on§equently, the production

cycle, industry, and market are well establisheddmbow trout.

1.1.3.1 Production cycle

1.1.3.1.1 Broodstock and egqg production

The commercial production of rainbow trout beginghwhe selection of suitable
broodstock in a sex ratio of approximately one ntal¢hree females. During the
spawning period daily checks for gravidity are utaleen. At maturation, females
are removed from the holding unit, the flanks ardtvarea of the fish are dried to
prevent water entering the collection bowl, andtigepressure is applied along the
sides of the fish causing eggs to flow freely fréime urino-genital pore into a
collection bowl. Recently, a more technologicaflgvanced method has been
applied on broodstock sites. Involving the use ddw pressure air compressor, a
hypodermic needle is inserted about 10 millimeirge the female between the

pelvic fins, and air pressure, at 2 pounds perrgqineh, is used to clear the body
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oA Chapter 1 — General Introduction

cavity of eggs. The method is reported to be #ssssful to the fish (AquaNic,
2006), as it is faster and prevents excessive rahmfvthe protective mucous and

scales caused by continual massaging.

Once eggs are collected, milt is added to the besikacted from males using the
same manual stripping technique. Alternativelyemhsex reversed females are
used, milt extraction is lethal. Neomales are uBegroduce all-female (XX)
offspring; beneficial as it prevents early matuwratand associated aggression of
males, which inevitably leads to disease. The tfanal males are produced by
administering the hormone, 17-methyl testostereademales when first feeding
begins. The females mature to grow large rourtgésdsut the vent to release milt is
absent; hence fish are sacrificed in order to remoilt. From a marketing
perspective the method is safe, as only parentexgresed to hormonal treatment.
The offspring are completely marketable. The papty of this method has grown
so fast that Paavet al. (2004) report all-female rainbow trout are now thain

product of northern European fish farms.

To ensure good fertilisation, commercial sites eggs from more than one female
and milt from at least two males. Eggs and mié arixed gently and water is
added to activate the sperm. The eggs absorb watebecome swollen and firm.
This ‘water hardening’ takes approximately 20 mé@sjtduring which time eggs
increase in size by ~20%. At this stage, theyraferred to as ‘green’ and can be
moved for up to 48 hours. After 48 hours they dthdoe left to incubate in

complete darkness.

1.1.3.1.2 Eqgg incubation, hatching and first feeding

Three types of egg incubation system exist; hagchioughs, vertical flow
incubators, and hatching jars (Anon, 2006a). Téeisibn of which to choose is
largely dependent on the availability of space, poaver, and water quality. In any
system, eggs should be supplied with water cirmragufficient to provide enough
oxygen and remove suspended particles that may teadmothering, and
subsequent death. Dead eggs quickly accumulatgu$jnand egg picking is

generally required. In extreme circumstances rimeat may be necessary, eg 15
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minute flushes of formalin (1:600 volume:volumerrf@lin:water) daily. When
incubating eggs in jars, the flow should suspertl rafl the eggs gently, whilst in

troughs and trays, eggs should be stacked at ne than two layers deep.

Hatching of fertilised eggs is temperature depen@€370 degree days). As alevins
emerge (success rate: ~95%) empty shells shouldrbeved from the holding unit
to prevent an accumulation of waste products. histtime sac-fry should be kept at
or below 16C to prevent deformity and/or disease. Once tHk-sac is almost
fully used, fry swim to the surface. As 50% of thimck surface, first feeding
begins. Feed is introduced on the surface 3 tmdstdaily until all fry are actively
seeking food, at which point feeding rate shouldrizeeased to every 15 minutes
where possible (but at least hourly). Weaning &hdoe completed as soon as
possible, as developing larvae will be susceptibldust particles aggravating the

gills from prolonged use of dust diets.

1.1.3.1.3 Ongrowing to market

Post-weaning fry can be classified as ongrowemnomrthis stage to market size,
little changes in the way of handling and managermeactices. Sampling should
occur weekly to allow estimations of food convemsimtios, production costs,
uniformity, feed strategy and closeness to carrgaggcity; essential considerations
for good management practice (Anon, 2006a). Thigmif stocks may be required
in some units to prevent overcrowding, but gradémguld be infrequent if the
feeding strategy is managed correctly. Tank terssiay be necessary as the fish

approach market size.

In the UK, market size (250 grams) is achievableasnlittle as 9 months (DPI,
2006), at which stage fish are harvested to supply of two markets; table or
restocking (Anon, 2006a; AquaNic, 2006). Fish mated for angling purposes are
handled carefully, generally individually checkext fin quality, size, damage and
external signs of disease. Table market fish abgest to less stringent examination
due to the volume of individuals concerned. A s$mpadportion of the stock may be

kept as future broodstock. These fish generalhi®ixcharacteristics that appeal to
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the farmer, processor or consumer. The entireymtizh cycle of rainbow trout can

be summarised in a schematic diagram, as illustiat€igure 1.3.
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Figure 1.3 - Schematic diagram of the production ate for rainbow trout
Source: Modified from Anon, 2006a

1.1.3.2 The industry and market

The exponential growth of rainbow trout productigfigure 1.4) emphasises the
popularity of the species. Inland culturing thrbagt Europe to supply domestic
markets, and mariculture in cages throughout Noraag Chile for the export
market, contribute to the vast increase in productivitnessed in recent years
(Anon, 2006a).
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Figure 1.4 - Global production of rainbow trout since 1950

Source: Maodified from Anon, 2006a

The second contributing factor is the species fitséBrannon (1991) describes
rainbow trout as the most forgiving salmonid imterof the abuse and displacement
endured from management practices, with numerouansdges to account for the
industrial growth; adaptability to culture enviroents, tolerance of immense
amounts of environmental pressures, fast growtbe e artificial spawning, short
egg incubation phase, and ease of weaning (Brart@91; Hardy, 2003; Anon,
2006a; Anon, 2006b). These factors represent eehspecies for aquaculture, and
as a result rainbow trout became the most cultivatémonid species in the world -
a status maintained until 1994 (Hardy, 2003). 2B92, 64 countries reported the
production of rainbow trout (Anon, 2006a), withrpary culture based in Europe,
North America, Chile, Japan, and Australia (Ano@0@&a). In 2006, over 53% of
production could be attributed to Norway, Turkewgly, and Denmark (Table 1.1),
with Britain contributing 17,600 tons to world prection, ranking & in the league
of European trout producing countries (CEFAS, 2008)

Table 1.1 - Rainbow trout production by major producing countries in 2006

Country | Metric tons
France 48,750
Chile 42,656

Denmark 40,864

Italy 40,150

Source: Produced from CEFAS, 2008 data
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In North America, Britain, Denmark, France, andyitproduction occurs mainly in
freshwater, and although the number of fish produndreshwater far exceeds that
of saltwater production, due to the average weddhharine-produced individuals,
overall marine production accounts for a large propn of the industry. For
example, in 2000, 150,000 metric tons of maringe@garainbow trout were

produced, accounting for approximately one thirglobal production.

1.1.3.3 British trout farming

1.1.3.3.1 Scotland

The production of rainbow trout in Scotland accsufiar a large proportion of the
UK market due to the advantage of ideal naturaucelenvironments. In 2006,
Scottish farms produced 7,492 tonnes of rainbowtfr6,628 tonnes of which
supplied the table market; the remaining 864 torsugplied the restocking market
(CEFAS, 2008). From the previous year (2005), Was a production increase of
over 7% (CEFAS, 2008), which is representative hef general and continuous

overall increase in Scottish production since 1@gure 1.5).
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Figure 1.5 - Annual Scottish production of rainbowtrout from 1991 to 2006
Source: Produced from FRS, 2002, 2005 and CEFA® data

The production figures published by the FRS includdn produced in both
freshwater and marine environments. Although tlagonity, if not all the rainbow

trout produced in the UK is the non-anadromousrstrgaring still takes place in
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the marine environment. Saltwater production aflraw trout in Scotland relies
entirely on cage production. In freshwater prouunct54% relied on cage farming
in 2005, the balance are cultured on land-basedsf§FRS, 2005).

1.1.3.3.2 England and Wales

Cage culture is extremely uncommon in England andleg/ and land-based
systems dominate the production technique. Tatalyction in England and Wales
for 2006 exceeded 7000 tonnes, of which 67% wate taiarket production.

Restocking and ongrowing sectors of England ande®appear significantly
stronger than those of Scotland; 33% compared &%<ih 2006 (CEFAS, 2008).
CEFAS (2008) report a continual decrease in rainbowt production in England

and Wales in recent years. Between 2005 and 206@nificant drop of just under

16% was reported.

1.1.3.4 Current trends and the future for British trounfi@rs

Increased worldwide production of rainbow troutcsirthe 1970’s has left the unit
price comparatively low at the farm-gate. This hmasulted in an increase in
worldwide distribution of both processed and livegqucts from countries with
reduced labour costs. This is in addition to adeaments in culture techniques,
such as photoperiod manipulation, which allows Imatg strains to mature and
spawn out of season, allowing a continuous andajlebpply of stock year-round
(Anon, 2006a; AquaNic, 2006). Today, many Britisbut farms are forced to buy-
in eggs to increase production, in an attempt tprawve the economy of sales
(AquaNic, 2006). In 2004, over 20 million eggs @emported into England and
Wales (Figure 1.6; CEFAS, 2005).
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Figure 1.6 - Rainbow trout eggs imported into Englad and Wales by month in
2004
Source: Modified from CEFAS, 2005

To ensure their existence in the future, Britisbutr farmers must consider
alternative culturing techniques to improve thetomomic margins. Recent
development in products and market expansion, #isa&/¢he continual demand for
improved quality are just the beginning of a lomgl @ncessant trend. Rainbow
trout farming has practically been forced to tusrgenetic manipulation in order to
meet current and predicted future demands for gigiducts. The opportunity of
genetic improvement to improve such traits as gnonate, food conversion ratio,
and disease resistance, will assist in betteriegsgiecies for aquaculture purposes.
By producing fish that grow quicker, are betterlgyaand have a higher tolerance
to commercially important diseases, more fish reaiket size faster, in better
condition, and at a higher quality. Biotechnol@jimethods such as hybridisation,
polyploidy, monosex populations and inbreeding @rerently used as short-term
investments in some aquaculture species to gaiimedegualities, but only one
technique offers long-term improvement for the loaw trout industry; selective

breeding for genetic improvement.
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1.2 Genetic Improvement in Aqguaculture

1.2.1 Selective breeding; the potential for genetic invproent in aquaculture

Friars (1998) believes aquaculture can be congide@mponent of agriculture and
that the advances made in a long history of breedéthnology in terrestrial

animals and plants present a tremendous opporttmitthe aquaculture sector.
Progress in farmed stock through controlled magéind selection has accumulated
on the strength of natural variation (Friars, 1998Farly estimates of genetic
parameters and selection advances indicate thalasigmins in aquaculture are
possible. Additionally, there now exists the pdiedrof merging new technologies
with traditional breeding techniques, both at theleoular and cellular level, to

assist in the selection of desirable traits in @agliare stocks (see Gjedrem, 2005a).

The advances in genetic improvement of farm stadelarated post World War 1l
when knowledge and available technology improvegljagulture was unable to
benefit from such advances during this period,hasimdustry was in its infancy
(Gjedrem, 1997). The significant increase in agdtizal productivity over the last

few decades is illustrated in Figure 1.7, below.
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Figure 1.7 - Increased productivity in farm animals and finfishes following
World War Il
Source: Maodified from Gjedrem, 1997
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Although aquaculture appeared relatively far behiedestrial species, Gjedrem
(1997) suggested the steep incline in salmon prtamtundicated existing potential
for productivity to equal or even better the growftthat seen in terrestrial animals.
By 2000, he supported the claim, explaining thatttend was changing as research
found fish, carnivorous species especially, aretwithree times more efficient than
pigs and broilers in converting energy from foodewible protein for humans,
suggesting aquaculture will become extremely coitipet with terrestrial
agriculture as the domestication of fish continuasd efficiency improves
(Gjedrem, 2000).

To date however, the majority of improvements sieeaquaculture has occurred
through management; improved nutrition, health, fave| and water quality.
Important nonetheless, improving these factorsingply optimising the culture
environment. Breeding strategies involve the ahiraad its genetics; any
improvements made are biological. An optimum enwinent should be
maintained, but selection for desirable traits, hswas fast growth, low food
conversion ratio, or disease resistance has thengmit to culture fish more

economically whilst building a cumulative effect iomproved stocks (Tave, 1993).

1.2.2 Selective breeding in aguaculture; from past tc@ne

Dunhamet al. (2001) argue selective breeding in aquaculturabeyer 2000 years
ago when Romans began breeding fish in ponds; withealising, selective
breeding took place in the form of domesticati@omestication continues today in
most, if not all aquaculture facilities. It is defd by Hale (1969) as the action
where breeding, care, and the feeding of animal#irmately controlled by man. It
can be characterised by genetic changes in behavimrphology, or physiology,
which occur throughout cultivation in artificial editions (Gjedrem, 2005b).
However, such changes went unnoticed or were noaged until the 1800’s, when
conscious breeding strategies commenced in Japéne asilturing of patterned Koi
carp commenced. Then, in the twentieth centurproercial breeding programmes

initiated as knowledge of breeding and inheritainggroved (Dunhanet al, 2001).
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The application of genetic principles to aquaticakared species is therefore a
relatively recent phenomenon with the majority aftered aquatic organisms still
extremely similar to their wild counterparts (Baytl 2005). Today, a mere 1 to 2%
of aquatically reared species are reported to betgally improved (Gjedrem,
1997, 2000). Although genetic enhancement is atively new activity in aquatic
species, the figure of 1 to 2% is still surprisiegpecially when considering the
high reproductive capacity of aquatic species imgarison to farm animals, and
the associated potential for selection this gemsratrurthermore, the fecundity of
fish makes it possible to produce progeny grouph wiany individuals in each
group; an ideal scenario to research various tmaitill- or half-sibling families
(Refstie, 1990). These factors highlight the tredoeis scope to increase
productivity in aquatically reared species by apmy genetic improvement
techniques (Bartley, 2005).

1.2.3 Breeding goals

Selective breeding aims to produce animals thamaree efficient in their use of
available food, land, and water resources (Gjedr2@@5b). Before applying
selection to a breeding programme, it is importdet goals of the scheme are
recognised. Input from the industry, consumer, gnolcessor is advised, and
should be used to measure the value of selectuligidual breeding goals. Even
traits of extreme economic importance require cdrefonsideration, as the
difficulty and capital cost of selection may outgleithe benefits (Refstie, 1990).
Important traits are generally those of economitieaand may include survival,
food conversion efficiency, growth rate, meat dyaliand disease resistance
(Gjedrem, 1983, 1985; Refstie, 1990). However, esdmaits are immeasurable
when the individual is alive. Traits requiring signter for assessment, such as
market quality or disease resistance through amgdle can only be assessed on
family information (Friars, 1998). It is therefoiraperative that all information and
the desired outcome are discussed thoroughly befegmsions are made in regard to
the chosen traits and the optimum selection styategchieve the breeding goals
(Refstie, 1990).
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1.2.4 The basis of selection — variation

Gjedrem (2005b) defines animal breeding as a bédigemry. In order to address
the problem of finding individuals which produceetbest offspring, generation
after generation, knowing the variation among thioskviduals is essential. It is
this variation or variance and its utilisation irebeding and selection strategies that
are of the utmost importance for selective breedifBglection is based on the desire
to improve specific characteristics (traits), whean be categorised as qualitative or
quantitative. Quantitative traits cannot be segted into distinct categories; they
have a continuous distribution where differencesamatter of degree rather than
kind. They are assumed to be regulated by a laugeber of genes each with a
small effect on the trait. Quantitative phenotypae generally economically
important for production, eg length and weight. IcBaer (1981) partitions the
phenotypic value into the influences of genotype& @he environment, where
genotype is the particular assemblage of geneepsad by the individual, and the

environment is all non-genetic circumstances:

Phenotypic value (P) = Genotypic value (G) + Enwmental deviation (E)

However, it is the variation associated with a ipafér trait that interests selective
breeders, as the phenotypic variationp)(\Misplayed is constructed of several

components of variation (Tave, 1993):
Vp=Vg+ VE+ Ve

where \& is genotypic variance, g/is environmental variance, andgYis the
interaction that exists between the genetic andr@mwental variance. Of primary
interest to selective breeders is the genetic neeiaas the object of any breeding
programme is to alter the genetics of a populationorder to improve its
production. Genetic variation can be further deddinto three components;

additive, dominant, and epistatic variance:

Vg=Va+Vp+V,

The most important component of genotypic variat®radditive variation (X).

Where, dominance variation §Y results from the interaction between pairs of
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alleles at single loci, and interaction variatio;( epistasis) results from the
interaction of alleles between or within multipteci, the additive effects of genes
are inherited quantitatively from one generatiorh® next. The additive variance,
which is also the variance of breeding valueshés thief cause of resemblance
between relatives, and therefore the determinanbeérvational genetic properties
of the population and of the response of the pdjaundo selection (Falconer, 1981;
Gjedrem and Olesen, 2005). Consequently, the @itiadditive variation and
phenotypic variation (MVp) gives an indication as to the extent at which
phenotypes are determined by genes of the parestisapility: h?), and the rate at
which genetic progress is made (Falconer, 1981e TE293).

1.2.5 Heritability

Heritability is one of the most useful parameteranimal breeding. Defined by
Gjedrem and Olesen (2005) as the proportion oftthal phenotypic variation
which is genetic in origin, it is the degree to @lhigenetic variance influences the
phenotype of a continuous trait. It is importamtkhow the size of the heritability
when planning a breeding experiment, as it candse uo predict the response to
selection, or calculate the breeding value of iitligls. Several techniques are
used to estimate heritability, and it is importemknow which technique is used in
order to assess the calculated value. Generallytexhnique used should produce
equivalent results. For example, where differeramsir in epistatic and dominance
effects, with no non-additive genetic variationegd heritabilities should give
equivalent results. However, it is important tonsider that each technique can
affect the accuracy of the estimate, with the iasmeg distance between relatives
assessed for performance increasing the standamt essociated with the
calculated value. Falconer and Mackay (1996) pi®\the example of estimates
based on half-sibling analysis, which can haveaadsrd error of up to four times
greater than that calculated from single parentession, whilst Kinghorn (1983)
describes the biases incorporated into estimatidrisll-sibling heritabilities as a
result of dominance and environmental variatiomifgrelated components of
variation, eg maternal effects, can be especiadliedable when estimations are

based on dam variance as opposed to the sire cemip(@jerde and Schaeffer,
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1989). Such maternal effects have been found dacee with age in many fish
species, which consequently increases the estinateseritability (Kinghorn,
1983). Heritability can be defined and calculateeither the broad or the narrow
sense. Where the proportion of genetic variatiophenotypic variation (MVp) is
considered heritability in the broad sense, itroitentains dominance and epistatic
effects which do not contribute to selection. Thiitarian estimate of heritability
is defined as the ratio of the additive geneticiarare, \hi, to the phenotypic
variance, ¥, and is therefore the proportion of the total aace that is due to the
differences between the breeding values of ind&islin the population, ie narrow

sense heritability:
h2: VA/ Vp

The higher the heritability, the greater the genegisponse that can be expected
from selection. However, it is worth noting thié theritability is not a general and
static characteristic of a breeding population.islonly relevant to the population
from which measurements were taken (Gjedrem ande@|e2005). Heritabilities
calculated out with the population may be inacejras values can vary between
individuals, strains, populations, and even locati®©nce calculated, the response

to selection of that heritability can be predicted:
R=97

where R is response (gain or loss) in each gepera§ is the selection differential
(the superiority or inferiority of the broodstockes the population mean), ahdis

the narrow sense heritabiliffave, 1993; Gjedrem and Thodesen, 2005). If the
heritability is low, the selected trait will be sldo respond (Tave, 1993), and when
high estimates of heritability are calculated, @nddrift, environmental trends, or
inbreeding depression can be observed in the responselection. It is therefore
advised that at least two generations of trait rmfation is collated before
heritability conclusions are drawn (Kirpichnikow&1). A traditional method of
monitoring the progress in any selective breedimopgmmme was to establish a

control population of fish, but Tave (1993) emphkasithat both the selected and
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control lines require identical conditions so teavironmental fluctuations can be

accounted for (Figure 1.8).
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Figure 1.8 - Example of control population used taalculate the genetic gain

from selection
Source: Modified from Tave, 1993

Today, good management techniques assist in momgttie progress of selective
breeding programmes; valid documentation of gerprtigress is essential in larger
breeding companies. Top producers often requiikeace for marketing purposes
to illustrate the success of the breeding progranmmemented, especially in the

main markets of the industry (Rye and Gjedrem, 20Qfnselected control lines are
still used, but concerns relating to inbreeding ayehotype by environment

interaction has lead to alternative methods to sasggnetic progress; repeated
matings, average breeders, and genetic trend @ ags be used as alternative
methods to monitor selective breeding progress (Rye Gjedrem, 2005).

Establishing procedures for monitoring and quaingy genetic changes in a

breeding programme enables the progress to bedestobut more importantly it
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identifies if the realised gains do not meet treotietical expectations. This allows
adjustments to be made to the breeding strategyeesssary (Rye and Gjedrem,
2005).

The heritability therefore acts as an indicatiort@she potential success selection
can accomplish in the population measured for tifzgt. As a rule of thumb, the
larger the heritability the easier it is to chamgpopulation mean by selection. In
aquaculture, heritabilities of0225 have been effective for breeding programmes,
whilst those of €.15 have proved difficult to change the populatoean (Tave,
1993). However, various methods of selection alable in order to improve a
population regardless of the heritability valué.isthighly unlikely, and often only

in extreme circumstances that genetic improvementdcnot be made through

selective breeding.

1.2.6 Methods of selection

Tave (1993) defines selection as a breeding progeamwith the aim of choosing
the most desirable individuals or families as bstodk in an effort to change the
population mean in the next generation. By sawingulling individuals according
to a predetermined cut-off value, it is predictidttoffspring will display a mean
and range similar to those of the chosen broodstottead of the original
population. The first step is to measure, or récdhe desired trait in the
population, and then estimate the mean and staréanidtion. Selection can then
be conducted on superior individuals whose estichdieeeding values can be
calculated (Gjedrem and Thodesen, 2005). A prasgguor running a sustainable
selection programme is that a reasonable numbérllefand half-sibling families
are produced in a controlled and reliable maniéris allows estimations of genetic
components to be calculated. It is therefore irtguirthat where the possibility of
collecting eggs and milt separately is availalileshiould be utilised. In salmonids
especially, the mating structure can be easilyrofiatl due to the required human
intervention. This means a large number of futld dalf-sibling, maternal and/or
paternal combinations are possible; mating desaesimportant as the genetic
effects (ie (non-)additive genetic) can be caladatvith unbiased and accurate

parameter estimates, or predictions of breedingegl(Gjerde, 2005). A mating
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design commonly used in the selective breedingaofoow trout is illustrated in
Figure 1.9, below. This design is often utiliseslbth the maternal and paternal
genetic components can be calculated having steitleer the eggs of females or
milt from (sexually reversed) males with more thame individual, producing

various combinations of both full- and half-siblifagnilies.

Neomale 1 Neomale 2 Neomale 3 Neomale 4

Female Female Female Female Female Female Female Female Female Female
1 2 3 4 5 6 7 8 9 10

Figure 1.9 — Example of a common mating design used selective breeding
programmes for rainbow trout

Used as a tool to improve certain characteristicevery generation, selection
represents a long-term genetic improvement strategcribed by Bartley (2005) as
the best means to fully utilise the genetic resesiaf aquatic species. Historically,
selection was based solely on phenotype, and aththought to represent superior
genotypes, progress in genetics means genotypécodat now be incorporated into
selection programmes, increasing the accuracy ¢dctsgn. Using modern
technology, genotypically superior individuals fr@anpopulation can be selected to
act as broodstock for subsequent generations; ewene individuals are pooled,
family information can be found through parentdbeetion, or in terminal studies
the identification of relatives allows sibling setien, whilst the estimation of
breeding values alone has improved the accuracwtuth fish are selected.
However, selection does not create new genes opalation, but rather it changes
the gene frequencies. By increasing the frequaricglleles with a favourable
effect on a specific trait and reducing alleleshwitnfavourable effects on that
phenotype, it is expected to change the mean aflube population for the trait
under selection (Gjedrem and Thodesen, 2005)s tlherefore important to know
the biological blueprint, heritability, recordingetinods, and nature of the selected
phenotype, as well as the reproductive capacityhef species, as this makes it
possible to determine which breeding programmes#in order to alter phenotypic,

genotypic, and gene frequencies (Tave, 1993; Fale2005b).
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1.2.6.1 Individual (mass) selection

Individual, or mass, selection is based on indigidperformance or phenotype
(Fjalestad, 2005b). Although classified togetheass selection is a term used when
individuals are helden masseand superior individuals are selected from the
population based only on their phenotype. Whedévidual selection experiments
have taken place in fish a poor or even a negaésponse has been observed (eg
Moav and Wohlfarth, 1976; Teichert-Coddington amdit8erman, 1988; Huang
and Liao, 1990), but due to its simple design ame practicality of its use in
commercial systems, it remains to be the most widséd method of selection for
fish species (Tave, 1993; Fjalestad, 2005b). tcessful selection experiments, the
results have lacked either reliable control lin@erfaldson, 1968), or simply did not
continue after the first generation of selectiondis et al., 1990). The poor record

of individual selection may be explained by thddwning areas:

» The low variability of the base populations; duethe high fecundity of
most aquatic species, populations can be establisiitt a limited number
of breeders. This seems to be one of the maironeafr the failure of
tilapia experiments (Teichert-Coddington and Snnitren, 1988; Huang and
Liao, 1990) and of the carp Israeli experiment (Maad Wohlfarth, 1974)

» Inbreeding may develop during selection experimestsl have an adverse
effect on growth rate (-1.5% to -8% per 0.10 inse®f the inbreeding
coefficient, F; Chevassus 1989; @i al, 1996a; Panteet al, 2001b).
Again, the high selection intensities that are ¢asapply in fish due to their

fertility, leave them especially sensitive to inkaleng during selection

» Maternal effects can play a large role in the phgrio variance between
individuals. Differences in hatching time and/aggesize can have a
dramatic effect on future performance (Chevassu$;1®lor and Avtalion,
1988; Sin et al., 1994; Vandepuéteal, 2002)
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However, efficient individual selection remainskte of interest to breeders since it
is simple and cheap to establish in practical diomwl (Chevassust al, 2004).
When the heritability is high for the trait of imést, individual selection is
considered extremely effective, as the phenotypioes approximate the breeding
values (Tave, 1993). This led to Falconer (198®jgesting that its use should be
adopted unless there are good reasons for prejeaim alternative method.
Additionally, individual selection can also be paustarly useful in species that
spawn communally. For example, Knibbal. (1997, 1998) used mass selection in
gilthead sea breamSparus auratp due to the problems associated with group
spawning, and achieved significant heritabiliti@s growth. However, in such
species the method has been known to create disadpes, as was found by Frank-
Lawale (2005). When studying the mass spawningciepeHippoglossus
hippoglossus it was discovered that only half of the parentsceeded in
contributing to the Fgeneration, resulting in the new population beingprised

of a small number of large families. The skewedtgbution of parents left the
effective population size @\ at an unacceptable 8.11, where 100 is believdzketo
an optimum value (see Section 1.2.7), whilst thereading coefficient, F, was

calculated at 6.16% in the Beneration.

When spawning can be controlled in aquatic speoieshen the heritability is low
for the desired trait, or the trait can not be mead on live individuals (eg flesh
colour or disease resistance), individual selectitay not be the best method of

selection, and family-based methods should be deresil.

1.2.6.2 Family selection

Family selection differs from individual selectionthat the decision to save or cull
fish is made with reference to the family. The temof representatives per family
contributes to the effectiveness of family selegtithe greater the number, the
closer the correlation between phenotypic mean gadotypic mean values
(Falconer, 1981). Family selection is often prefdrwhen the desired trait has a
low heritability because most of the phenotypic iaace observed among
individuals is due to non-heritable sources ofamee, ie an individual's phenotypic

value does not accurately represent its breedingevéFjalestad, 2005b). It is
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especially useful when the characteristics of s®leacannot be measured on live
fish, such as carcass traits or disease resistéiReéstie, 1990; Tave, 1993;
Gjedrem, 2000). Family-based schemes are basddm@mromponents: between
family selection that chose entire families on blasis of their means relative to the
population mean, and within family selection thhbse individuals based on their

relative performance within families.

1.2.6.2.1 Between family selection

When numerous families are pooled into a singlelihgl unit, successful selection
relies on the environmental effect on all individueancelling each other out in the
family mean, leaving the phenotypic mean as a gesignation of the genotypic
mean. Then, the overall population mean is ignoaed selection is conducted in
relation to family means alone. Families are rahkbose with the best means are
saved, the remainder culled. This methodology irequa certain discipline; the
temptation of retaining larger fish of families thaquire culling or disposing of
smaller fish in selected families must be resisteldwever, Tave (1993) points out
that the entire family need not be saved; a randample will suffice - but it must
be random and in equal number per family to ensordiases occur between the

selected individuals.

1.2.6.2.2 Within family selection

Within family selection considers each family asemporary sub-population with

selection occurring simultaneously and indepengentithin each sub-population.

Top performing individuals from all families arevea based on their performance
in comparison to the family mean. If families deld separately, the method is
often used when environmental influences are umobhable, as deviations are felt
at the family level instead of the individual lexlowing unbiased selection overall
(Tave, 1993). In species where sexual dimorphisouis, care must be taken to
avoid selecting an inappropriate sex ratio, andsitadvised that selection is

performed individually for each sex.
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1.2.6.2.3 Comparing selection methods

When family means are compared much of the nonalfe variance, particularly
environmentally-induced phenotypic variance, is uetl since deviations of
individual values from family means negate eacheoth Thus, the family
phenotypic means approximate their mean breedilugsa This is particularly true
if environmental variance has a greater effect lenindividual level than on the
family level. Within family selection is more affent than individual or between
family selection when major sources of non-hergablariance, particularly
environmental variance, are common to all individua a family but are different
among families, ie environmentally-induced variatio at the family level.
Examples include time of birth and age of femaléhen a large component of the
phenotypic variance is due to environmental vaeaat the family level, within
family selection will be more effective than betweamily selection, because the
best families may be the best simply due to therenmental variance. In the case
of individual selection, all fish selected are pbigpically the best, and where
heritability is large, phenotypes approximate theeding values. For example, if
individual selection is based on weight and theirddsvalue is 1 kilogram, all
selected fish will be greater than 1 kilogram. Wheetween family selection is
used, the selected broodstock will consist of imtlials with a broad range of
phenotypic values, having been selected on theatifamily means. When within
family selection is used, the best fish in one fgrmay be only half the weight of

fish culled in other families.

The way to prevent such a scenario becoming a @moin breeding programmes is
to combine selection methodologies. Tave (1998githe example of a two-
staged selection programme where the first step isse between family selection
to select the best families, before using withimifgt selection to utilise only the

best fish of those families selected. However,eSfad (2005b) explains that
combined selection is simply a combination of mdthased together in a breeding

plan to attain the desired result.

PhD 24 GMB



oA Chapter 1 — General Introduction

1.2.6.2.4 Combined selection

The decision of which methods to employ will redydely on the outcome desired,
the management of the farm, and the available nmédion. By including all
available sources of information, for example bnmegdvalues, phenotypic
measurements, and the family structure (ie fuld &alf-siblings and contributing
parents), an optimal way of improving desired sraihin be established. Combined
selection represents the general solution for olstgithe maximum rate of genetic
gain; combined selection is therefore, in principddways the best method of

selective breeding for genetic improvement.

The simplest method generally adopted in aquaculsian amalgamation of family
and individual selection (Fjalestad, 2005b; Gjer2lgQ5), where family deviations
are taken into account in addition to the mean ptygic value of individuals.
Additionally, selection indices are used to imprabe success of this method.
Following the collection of information from thedividual and its relatives, as well
as from several commercially important traits, it®rmation is combined into an
index of merit, where traits are weighted accordmgheir relative economic value
(Fjalestad, 2005b). One of the most successfidding schemes in the UK utilises
combined selection in a similar manner. Using bwithin and between family
selection and then selecting on individual perfaroea Landcatch pedigree
breeding programme has had unprecedented succeabrnianid aquaculture (Guy,
1998). By combining the two family methodologisslection is based on between
family selection first, and then within family set®n; this ensures the most
productive fish of the most productive families @edected as broodstock. The
final broodstock are likely to be the top performmdrom those fish selected;

individual selection (Tave, 1993).

A schematic diagram of the main areas involved selactive breeding programme
is illustrated in Figure 1.10. The nucleus of bliag programmes, as shown in the
diagram, is generally based on commercial sites lthae an interest in specific
traits which improve overall production. Maturiniish are collected from

production tanks and tagged so their identity ievikim From these fish, breeding

candidates are selected as breeders, in an apdBpex ratio, having considered
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the trait(s) of interest. A representative numbkeeggs from each of the families

generated are retained separately in the breediolpus, whilst surplus eggs are

either sold to fingerling producers (normally forpaemium price due to the

improved quality of the selectively bred fish), tor multipliers who assist in the

programme by rearing the families and recordin@ @&t the stock, or who act as an

intermediate by producing eggs and fry for salefingerling producers once

maturity of the improved fish has been reachedllofsing the fingerling stage,

adults are simply used as production fish for #ide market, or are ongrown in the

nucleus for subsequent selection generations. llf5inas a tributary to the

information generated by the nucleus, challenge faid tests take place for the

considered traits, allowing families/populations @ tested on their overall

Fry/Fingerling

Fry

Multiplier

Eggs/Fry

performance.
Nucleus
Breeding Selection Selected
Candidates Breeders
Families of
Tagged fish fertilised eggs
Tanks Hatcherv
 F AT R NN RN AN N
XX I NN RN AR N
 F AT R NN RN AN N
 F AT R NN RN AN NN
 F AT R NN RN AN N
Field test 1 Tagged fish Challenge test 1
Field testn Challenge test n

Figure 1.10 - Schematic diagram demonstrating the &in factors in a fish

breeding programme
Source: Modified from Gjerde, 2005
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1.2.7 Risks in selection: inbreeding

Although individual selection is generally more egffive than any family based
method when heritabilities are large, there is pec#ic heritability value that
identifies which selective breeding method willibere efficient (Tave, 1993), and
alternative options may be sought, eg selectiorexndr combined selection.
Whichever methodology is chosen, it is imperativat tcontrolled mating systems
are conducted in order to prevent inbreeding (5rid998). Inbreeding occurs
when related individuals are bred together (Somessal, 2005; Fjalestad, 2005a),
which can result in inbreeding depression, wherkiced heterozygosity and the
loss of desirable alleles generally occurs, retaydir even negating the selection
response (Knibb, 2000). Dunhanal. (2001) emphasise that it is as important to
control inbreeding as it is to improve productibnough genetic gain. Traditionally
in commercial systems, before the negative effedtsinbreeding were fully
understood, only a small number of parents werel dsecontribute to the next
generation, creating a bottleneck effect and tlss laf genetic variation (Mustafa,
1999; Fjalestad, 2005a; Gjedrem, 2005b). Todag/,ntlating of related animals is
used as a breeding tool in certain programmespbot management can result in
potential hazards; ultimately a lack of overallnéss (Falconer, 1981). The
detrimental effects of inbreeding are well docuradnin fish (Gjerdeet al, 1983;
Kincaid, 1983a; Refstie, 1990; Pasmteal, 2001a).

Measured by the inbreeding coefficient, F, inbregdis the probability that two
alleles at any locus are identical by decent, wilues ranging from 0 to 1. The
inbreeding coefficient expresses the amount ofeebing that has accumulated
from a specific point in the ancestry of a popwlati Estimates of the deleterious
effects of inbreeding in aquaculture species gdlyeira/olve salmonids, rainbow
trout especially, due to their long history of cué (Toro and Lopez-Fanjul, 1998;
Lutz, 2002). For example, Gjeree al. (1983) estimated reduced survival of up to
9% in rainbow trout fry with an inbreeding coeféat of 0.25. Over the three
successive generations, this accumulated to a tieducf over 18%. Stet al.
(1996a) found that a 10% increase in the inbreedoedficient resulted in a delay

in the spawning age of female rainbow trout by @%3nd a reduction in egg
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number of 6.10%, whilst Pané al. (2001a) studied the effect of inbreeding to find
that an increase in the inbreeding coefficient 6%oclresulted in a reduction of
between 1% and 5% in the harvest weight of raintimut. Kincaid (1976ab,

1983a) also describes problems associated witte@alimg, where reductions in
growth, survival, and reproduction of up to 30% éndeen observed in salmonid

stocks.

When initiating a breeding programme, a broad genease is of the utmost
importance. Synthetic populations have been matwfad in several selective
breeding schemes in recent years to secure théigeagability. This has resulted
in research focussing on the maintenance of vanaith subsequent generations,
whilst considering the rate of inbreeding. In agpuapecies it is important to have
control over the rate of inbreeding, as opposelével, due to the high fecundity,
and possibility of high intensity selection. Inuagulture, research into constraining
inbreeding is limited (Gjerdet al, 1996; Bentsen and Olesen, 2002), but numerous
authors have concluded the optimum effective pdjmuiasize to be at least 100 (50
breeding pairs) to ensure the rate of inbreedinmasntained between 0.5% and
~1% per generation, which is thought to be an aetdp level (Gjerdet al, 1996;
Bentsen and Olesen, 2002; Sonessbral, 2005; Fjalestad, 2005a). In other
research concentrating on the optimum number afmsrand their contribution for
maximising genetic gain, whilst constraining thdrgeding coefficient over a
number of generations, numerous procedures have theeumented (Wray and
Goddard, 1994; Brisbane and Gibson, 1995). In 188&daptation of the work by
Meuwissen (1997) was completed by Grumdal. (1998), who applied the theory
of maximising genetic response whilst restrictirfge trate of inbreeding per
generation to a predefined value, but refined tloegrure so that the constraint was
achieved in each generation of selection. Up uihélyear 2000 only Meuwissen
and Sonesson (1998) had presented a method to mexganetic progress whilst
constraining the annual increase in inbreedinchenrhore complex situation with
overlapping generations. However, having baseid thethod on the control of the
average increment in coancenstry for discrete geioes, the procedure is limited
to annual constraints on the rate of inbreedinggre&lttonstraints per generation are

considered to be more appropriate given the reslucif genetic variation and the
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accumulation of mutations that occur per generaf@mundyet al, 2000). Grundy
et al. (2000) present a procedure to optimise the gewetitributions of selection
candidates for maximising the genetic progress,|sivitihe rate of inbreeding is
constrained to a predefined value, all taking placeschemes with overlapping
generations. The method is an extension of thatrdeed by Grundt al. (1998)
to overlapping generation structures, and allows darestriction on the rate of
inbreeding either per generation or per annum. dymamic selection algorithm
procedure gives the optimum number of individual®é selected and the progeny
they each produce, all of which results from the ws best linear unbiased
prediction (BLUP) estimated breeding values, thgnaented numerator relationship
matrix, and lifetime breeding profiles. By congidg all gene flow pathways, the
optimisation procedure constrains the rate of iedilg per generation to a
predefined level across generations of selectiesylting in an improvement in the
genetic response of up to 35% over standard triomcBLUP selection, at the same

rate of inbreeding.

For most aquaculture traits, an inbreeding coedficiof 0.05 is deemed to be an
acceptable rate, but this should be continuallyesssd throughout selection
experiments. In selection programmes based onopye® and without genotypic
identification, high rates of inbreeding are inabile with subsequent reproductive
and production failures. This is exemplified inuatic animals due to the
reproductive capacity of most species (Davis antzéle2000). Through careful
management and by maximising potential genetic gasing controlled
management, the effects of inbreeding should bacesi Modern DNA marker
technologies are now available to calculate therbeygosity of populations; used
an indication as to the level of inbreeding. Fxaraple, Fishbackt al. (1997) used
microsatellite markers in order to monitor the legé inbreeding in a study on
rainbow trout by assessing the number of allelespatific loci in each generation.
However, molecular techniques are not an outrigiitit®n to improving the
performance of aquaculture stocks, and the besttseare likely to come from a

combination of marker technologies and selectiezding (Lutz, 2001).
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1.2.8 Molecular markers in selective breeding

Molecular marker based knowledge emerged in thé®'$9&nd since that time its
use has increased dramatically (Dunhetnal, 2001). Initial marker systems were
based on protein polymorphisms and morphologicaradteristics (Davis and
Hetzel, 2000). Traditional markers, such as iscayifLiu et al, 1992), restriction
fragment length polymorphism (RFLP; Miller and Taldy, 1990), and
mitochondrial DNA (mtDNA) analysis (Curtiet al, 1987), have now been
replaced with several powerful new types of markecluding random amplified
polymorphic DNA (RAPD); amplified fragment lengtiolgmorphisms (AFLP);
simple sequence repeat (SSR), or, microsatellitkensy variable number tandem
repeat (VNTR) markers; and single nucleotide polgghesm (SNP). Although
each method has distinct properties and generatesfar a variety of applications,
the general principle of all these technologietigetect variation at a single locus
and nucleotide, or multiple loci in a single reanti(Davis and Hetzel, 2000).
Today, DNA marker technologies enhance the way @agjtiae genetics research is
conducted (Liu and Cordes, 2004).

Genetic markers are necessary to locate genes rmmobomes, isolate genes,
determine gene expression, study genomes, condaetljhkage mapping, and are
essential for marker-assisted selection (Dunhan®4R0 Today, the variety of
biochemical and molecular markers available to ysttite genetics of aquatic
species presents tremendous opportunities. Fonmea the construction of gene
maps can now take a matter of months rather thansye&hen traditional DNA
technologies were used, such as RFLP (Liu and Gpra@04; Dunham, 2004).
Further, the ability to monitor the DNA of an indiwal and evaluate its relationship
to the population, such that family and pedigree loa established and included in
the breeding strategy, is a great advantage inpaogramme aimed at genetic
improvement. Using genetic markers for fingerpnigtindividual animals and
parental assignment, or to determine the genet&rsity to assist in the selection of
economically important traits provides great pa@nto selective breeding

programmes and broodstock management (Lai, 20@re particular molecular
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tool has had unprecedented success in aquacutieredt versatility; microsatellite

markers.

1.2.8.1 Microsatellite markers in selective breeding

Microsatellite markers work by utilising the repgiee DNA which makes up 5% to
20% of the genome in some fish species (Elder amder, 1995; Twyman, 1998).
Referred to as satellite DNA, regions of the gendinag exhibit areas of tandemly
repeated sequences are extremely polymorphic, raciddie regions of extremely
short tandem repeats of 1 to 6 base pairs: mielhises. Microsatellite markers
are therefore manufactured as di-, tri-, or tetraleotide repeats in order to flank
the unique sequences and bind as primers to thtee & amplification when
polymerase chain reaction is used (Dunham, 20@&curring frequently at f0to
10° in fish (Park and Moran, 1995), microsatelliteg @n ideal molecular tool
because they are highly polymorphic, codominamtherited, extremely numerous,
and evenly distributed throughout the genome (Domi2004). The polymorphism
and codominant inheritance allows precise genetatyaes and increased mapping
accuracy, maximising the genetic information gsgteand allowing lineages of
individuals or families to be traced accurately (8Ngeser and Wolters, 1999). It is
the number of alleles that broadly determine thgreke of heterozygosity which
means that markers are often selected for eaclicapph based on the number of
alleles. Each allele can then be distinguishedutjn differences in the size of
polymerase chain reaction products generated. Véisatility has lead to the
successful application of microsatellite markerssucth areas of aquaculture as
relatedness determination (Herbinggral, 1995; Norriset al, 2000), inbreeding
(Su et al, 1996b; Panteet al, 2001a), and assessing diversity and variation in
stocks (Bartfaet al, 2003; Overturkt al, 2003; Warcet al, 2003). However, they
are not without their disadvantages, and Dunhan@4p@arns that microsatellites
require a great deal of time, effort, and expenseconstruction, screening,
sequencing, and polymerase chain reaction primaysis. They can also produce
non-specific bands in the analysis of the polymecsin reaction (Liu and Cordes,
2004).
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1.2.9 Genetic improvement in aguaculture

Historically, the aquaculture industry has not adegly utilised breeding and
selection knowledge to increase and improve aquaeuproduction, with many
species continuing to rely on wild-caught broodktocjuveniles (Gjedrem, 2005b).
Collaborations between research institutions amdngercial partners have failed to
exploit genetics as a tool for enhancing produtstigind increasing competition in
the industry (Knibb, 2000). However, recent yelaase seen an increase in the
application of breeding technologies (Gjedrem, 19&upta and Acosta, 2001;
Bartley, 2005; Gjedrem, 2005b), and it is only rebe that the economic
importance of genetic improvement in aquaculture lieen recognised; even slight
improvements in productivity could result in miltis of kilograms of additional
production (Dunham and Smitherman, 1983), signifiiggimproving the chance of
meeting the future demands for fish produce (Gjdrd997). Aquaculture
genetics shows immense potential for improved pcoda (Dunhamet al, 2001).
With the ultimate goal of increased profitabilitpubstantial opportunity exists,
especially as progress made is cumulative andisegtgDavis and Hetzel, 2000;
Powell, 2000). Today, aquaculture research irisStuin most countries are
researching selective breeding in order to imprane increase the efficiency and
productivity of existing practices and, consequgnihcrease the rate of genetic

improvement in aquaculture species (Gjedrem, 2005b)

1.2.9.1 Progress to date; salmonids

The fact that most fish reproduce externally alloWwsman intervention to
manipulate fertilisation and breeding strategiasluding parental crossings and the
segregation of stocks and/or families. Furthermtire fecundity of fish, and large
genetic variation often displayed allows increasetction pressure to be applied
compared to most mammalian species (Gjedrem, 19%fjor to 1970 genetic
selection was seldom used in aquaculture. Todaynaber of selective breeding

programmes exist for aquatic species (Dunkedw., 2001).

The first selective breeding programme in fish ggewas established in 1971 by a

Norwegian research institute for aquaculture. @uih it took four years before
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AKVAFORSK devised a breeding strategy, its suc¢bssughout the industry was
renowned by 1985. By 1997 the programme invol860 families of Atlantic
salmon Galmo salar and rainbow trout (Gjedrem, 1997), increasingd@® full-
sibling families of Atlantic salmon and 120 famdief rainbow trout by 2000
(Gjedrem, 2000). To date, the programme has aetli@mprovements in growth
rate, sexual maturation, disease resistance, ast fuality of greater than 20% per
generation in some instances, highlighting the mak benefit of genetic
improvement in the industry. In 2000 Gjedrem régadrapproximately 65% of
Norwegian farmed salmon and trout to be geneticafhproved; a figure
undoubtedly exceeded today. In Canada, a simileeding programme to that of
AKVAFORSK was established. Although not as lartjge Canadian Atlantic
Salmon Federation programme report significant gam BKD resistance and
growth since commencing in 1984 (O’Flyen al, 1999). In brown troutSalmo
trutta), gains in weight of 6.3% per generation have betained through selection
conducted by the PROSPER breeding programme (Vaigeyt al, 2002), whilst

in Coho salmon @. kisutch 60% improvements were made after only four
generations of selection, following a selectiveedliag programme established by
Washington University in 1977 (Hershbergar al, 1990). With such positive
results, it is obvious that the knowledge requidgenetic improvement is already
available in salmonid species (Gjedrem, 2000), awehe extent to which genetic
improvement can be made, either in a single tradgver an index, is dependent on
the genetic variation that exists for the traitseries of traits of interest (Davis and
Hetzel, 2000).

In general, fish exhibit a greater genetic variatitban mammals in most traits
(Gjedrem and Olesen, 2005; Aquaflow, 2006). Asdhgetic variation allows the
heritability to be calculated, this in turn givesetpotential reach that can be
obtained as the response to selection. For cosgradf the potential gain between
land and aquatic animals, or even across traitspacies, a useful statistical
parameter called, the coefficient of variation, dam used. The coefficient of
variation defines how much reach is possible. pAytation with a large coefficient
of variation can produce a large selection difféedneven when heritabilities are

low (Tave, 1993). When a trait is measured, thamend standard deviation often
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change in tandem, but the coefficient of variati®nndependent of the mean. In
mammalian species, the coefficient of variatiomésnerally 5% to 10%, whilst in
fish a coefficient of variation of up to 80% haseheobserved in some traits
(Gjedrem, 1998; Gjedrem and Olesen, 2005; Aquaf@®d6). Numerous studies
have shown positive results for selection in ecaoally important traits in
salmonid species (Gjerde and Schaffer, 1989; Herglebbet al, 1990; Gjerdeet
al., 1994; Martinezt al, 1999; Henryoret al, 2002; Quintoret al, 2002), with
estimates of heritability typically high, rangingbi 0.25 to 0.35 with coefficients
of variation between 20% to 30%, implying that Engesponses to selection are
possible (Gjedrem, 2000; Powell, 2000).

1.2.9.2 Potential for rainbow trout

A great deal of work has been completed on therpiatefor genetic improvement
in rainbow trout. Promising results have been olesk at both the scientific and
commercial level. With increased understandinggehetics and methods of
selection, aquaculturists are now more willing t@perate with scientists in order
to asses important traits within the commercial immment. For example,
Fishbacket al. (2002) studied a commercial rainbow trout aquacaltacility for
three character sets; early progeny growth, lategeny growth at 8%, and later
progeny growth at 1. They found estimates of heritability rangingnfr 0.36 to
0.72 for the growth traits of total length, weighpd condition factor, as well as
genetic correlations between the character set8.8 + 0.03, suggesting early
progeny growth is a good predictor of later proggrowth. Traditionally, attention
has been paid to the economically important charestics of growth and
reproduction; consequently, a great deal of worklheen conducted in these areas.
Perryet al. (2005) estimated the genetic (co)variance paras@tbody weight,
condition factor, and resistance to acute thernmalcls, in a three generational
rainbow trout pedigree. Estimates of heritabiitgre calculated to be 0.46 + 0.04,
0.52 + 0.04, and 0.41 + 0.07, respectively, sugggsubstantial genetic potential
exists for selection in the three traits. SimjatHenryonet al. (2002) concluded

selective breeding would be possible for the tr&itsly weight and body length, as
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significant additive genetic variation was appareatd subsequent estimates of

heritability equalled 0.35 and 0.53, respectively.

However, not all traits or populations hold the &ty for improvement. At the
University of California a selection experiment danted by Suet al. (1996b)
assessed body weight data from 1978 to 1986 tohemdabilities were low at 0.03
to 0.13. Although the estimates increased with #gegy remained low; 0.05 at 168
days, and 0.10 at 364 days. Kauseal. (2002) calculated low estimates of
heritability in body composition traits; percentdalmninal fat, percent fillet protein,
and ash and water, all producing estimates ranigorg 0.02 to 0.06. Further, the
genetic correlations between the body compositraitst and body weight were
negative (x = -0.12 to -0.36), suggesting the quality of f8lenay be compromised

through the selection for increased growth rate.

Although a number of studies have shown only lowele of additive genetic
variation in some traits, to date, the most comma#lycimportant traits have
generally shown outstanding potential for genetimmghrough selective breeding,
with moderate to high estimates of heritabilityguently achieved. However, most
research has focussed upon production traits mboav trout, with little attention
paid to disease resistance. Recent years haveaseércrease in the interest in
selective breeding for disease resistance. Ateptesnly major companies have
attempted selection for improved disease resistamcglmonids, but the results
have been promising (ie AKVAFORSK, PROSPER, anddcatch). In the United
Kingdom, no scientifically based selection progrdrase been implemented for the
genetic improvement of rainbow trout. As a largenmercial sector, making a
significant contribution to world rainbow trout mhoction, it is important that
research towards the improvement of rainbow tréotks is implemented in the
UK. In 2000, researchers at the Institute of Agutace, University of Stirling,
collaborated with British trout farmers to establshat was believed to be the first
selective breeding programme incorporating genatmrmation for rainbow trout
in the UK. The project was initiated to assesglewf additive genetic variation in
production traits, such as growth rate, yield, saly and improved flesh colour; all

of which produced significant heritabilities in te&ains tested (Ureta-Scmidt, 2006

PhD 35 GMB



oA Chapter 1 — General Introduction

unpublished work). However, in 2002 scientistsigied the farms involved to
discuss the progress of the established LINK adtiaeuproject but were faced
with concerns relating to major production lossasoentered due to Proliferative
Kidney Disease (PKD). With annual outbreaks of Pi€Bulting in up to 500 kilos
of dead rainbow trout each day on a single sitd, gmto 1.2 million kilos across
the English industry, the significance of the dsseds obvious (Robinson, 2007
personal communication). Having discussed withfémens involved in the LINK

project that avoidance and minimisation of losseewdominating husbandry
practices, and without any viable vaccine or prégttic treatment available at that
time, it was clear that a programme to geneticatiprove the performance of

rainbow trout to PKD was the only logical step tpgress its effects.

Coinciding with a natural outbreak of PKD occurriagthe time, the opportunity
was taken to sample 1500 rainbow trout from the str@ins being tested for
performance at the Test Valley Trout farm at Itchmbass. The trout were
weighed, their length measured, and kidney assefsseidflammation caused by
PKD, using the scale of Clifton-Hadley al. (1987), whilst a fin clip was removed
from each individual, which allowed parental assigmt to one of the known
families. For the farms already involved in théNKl agquaculture genetic project,
an opportunity was presented to genetically imprthesr stocks for resistance to
PKD, and from the data generated at the opportarssimpling, the basis of this

project was formed.
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1.3 Proliferative Kidney Disease

1.3.1 Affected species and geographical range

Proliferative kidney disease, named by RobertsSimepherd in 1974, has become
highly documented in recent years. The first o@nee of the disease is unknown,
but it is expected to pre-date the first reporgehtification in 1958 (Plehn, 1924;
Schaperclaus, 1954; Besse, 1956; Hedeickl, 1984b). Today, PKD is recognised
as one of the most serious and economically dargadiseases of salmonids.
Principally affecting farmed, but also feral fisthe causative agerttas been
identified in rainbow and steelhead trqiX'Silva et al, 1984; Feistet al, 2001),
Californian golden troutD. mykiss aguabonitéMorris et al, 2003b), brown trout
(Peribafezt al, 1997), Atlantic salmon (Browet al, 1991), cutthroat trout).
clarki (MacConnell and Peterson, 1992), sockeye sal@omerka (Higgins and
Kent, 1998), Chinook salmor®. tshawytschgKent et al, 1995), Coho salmon
(Hedrick et al, 1984ab), grayling hymallus thymallugBuckeet al, 1991), Arctic
charr,Salvelinus alpinu¢Brownet al, 1991), and the non-salmonid, Northern pike,
Esox lucius(Seagraveet al, 1981). The natural distribution of these spetias
resulted in the reported incidence of PKD rangimgughout Europe, Canada and
the USA (Buckeet al, 1981; Seagravet al, 1981; Klontz and Chacko, 1983;
Hedrick and Aronstien, 1987; Peribafetzal, 1997; AquaFlow, 2002; Henderson
and Okamura, 2004) with some areas of Western Euaopl North America now
considered endemic (Hedriek al, 1993).

1.3.2 PKD in the United Kingdom

Within the United Kingdom, PKD has had a markedeeffon the British trout

industry. In recent years the level of incidenas tescalated coinciding with
increased production; in turn, the financial burden aquaculture has grown
(AquaFlow, 2002). In 1988 Alderman and Clifton-H&adreported PKD to cost the
British trout farming industry more than £1 milliqguer year. Today, estimates
fluctuate between £1.25 to 2.5 million per annunqaFlow, 2002; CEFAS, 2005;
Hughes, 2005 personal communication). Such lossesaccountable to the

symptoms and associated mortality of the diseaberevmorbidity often reaches
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100% (Sippel and Ferguson, 1983; Scott, 2002),naodality can range from 20%
to 100%, dependent on secondary infection (FergasdnmNeedham, 1978; Hedrick
et al, 1984a; Clifton-Hadlegt al, 1986b). However, PKD is not thought to be an
outright killer. The secondary infections that wiccaas the salmonid host is
overcome by PKD are thought to be the true causkeath; an immunosupression
associated with chronic PKD has resulted in numesecondary pathogens being
identified at disease outbreaks, including InfagtioPancreatic Necrosis (IPN)
(Hoffman and Dangschat, 1981¢hthyophthiriusspeciesgill bacteria (Hedriclet
al., 1985), Flexibacter columnarigHedricket al, 1985; Foott and Hedrick, 1987),
SaprolegniaCostia(O’Hara, 1985) and furunculosis (see Section Heffman and
Dangschat, 1981; Morrest al, 2003a).

As a seasonal summer disease in Britain, PKD ghyetiects freshwater fish in
their first term(Ferguson and Needham, 1978; Foott and Hedrick7 ;1ARlerman
and Clifton-Hadley, 1988; Hoffman and El-Matboul®94). In Northern Ireland
and Scotland, the disease occurs from mid-Julyatty-<&eptember (Ferguson and
Adair, 1977; Elliset al, 1982). However, evidence of the disease has tememded
as early as May in the UK (Clifton-Hadley al, 1986a). The outbreaks witnessed
each summer coincide with increasing water tempezatinitiating a severe
development of the disease in affected fish (Femgusnd Needham, 1978; Foott
and Hedrick, 1987). Although first year fingerl;nd0+) on enzootic farms
generally succumb to the disease due to a genesakptibility to opportunistic
pathogens (Ferguson and Adair, 1977; Ferguson afd1®79; Elliset al, 1982),
Hoffman and Dangschat (1981) describe the vulninatmf older fish (1+) that
have had no previous exposure to the pathogensaageot therefore be considered
a protective measure in itself (Foott and Hedrié®@87). Conversely, fish
previously exposed to the disease tend to exhdsistance to future infection
(Ferguson and Ball, 1979).
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1.3.3 Causative agent: discovering and classifyind etracapsuloides
bryosalmonae

Although identified for decades and characterisgd=érguson and Adair in 1977
the causative agent of PKD remained unclassified niany years due to the
uncertainty of its taxonomic position (Hedriekal, 1984a, 1988b; Saulnier and de
Kinkelin, 1996; McGurket al, 2003). Ascribed by Seagrawt al. (1980) as
PK‘X’, ‘proliferative kidney organism unknown’, nuenous authors predicted its
identity, ranging from an amoeba (Plehn, 1924; &sog and Needham, 1978) to a
protozoan Haplosporea; PKX displays similaritiestie oyster @Qstrea edulis
parasite,Marteilia refringens(Seagraveet al, 1980). Kent and Hedrick (1985a)
were the first to propose PKX to be a myxosporéaligwing studies that showed
spore-like stages of the parasite which containetarpcapsules with polar
filaments; a characteristic of a myxozoan spedien{ and Hedrick, 1985ab, 1986).
However, the authors could not categorise furthermeyxozoans are classified
mainly on spore characteristics and only immatpees stages were found in PKD
infected fish. In 1987 Feist and Bucke presenteéditnal information on the
structure of PKX, whilst Hedriclet al. (1988a) and Castagnamt al. (1991)
discovered the formation of secondary and teriiais, as well as the development
of intratubular stages, all of which provided fathevidence to support the

myxozoan classification.

By 1999 Saulnieet al. proved the organism is a myxosporean. Its merhipete

the phylum Myxozoa was discovered through extraftshe parasite’s genomic
DNA and small subunit (SSU) ribosomal DNA (rDNA) ibg amplified by

polymerase chain reaction, cloned and sequencédxd eVidence that PKX was a
sister group of the phylum Myxozoa was providedofeing a tree reconstruction
from PKX and 76 or 128 eukaryotic species post @ighetical analysis on SSU
rDNA. Kent et al. (1998) had already evaluated this theory but detnated,

through 18S rDNA sequences, that the PKX organistieated from fish hosts is
not closely related to any of the described myxazpall of which were classified
in the orders Bivalvulida and Multivalvulida. Andenet al. (1999a) analysed 18S
rDNA and demonstrated a relationship of PKX withe threviously described

bryozoan parasitéletracapsula bryozoideCanninget al, 1999). Subsequently,
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Andersonet al. (1999b) undertook a study of phylogenetic analysigg partial
sequences of 18S rDNA sequences of myxozoan organisom Bryozoa and
salmonid fish, to find PKX andetracapsula bryozoideslthough discrete species,
formed a novel clade within Myxozoa; distinct frahe existing orders Bivalvulida
and Multivalvulida. AsTetracapsula bryozoidewas originally classified in the
class Myxosporea, order Multivalvulida (Cannieg al, 1999), the new class
Malacosporea and order Malacovalvulida were estagdl to accommodate the
newly ascribed myxozoan within the family Saccogpae and genu$etracapsula
(Canninget al, 2000). Due to the morphological, behaviourald anolecular
similarity betweenTetracapsula bryozoidesnd PKX, PKX was positioned within
the genusTetracapsula but as withTetracapsula bryozoidedPKX was named
according to the organism it parasitizdtetracapsula bryosalmona@anninget
al.,, 1999). In 2000, a concurrent study suggestetiiieeorganism be referred to as
Tetracapsula renicoldo represent the target organ in affected fisHpvahg an
investigation of the disease in Arctic charr (Kehl, 2000). However, under the
International code of Zoological Nomenclature, fingt name ascribed has priority
(Okamuraet al, 2001), andTetracapsula renicolavas made a junior synonym of

Tetracapsula bryosalmonae

In 2002 Monteiro et al. re-examined Tetracapsula bryozoidesand made
comparisons to the nematode-like parasite of frastmwbryozoaBuddenbrockia
plumatellae They discovered that the rDNA sequences and hodopical
characteristics were almost identical between tigarasms, leading Cannireg al.
(2002) to propos®. plumatellaeand Tetracapsula bryozoidesre in fact the same
species of malacosporean, and that the nBmaumatellaeshould take historical
preference. As sucHetracapsula bryozoidesas made a junior synonym Bf
plumatellae and the new genuBetracapsuloidesvas established to accommodate

Tetracapsuloides bryosalmonéhe causative agent of PKD.
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1.3.4 Salmonids and PKD

Numerous authors have suggested salmonids are hsotfihal host of T.
bryosalmonagKent and Hedrick, 1986; Hoffman and El-Matbod94; Saulnier
and de Kinkelin, 1996; Hedrickt al. 2004) due to the severe inflammation induced
(Saulnier and de Kinkelin, 1996), and lack of traission from fish to fish
(Ferguson and Ball, 1979). Further, the occurrenteT. bryosalmonaein
watercourses void of salmonids, suggests salmocoddd be unnecessary hosts
(Okamuraet al, 2001), and may even display symptoms worse tharuhknown
definitive host (Hoffman and El-Matbouli, 1994). oWever, Morris and Adams
(2006) proved salmonids to be an integral parthef parasite’s life cycle. By
transmitting T. bryosalmonadrom aquarium effluent containing infected brown
trout to uninfected bryozoafkredricella sultana and from there to rainbow trout
via collected spores from the infected bryozoa, fdorand Adams (2006)
successfully completed a full cycle of transmissioncluding that the parasite can
cycle between these hosts indefinitely without negg another organism to act as

an additional host.

1.3.4.1 Response of salmonids to PKD

1.3.4.1.1 Internal symptoms

The early response of salmonids to PKD is belieeede cellular; proliferation of
the haematopoietic cells in the interstitium of kieneys (Castagnaret al, 1991;
MacConnellet al, 1989), followed by damage to vascular endothelamd the
onset of lesions with severe diffuse granulomatesponse occurring (MacConnell
et al, 1989; Scott, 2002). Macrophages appear epithatid gradually replace
haematopoietic tissue resulting in a significardgeania with haematocrits as low as
11%, where 40% would be considered normal (Fergusuwh Needham, 1978).
Increased iron deposits in the spleen (haemolgsid)hypoplasia of haematopoietic
tissue are believed to contribute to the low haeordt level (Ferguson and
Needham, 1978). Uncontrolled proliferation of immeucells in various organs,
particularly the kidney, results in the destructioh haemopoietic tissue, also

contributing to the severe anaemia (Clifton-Haddewl, 1985).
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The main gross pathological symptom is excessivalisg of the kidney (Ferguson
and Needham, 1978; Clifton-Hadley al, 1983, 1984) often with greyish, bulbous
ridges forming (Ferguson and Needham, 1978; Hedegickl, 1984ab), but the
reaction can extend along the full length of thelnkly and into the anterior
hematopoietic tissue (Ferguson and Needham, 19%&mEn and El-Matbouli,
1994). The chronic inflammation of the kidney @werising the disease (Kent and
Hedrick, 1986; Hedriclet al, 1988b; Castagnaret al, 1991) is caused by the
presence of mononuclear cells and macrophages) wité partial fibrosis as the
interstitial tissue converts to a granulomatousuts (Hoffman and El-Matbouli,
1994). In severe cases the progressive renalisgyelan lead to renal failure and
displacement of the swimbladder (Alderman and @iiftHadley, 1988).

When the swimbladder is found to be laterally distd, it creates longitudinal
swelling, whilst abdominal swelling can be ass@datvith peritoneal fluid; often
blood stained (Ferguson and Needham, 1978; SipeFarguson, 1983). Patches
of greyish mottling, thought to be caused by gramdtous lesions are sometimes
visible on the liver, and occasionally the spleeeneath the capsule or throughout
the stroma. The spleen can also be either redinceze or massively enlarged
(Ferguson and Needham, 1978; Sippel and Fergus88&3)1 The internal
symptoms caused by PKD are illustrated in Figuiéd lbelow.

— i
59-- . <— Spleen :

Figure 1.11 - Internal symptoms of Proliferative Kdney Disease, including

swollen kidney and spleen
Source: Photograph courtesy of C McGurk
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1.3.4.1.2 External and behavioural symptoms

The inflammation of the kidney leaves heavily irtéet fish exhibiting distended
abdomens with longitudinal swelling of the body Wwétvel with the lateral line
(Ferguson and Needham, 1978). Darkened colourafiorlanosis) and
exophthalmia can occur, either mono- or bilateréflgrguson and Needham, 1978;
Hoffman and El-Matbouli, 1994; Scott, 2002). Feet al. (2001) describe
symptoms of frayed fins and haemorrhaging postéadhe adipose fin, with scale
protrusion (O’Hara, 1985) and roughened skin; timugo be related to
inflammatory nodules in the red muscle causingyiretances at the skin surface
(Fernandez-de-Lucet al, 1997). Behavioural changes include loss of amet,
introversion, apathy, and unresponsiveness (Hoffarah EI-Matbouli, 1994). In
the latter stages of disease, respiratory distcegscides with gill pallor due to
pronounced anaemia (Klon& al, 1986; O’'Flynn and Mulcahy, 1995; Fedttal.,
2001), whilst increased nervous agitation marksitieeption of death (Ferguson
and Needham, 1978; Sippel and Ferguson, 1983).

1.3.4.2 Biology of T. bryosalmona&vithin salmonids

Two developmental phases of the parasite have Hesaribed in infected fish;
extrasporogonic and sporogonic stages (Moetisal, 1999). Extrasporogonic
stages are found in the blood vessels and interstiof the kidney at first (Foott
and Hedrick, 1987; Fernandez-de-Luebal., 1997; Morriset al, 1999) before
migrating to the lumen of the kidney tubules (Foaitd Hedrick, 1987).
Extrasporogonic stages are compiled of severalmskoy cells bound within a
primary cell, whilst sporogonic stages are beliet@te a result of the secondary
cells being released from the primary cell follogiimigration to the kidney tubule
lumen (Kent and Hedrick, 1986). The sporogonic edtgyment without the
presence of completely formed spores (Kent and ieledi986) and increasing
number of parasites aggravate the kidney formindutes (Ferndndez-de-Lucst
al., 1997) which causes an intense inflammatory resp@fsott and Hedrick, 1987;
Kent and Hedrick, 1987; Fernandez-de-Lugtoal., 1997). Progression of the
disease leads to parasites being transported artentbody via the circulatory

system to affect such tissues and organs as thersdiver, epithelium of the gills,
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heart, brain, spinal canal, islets of Langerhaingted muscle, intestinal submucosa

and peritoneum (Fernandez-de-L@tal, 1997).

Clifton-Hadleyet al. (1985) give a detailed account of the developméRKD, its
symptoms and the histology of affected specimeres tme. They describe how
parasite appearance may take up to 8 weeks to,athuwugh the organism can be
first detected in fish 3 to 4 weeks following expoes (MacConnelet al, 1989;
Kent et al, 1995) or as little as 2 weeks in the kidney stisum following
exposure to enzootic waters (Kent and Hedrick, 1@8@&on-Hadleyet al, 1987).
As little as 1 week later (week 9), clinical sigm®vail lasting for 12 to 20 weeks
(Clifton-Hadley et al, 1985) with weeks 6 to 20 thought to be most premi
(Kent et al, 1995). Parasites undergo degenerative changesveEks after
exposure up to week 20 when fish often make a cetepécovery (Clifton-Hadley
et al, 1985; Morriset al, 1999), and the infection in the kidney interstiti and
associated lesions resolve (Kesit al, 1995). However, Clifton-Hadlegt al.
(1985) explain that the sequence of events may wegendent on water

temperature, disease prevalence, time of yearlogation.

1.3.4.3 Variations in display

Normally associated with fish farms on soft, acidiaters (Ferguson and Adair,
1977; Ferguson and Needham, 1978), the prevalercentensity of PKD has been
reported to increase throughout summer (Ferndnddaido et al, 1997).
Peribafezt al. (1997) compared the renal prevalence and den§ipamsites in
rainbow trout and brown trout held in the same emment. In rainbow trout renal
prevalence and density of parasites peaked in July, in brown trout renal
prevalence and maximum density was reached in MdyJaly, respectively. By
January Fernandez-de-Lueb al. (1997) observed no parasites in PKD recovering
fish. Conversely, Foott and Hedrick (1987) obséraer sporogonic stages of the

parasite in rainbow trout for up to one year folilegvinitial infection.
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1.3.4.4 Potential entrance sites and species-specific nsgpo

To date the method of entry into the host has reethin question (Okamuet al,
2001). Feiset al.(2001) discuss numerous sites for spore invasidthough early
invasive stagewere repeatedly detected in the gills initiallye #uthors believe the
most obvious entrance site would be via the skiierguson and Needham (1978)
describeTl. bryosalmonaén the gills; throughout the capillaries and laeropria

of the second lamellae. Gills are an obvious ectsasite for parasites, as they are
extremely exposed organs and constructed of delitasue. Further, parasites
could easily enter the bloodstream via the gilld ase it as a transport system to
other organs (Clifton-Hadlest al, 1985). While not detected in the epithelial gell
of the gut mucosa, Ferguson and Needham (1978)\@usparasites in the stroma
of the liver, spleen, and kidney. Once the kidhag reached maximum capacity,
the parasites have been known to invade the myBelmandez-de-Lucet al,
1997; Peribéfeet al, 1997). Peribafeet al.(1997) and Fernandez-de-Luebal.
(1997) first detected parasites in the muscle ariign the kidney became saturated.
Lesions, which principally affect kidneys, were foluto occur in the striated muscle
and macroscopical nodules in the red muscle inyn88#% of surviving subyearling
fish in the study by Fernandez-de-Lusial. (1997).

The presence of parasites in the muscle is thowghe exclusive to rainbow trout
and that other species may have the potential tiraothe reproduction of.
bryosalmonaevoiding the subsequent spread to such areabéiferet al, 1997).
However, MacConnekt al. (1989) observed an effective response to the paras
rainbow trout and suggested that it interrupted rineguration of the organism,
inhibiting the migration ofT. bryosalmonado the lumen of the kidney and the
subsequent sporulation, when fish were experimigntadduced with PKD.
Although conflicting in terms of species ability itwhibit maturation, there appears
to be a species-specific response to the disedseh e supported by the timing of
T. bryosalmonagits potency, and prevalence in different salmsrfiéernandez-de-
Lucoet al, 1997; Peribafieet al,, 1997).
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1.3.5 Detection ofTetracapsuloides bryosalmonae

As fish succumb to PKD the definitive cause of Heatoften difficult to distinguish
due to the presence of secondary infection. 118188fton-Hadleyet al.described
how a presumptive diagnosis can be made simplydsgrvation; symptoms, post
mortem appearance, and referring to the historyhefdisease on site, whilst a
positive diagnosis required histological examimatishowing the characteristic
proliferation of mononuclear cells in the renalenstitial tissue. However, the
method was deemed costly in terms of consumables tane, and kidney
impression smears were eventually introduced; fotmdbe easier, quicker, and
more efficient (Clifton-Hadleet al, 1983). Similarly, squash preparations are a
sufficient method to observe mononuclear lymphoellsc and macrophages
surrounding primary cells (Clifton-Hadlest al, 1983; Hoffman and El-Matbouli,
1994).

As technology advanced the methodology for diagnds|as modernised, and
diagnosis by observation of. bryosalmonaen kidney smears or histological
sections is used as a basic tool only (le Gouwtllal, 1999). More precise and
sensitive methods have been designed; PCR (Saalniede Kinkelin, 1996; Kent
et al, 1998), monoclonal antibodies (Adares al, 1992; de Mateeet al. 1993;
Saulnier and de Kinkelin, 1996), and lectins (Caistsoet al, 1991) allow early
detection and response to PKD. The development.dfryosalmonasspecific
monoclonal antibodies (see Adamtsal, 1992) and the binding lectiGriffonia
simplicifolia, GS-1, allows staining of the extrasporogonic stagdissue sections,
through standard immunostaining techniques usingoxiase or fluorescein
(Castagnaret al, 1991; Hedriclet al, 1992).

The monoclonal antibodies developed against bryosalmonaeallow a

demonstration of the parasite’s antigenic chargties which change throughout its
development in fish (Adamst al, 1992; Morriset al,1997; Saulnier and de
Kinkelin, 1999). This change in antigenicity oftlparasite implies monoclonal
antibodies are limited for the study into the lifele, as well as the early detection
of infections. However, a successful in-situ hglization DNA method that stains

both developmental phases of the parasite has besmgned, allowing the
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identification of the genetic association betwe&em. The method proved
successful in preclinical and clinical infectiomsriumerous organs, demonstrating
the potential of the technique to identify non-al T. bryosalmonaen the
salmonid host (Morrigt al, 1999).

1.3.6 Freshwater Bryozoa aniktracapsuloides bryosalmonae

Freshwater invertebrates, from the phylum Bryoz@dags: Phylactolaemata),
commonly known as ‘moss animals’ (McGurét al, 2003) are colonial,
suspension-feeding invertebrates found in a widgeta of agnostic aquatic
environments. They are generally overlooked duehtsr inconspicuousness,
sessile nature, but can be found growing in subtations. Living on submerged
branches, stones and macrophytes, as temperaharesse towards summer the
organisms can be observed producing asexual prigsagailed statoblasts; tiny 1<
millimetre) seed-like structures of two chitinisealves enclosing dormant germinal
tissues. These statoblasts are used to asses®mayxas it is extremely difficult to
differentiate between species due to phenotypidlaiiies of the colony form;
taxonomy is based on morphological detail of tleadtlasts (Okamura and Wood,
2002).

1.3.6.1 Bryozoa; the primary host?

Through DNA analysis, bryozoans were discoveredatt as a host tor.
bryosalmonagOkamuraet al, 2001; Okamura and Wood, 2002). The prevalence
of the parasitevithin numerous species of Bryozoa resulted in Gamet al. (2000)
suggesting that bryozoans could be the primary db§t bryosalmonae From the
numerous and poorly understood species of bryozsaveral are now considered
to be natural hosts; phylactolaemate bryozoansimgnigom primitive to derived
genera, Fredericella species qultana and indica), Plumatella species rugosa
magnifica andemarginatd, andCristatella mucedare believed to be susceptible
to T. bryosalmonaewith F. sultana F. indica andP. emarginatapredominantly
identified at disease outbreaks (Okametral, 2001; Okamura and Wood, 2002).
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Okamura and Wood (2002) briefly discuss bryozoansha only host required in
the lifecycle ofT. bryosalmonaewhilst Okamuraet al. (2001) considered infection
may alternate between species of bryozoan dependinigeir seasonal availability,
but this would not be obligatory as Okamura and W(002) found only a single
species of bryozoan at one site infected Witfbryosalmonae Conversely, Topst
al. (2004) conducted experiments studying bryozoarbrgzoan transmission,
reporting consistent failure, suggesting such trassion is precluded in
malacosporean lifecycles. Morris and Adams (2088)cessfully transmitted.
bryosalmonadrom brown trout to bryozoans, and also from brywmto rainbow
trout as found by Feigt al. (2001), but to date the transmission from rainth@ut
to bryozoans remains inconclusive and requireshéurinvestigation (Topst al,
2004).

1.3.6.2 Environmental requirements and distribution

The environment in which infected bryozoan spebi@ge been found ranges from
clear, cold streams to warm, eutrophic lakes, sstgge bryozoa, and thereforle
bryosalmonagcan inhabit a variety of environments indicatingide geographical
spread is possible (Okamuetal, 2001). However, Okamuret al. (2001) found
T. bryosalmona#o be inconsistent in distribution, both spatiallyd temporally. In
the UK, Plumatella(probablyP. emarginata andF. sultanaare the predominant
species known to act as hostTtobryosalmonagLongshawet al, 1999), whilst in
many countries across Europe, Canada, and the ©&¥ds indicate the presence

of T. bryosalmona@ various species of bryozoa (Tops and Okamur@3R0

Although geographically dispersed Keat al. (1998) discovered a maximum
variation in sequences of only 0.8% amongdralbryosalmonaé&solates across 764
base pairs, when specific primers were designeriplify and sequence a portion
of SSU rDNA extracted from kidney samples of inéettsalmonids in England,
California, British Columbia, Washington, and Newfalland. This strongly
suggestd . bryosalmonaésolates from various regions across the worldcisely
related, or indeed, the same species. Hendersb@kamura (2004) discovered the
greatest genetic diversity of. bryosalmonado be throughout North America.

Colonies in southern Europe are thought to havabéshed via distribution of this
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North American clade (Henderson and Okamura, 200AJthough it remains
unclear as to how colonies and the disease hasdspkHenderson and Okamura
(2004) believe the parasite was not distributed fisheries, as colonisation
significantly predated fisheries and aquacultute/éag. Instead, it is suggested that
waterfowl are the vectors of. bryosalmonaeintroducing the Malacosporean
parasitefrom North America into European countries (Hendarsind Okamura,
2004). However, new evidence describing the résatmonids in the life cycle of
T. bryosalmona¢Morris and Adams, 2006), suggests that salmorfidsilsl not be

ruled out as a means of distributing the parasite.

Should alternative or obligate hosts become appatiesy will inevitably show a
habitat requirement as extensive as the infectigarosm (Okamura and Wood,
2002). Potential final hosts discussed includeewofish; in particular, cyprinids
(Kent and Hedrick, 1986; Hoffman and El-Matboul@9%; Okamureet al, 2001)
and sticklebacksQasterosteus aculeafuéKent and Hedrick, 1986; Feist, 1988),
invertebrates (Okamuret al, 2001), and numerous species of birds (Hoffman and
El-Matbouli, 1994).
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1.4 Furunculosis

1.4.1 Affected species and geographical range

Furunculosis received its name due to the chaiatiterboil-like lesions that
resemble those observed in the human condition. aAsaquatic disease,
furunculosis has only been recognised for a lwer 100 years, but in this time
much emphasis has been placed on its control duthgodetrimental effects
witnessed in fresh and saltwater fishes (Munrotdastings, 1993). Since its initial
description in the late nineteenth century, theake has been associated with major
losses of both wild and cultured salmonid fish, ebhact as the predominant host
(Emmerich and Weibel, 1894; Roberts and Shephé&dd4;1Munro and Hastings,
1993). Leitritz and Lewis (1976) describe the d&® as a septicaemia; the
causative agent is carried in the blood and callactlumps in small blood vessels
before rupturing and invading surrounding tissu€his produces lesions and sores
which appear as swollen red spots beneath the diefpre destroying the

surrounding tissue to enlarge as characteristiontules.

Although salmonids are the primary host of furunsid, numerous other species
are also known to be affected by the causative tagektypical strains of the
bacteria have been linked with major diseases inmaaand freshwater species;
Atlantic cod Gadus morhug goldsinny wrasse Gtenolabrus rupestr)s carp
(Cyprinus carpi9, and goldfish Carassius auratys(see Munro and Hastings,
1993). However, in such diseases the symptomsgaoss pathology generally
differ from that observed in furunculosis of salrius) for example in ulcerative
disease of (non-)salmonid species, and erythrodéisnan carp (Munro and
Hastings, 1993; Southgate, 1993).

The geographical spread of furunculosis mirrors ¢ch#ure areas of salmonids,
ranging across almost all continents. As the it of disease increases in wild
and non-salmonid species, the distribution is nesught to be worldwide; endemic
in Europe, North America, Japan, Korea, Austradiagd South Africa (Holliman,
1993; Munro and Hastings, 1993). In Norway, theedse originated after several
sporadic outbreaks in the Numedalslagen River bEiwd966 and 1977,
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subsequently affecting fish farms by 1985; as #rgdst producer of salmonids in
the world, furunculosis is recognised as one of wdgfs most economically
damaging diseases (Nordmo, 1993). In the UK, $to#almon farms have also
been hindered by furunculosis with many sites egpeing endemic outbreaks and
losses of up to 20% of stock (Munro and Hastin§931 Wall, 1993).

1.4.2 Causative agent: discovering and classifykagomonas salmonicida

The first authentic report of the causative agenhfuosunculosis was given by
Emmerich and Weibel in 1894 when it was discovereal German trout hatchery.
Although named bacillus of contagious trout dise@secillus der Forellenseuche
in Germany, it was referred to in EnglishBekcillus salmonicidauntil Griffin et al.
(1953) suggested the taxonomgromonaswithin the family Vibrionaceae. In
1963 Smith suggested a separate genus but thigdispated and the bacterium
remained under the genAgromonasuntil classification was certified in 1978. By
studying the homology betweén salmonicideandA. hydrophilaMcCarthy (1978)
showed a 56% to 65% degree of binding, indicatinglationship at the generic
level. Further homology studies between many isslafA. salmonicidandicated
three subspecies may be necessary (McCarthy, 1B&&nd and Trust, 1988).
Based on epizootiological criteria, classificatioow includes; group one A.
salmonicida subspeciesalmonicidatypically derived from salmonids; group two —
A. salmonicida subspeciesachromogenederived from salmonids as atypical
strains, including the formeachromogenesand masoucida group three -A.
salmonicida subspeciesova atypical strains associated with non-salmonictigse
(Belland and Trust, 1988).

1.4.3 Salmonids and furunculosis

Emerging as a septicaemia and often fatal, furwstsilcan affect all species of
salmonid at any stage of life (Munro and Hastirg#93). Clinical manifestation
varies from acute to chronic depending on the agespecies of the fish concerned,
as well as the environment (Southgate, 1993). Yeuriish are more likely to
suffer from the acute form of the disease whenetineay be few clinical signs other

than behavioural changes, whilst more chronic casgday typical hemorrhagic
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symptoms (Southgate, 1993). Rainbow trout areetedl to be the least affected
species, whilst Atlantic salmon and brown trout thest susceptible (Roberts and
Shepherd, 1974; Leitritz and Lewis, 1976; Southga®#93). As an opportunistic
pathogen, occurrences are generally stress-redaigctan be heavily influenced by
the environment. Outbreaks of epizootic proportiave been known to occur at
temperatures of £C to 15C or more (Stevenson, 1987). The severity of the
disease has led to morbidity of up to 100% with taldy exceeding 80%,
especially in young fish (Stevenson, 1987). Swdsds pose a real threat to the

salmonid industry.

1.4.3.1 Response of salmonids to furunculosis

1.4.3.1.1 Internal symptoms

Depending on the stage of disease, the symptompiagesi may vary. Munro and
Hastings (1993) explain that the time course ofdisease is important as stocks
may present a continuum of pathologies from aautehtonic. At the acute stage,
internal inflammation of the intestine can be oledr as well as splenomegaly,
liver pallor, soft kidneys, and petechial haemogihg in the pancreatic fat or
musculature of the flanks (Holliman, 1993; Wall,989. Congestion of blood
vessels in the body cavity is often observed, &edlining of the intestine may be
inflamed with bloody discharge and mucous from vhet, especially after death.
The spleen can be enlarged and cherry red, wihtstkidney is usually badly
infected, often becoming liquefied. Death gengraticurs before furuncules form,
unlike that observed in the chronic form (Leitr@azd Lewis, 1976).

In chronic cases the slow progression of infectiesults in a greater degree of
bacterial localisation in visceral organs, commahly kidney, spleen, blood vessel
walls, and intestine, but also in the liver andsg{Munro and Hastings, 1993).
Erythematous and petechial haemorrhaging may bearapp but larger

haemorrhaging occurs across the internal orgapecesly the swimbladder, which

appears swollen and cloudy. The kidney and liuem greyish with necrotic areas,
while blood vessels surrounding the lower intestind pyloric caeca are inflamed.

The peritoneum and pericardium often have bloodydflaccumulations and the
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intestine is devoid of food and can have an exudatdood, mucous, and cellular
debris. The spleen is greyish to green in colagr the intestine may be filled with
bloody food and faeces. Haematocrit measuremédids show severely depressed
red cell numbers, coinciding with gill and liverljpa, whilst furuncules grow on
visceral organs, and the internal body wall (Stewen 1987; Munro and Hastings,
1993; Wall, 1993). Further development of furuesulithin the skeletal muscle
leads to the surrounding tissue being destroyeentaally appearing as necrotic
areas of muscle that burst through the exteriorthef fish releasing a thick
bloodstained material (Munro and Hastings, 1993H,V¥893).

1.4.3.1.2 External and behavioural symptoms

The display of furuncules occurs following a chiwautburst in older fish (Roberts
and Shepherd, 1974). Chronic conditions preseatniiajority of external and
behavioural symptoms, as acute forms exhibit lichiéxternal symptoms (if any)
prior to death; perhaps inappetance and melandsisddition to inappetance and
melanosis, in chronic cases petechiation at thédises, lethargy, haemorrhaging,
or anaemia of the gills can be apparent, beforeackeristic furuncules appear
(Figure 1.12) (Leitritz and Lewis, 1976; Stevensd@87; Holliman, 1993; Munro
and Hastings, 1993). Behaviourally, affected fiskhibit lethargy, aberrant

swimming patterns, and a lack of shoaling (WalR3p

Figure 1.12 - Atlantic salmon affected byAeromonas salmonicida, showing

classic 'furuncule'
Source: Modified from Southgate, 1993
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1.4.4 Detection and treatment Af salmonicida

Diagnosis of furunculosis is based on clinical sigmistopathology and the
laboratory isolation of the bacteria from affect@ividuals. Post-mortem
examination may show no gross pathological sigmeedéing on the status of the
disease (eg peracute). Similarly, histopathologfferd with furunculosis
development; in acute cases little more than lichitecrosis of tissues is apparent,
while sub-acute and chronic cases typically shaavpitesence of accumulations of
bacteria in many tissues with accompanying necrasis little inflammatory
response (Southgate, 1993)eromonasalmonicidahas been identified as Gram-
negative, facultative anaerobic rod with roundedserapproximately 0.3 to 1.3
micron by 1.0 to 3.5 micron. Although members loé taeromonad family are
generally motileA. salmonicidais the only exception (Munro and Hastings, 1993;
Southgate, 1993). Identification is possible tlylowstaining and observation of
coccoid forms in tissue smears and culture plaiates containing suitable media
require incubation at approximately°g2for 24 to 48 hours, at which stage a brown
diffusible pigment characteristic @&f. salmonicidacan be observed. Phenotypic
identification is possible, but Munro and Hasti(@993) warn that colonies can
vary dependent on the strain Af salmonicidathe majority are extremely friable,
with colonies capable of being pushed across tla plate, whilst less common
colonies are smooth looking and soft to touch. binth cultures, the common
strains autoagglutinate to produce a settlemetiteabase of tubes, whereas non-

agglutinating smooth variants produce a unifornbitlity.

Historically, A. salmonicidavould be isolated and its antibiotic sensitivitgessed
in order to ascertain effective therapy (Southgdi®93). In the 1950’s, the
development of antibiotics showed promising restatsontrol furunculosis, and by
the 1970’s oxytetracycline, trimethoprim-sulphadi@z oxolinic acid, and
amoxicillin were regarded as effective treatmendsniaistered orally via feed.
However, continued and prolonged use led to thbqgenic bacteria developing a
resistance to the antibiotics. Initially, resistanwvas specific to one drug, so an
alternative could be used, but eventually a gemessistance occurred and by mid-

1980 outbreaks of furunculosis increased dramégicdh time A. salmonicidahas
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evolved, leaving only amoxicillin as a curative. odhy, British aquaculture

continues to use amoxicillin, but even a resistaodéis drug is occurring.

1.4.5 Vaccination

Attempts to produce an effective vaccine againsirfoulosis have been in progress
since 1942. Essentially, vaccines are killed bré&cteultures that are tested for
efficacy by immunising and challenging fish. Swssfal vaccines in other bacterial
diseases of salmonids (eg Vibriosis and Enteric Remlith) were established
relatively quickly compared to furunculosis. Dwelimited knowledge of which
antigen(s) are protective and in what quantity they necessary, only modestly
successful vaccines were developed for rainbow tratil recent years (Stevenson,
1987; Lutwycheet al,, 1995; Siwickiet al,, 2002). In the commercial production of
Atlantic salmon, vaccines against furunculosis hHaeen available for a number of
years, but most have proved to be of limited userénbow trout. However,
through improved knowledge and research into teeatie, vaccines are becoming
more and more effective. Today, numerous compaofies life long protection
against furunculosis in rainbow trout, eg Pharmagoihes, Norvatis Ltd, Schering-
Plough Animal Health (Aquavetplan, 2001; ScherihguBh, 2007). Their role will
inevitably play an important part in the futurepseventing the disease (Southgate,
1993).

1.4.6 Control

Furunculosis is generally introduced to sites by tiovement of infected fish on to
a culture facility or by wild carriers shedding bex@ into the watercourse. Fish
tissue, equipment, and escapees are also knowat &s aectors (Southgate, 1993).
However, even if present in the environment, itdoet necessarily suggest that
disease is inevitable. Furunculosis is highly cefgat on the environment of the
host, as stress is believed to be the primary fasulting in outbreak. Poor
environmental conditions, increased temperaturesyma, and crowding resulting
in physical damage, will increase the transmissina infection rate of the disease.
Stressors therefore require careful consideratidolliman, 1993; Munro and
Hastings, 1993).
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As the problems surrounding furunculosis contiritseimpact on the industry is not
to be underestimated; losses are increasing, reultgsistance to antibiotics is
developing, and the distribution of farms is soegdread that no area is likely to be
risk free. Although antibiotics can be administereith some degree of success,
avoidance and vaccination are the preferred metlobdontrol. With increased

knowledge and interest in genetic techniques, Bedebreeding for resistant strains
may well provide an alternative or additional opgpoity to improve control

measures, and help suppress the effects of thaeseig®lunro and Hastings, 1993).

PhD 56 GMB



oA Chapter 1 — General Introduction

1.5 Aims and objectives

The aim of this project was to test for evidencadditive genetic variation towards
the commercially important disease Proliferativeln@y disease, via the scoring
system of Clifton-Hadlewt al. (1987), and to support any evidence of this venmat
by undertaking challenge tests with the causatigenf Tetracapsuloides

bryosalmonae The forthcoming chapters will consider:

» Testing for evidence of additive genetic variatimwards kidney score,
according to the scale of Clifton-Hadley al. (1987), following a natural
challenge inT. bryosalmonaenzootic water. Where evidence of variation
exists, estimates of heritability will be obtainéat the two rainbow trout
strains involved. Additionally, the genetic coaténs between the three
traits measured (kidney score, fork length, and ybeaeight) will be

calculated

= Experimentally inducing PKD in a certified disedsee strain of rainbow
trout. Challenge tests on these distinct famiiesexpected to provide
information on the level of resistanceobryosalmonaeas all individuals
involved will be subject to the Malacosporean pitgasn a single day. The
level of additive genetic variation for resistartoePKD will therefore be
investigated, which will also act to support orrdiss the initial findings of
the project. Additionally, the progression of PkDindividual families, and

phenotypic trends between size and kidney scoldwitlocumented
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Chapter 2: General Materials
and Methods
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2.1 Molecular Biology: Genetics

2.1.1 DNA extraction

All DNA was extracted from tissue samples using @hdwo methods; phenol-
chloroform or Chelex. Dependent on the tissuestachge time prior to extraction,
samples were stored individually in 0.5 millilitréml) Eppendorf tubes
(Thermofischer, UK) and either refrigerated immeelia (frozen if necessary:
kidney samples) or submerged in 95% ethanol (Fis8eeentific, UK) (fin clips)

ready for extraction.

2.1.1.1 Phenol-chloroform method

The protocol used in the present project is spmdlfi designed for the rapid
extraction of salmonid DNA from fresh, frozen ormamol preserved samples
(Taggartet al, 1992). The expected quantity of DNA obtainedgghis method is
dependent on the tissue used, eg liver, blood,oadipmuscle etc, and can vary
significantly the amount of DNA obtained; rangimgrh 10 to 250 micrograms (pQ)
DNA. The size of tissue sample also affects DNAIdji standardisation was

therefore important.

Dependent on the storage conditions of the tissamples were either thawed or
were blotted free of ethanol and allowed to air bejore a biopsy punch (Kruuse,
UK) of 3 millimetre (mm) diameter () was takenadh sample was placed into an
individually labelled autoclaved 0.5 ml Eppendaitbé containing 10 microlitre ()
Proteinase K (ABgene, UK) at 20 milligram (mg)/mida340 pl of TEN buffer (0.2
molar (M) ethylenediaminetetra-acetic acid (EDTA) pH 8.0 with 0.5%
weight:volume (w:v) sodium dodecyl sulphate (SDSgma, UK). The Proteinase
K reduces proteins to their component amino acmds)st SDS causes cells to
rupture, initiating protein denaturation. The tsleere mixed briefly then placed in
a rotating oven (Techne Hybridiser HB-1: Techne,) U incubate at 5%& for
approximately 16 hours (hr). Following incubatidt@ pl Rnase (Dnase free at 2
mg/ul: ABgene) was added to the solution and shakgarously. A further

incubation period to digest and remove traces oARNowed; 60 minutes (min) at
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37°C. Phenol (Fischer Scientific) was added at 35 tube to extract the
denatured protein from the DNA solution. This vi@kdowed by vigorous shaking
for 10 seconds (s) before gentle turning for 12@amin. The process was mirrored
with the addition of 350 pl of chloroform (Fisch®cientific) to each tube to absorb
and eradicate traces of phenol, before the tubee slaken for 10 s and turned
gently for 15 to 20 min. New autoclaved Eppendobies required labelling whilst
the samples were centrifuged at 10,000 gravitakifomae (xG) for 5 min to create
separation. Upon removal from the centrifuge a BiNlAd top aqueous layer was
apparent, of which 300 pl was removed (using a whdee pipette tip) and
dispensed into the new tube. Nine hundred pl &b S#hanol (volume:volume
(v:v), distilled water) was added to the new tulvesich was then mixed vigorously
to precipitate out the DNA pellet. A rest perigd2oto 3 min allowed the pellet to
fall to the base of the tube, so that the 92% etheould be decanted, and replaced
with 70% ethanol (v:v, distilled water). The tubsere then turned gently for at
least 30 min, acting as a wash, before the ethaaslremoved and the tube allowed
to air dry for 5 to 10 min. The pellet was resusfer in TE buffer (10 mM
electrophoresis purity reagent Tris (hydroxymethyBmino methane (Tris: Biorad,
USA), 1 mM EDTA, pH 8.0) and left to dissolve fo4 20 48 hr. Aliquots of the
stock solutions were transferred to 96-well plgfeEB8gene) and the concentration of
extracted DNA determined using a 6405 UV/Vis spmafiotometer (Jenway, UK);
additional TE was added where required to maint@irfl0O0 pg/ml working
concentration (protocol modified from Taggaet al, 1992). Both stock and

working solutions were stored at <20

Prior to using the working solution, the DNA wasdgired by heating to 96 for
15 min. Phenol-chloroform extracted DNA was preddrwhere high quality DNA

was required and long periods of storage was negess

2.1.1.2 Chelex method

A 10% Chelex solution (1:10 w:v, (Chelex (Sigma)T& buffer) at pH 8.0, plus

0.1% SDS) was warmed (approximately®Pand continuously spun using a Bibby
HB502 centrifuge (Bibby, UK) to create an even rilisition of beads to assist in
their uptake. Using a wide bore pipette, 100 ps$atition was dispensed into the
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number of required wells of a 96-well plate to whwas added 3 pl of Proteinase K
(20 mg/ul). As per the phenol chloroform methodsite was removed from
individually labelled Eppendorf tubes and blotteg dr allowed to thaw. Biopsies
of the tissues were added to wells before the pleds sealed securely using
adhesive PCR film (ABgene) to prevent evaporatiotha incubation phase; %5
for at least 3 hr in a T-gradient thermoblock (Be&tra, Germany). At the end of
incubation the plate was centrifuged at 258 xGifanin before being returned to
the thermoblock for denaturation; @for 15 min. A further spin of 258 xG for 1
min was performed. When the solution was not usedediately, samples were
stored at -28C, although attempts were made to use the DNA withib weeks of

extraction.

2.1.2 Polymerase chain reactions (PCR) and primers

Three PCRs were used in this project, two of whitlhsed multiple loci due to the
large amount of information required for succespfuiental allocation (Multiplexes
1 and 2). These PCRs required vast optimisatiam tduthe intricate chemistry
involved in the reaction. Where qualitative answeere required for the detection

of Tetracapsuloides bryosalmonaeesingle locus PCR was used.

2.1.2.1 Single locus PCR

2.1.2.1.1 Primer preparation

Designed by Kengt al. (1998) the primers, 5f (CCTATTCAATTGAGTAGGAGA)
and 6r (GGACCTTACTCGTTTCCGACC), specific to the asite
Tetracapsuloides bryosalmonaeausative agent of proliferative kidney disease
(PKD), were used in the ‘PKD-PCR’. The primers avelissolved in molecular
biology grade (mbg) water (BDH Laboratory Suppliet) for 10 min at 55C,
resulting in a 100 micromolar (uM) concentratiofollowing a vortex, aliquots of
10 pl were stored at -20. When required, 2.5 uM working solutions (ws)reve

prepared by adding mbg water.
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2.1.2.1.2 PKD-PCR

Alterations were made to the method of Kengl. (1998) in the PCR preparation.
The necessary amount of each solution per sampepaaled into a single 1.5 ml
Eppendorf tube before being aliquoted into the iregunumber of wells of a 96-
well plate. Added into the tube were 8 pl mbg watepl of each primer, and 12.5
pl PCR master mix solution (2 x Reddymix, ABgené; .25 units Thermoprime
plus DNA polymerase, 75 mM Tris-HCL (pH 8.8 at’€%, 20 mM (NH),SO,, 1.5
mM MgCl,, 0.01% Tween 20, 0.2 mM dATP, 0.2 mM dCTP, 0.2 @@TP, 0.2
mM dTTP, precipitant and red dye for electroph@)esi The reaction volume
totalled 25 pl, including 2.5 pl DNA template. Bqgtositive and negative controls

were included in each reaction (see Section 2.BR.1

The actual DNA amplification process followed tltKent et al. (1998) where

DNA denaturation lasted 3 min at @4 followed by 35 cycles of amplification;
94°C for 1 min, 55C for 1 min, and 7Z for 1 min, ending with a 5 min extension
at 72C, all of which took place in a T-gradient thermmtk. Samples were then
mixed, pulse spun to condense the reaction mikenbbttom of the tube, and held

on ice awaiting gel electrophoresis.

2.1.2.1.3 Gel electrophoresis

All PCR products were checked under ultra violeV)Ullumination (UVS white
UV Syngene Ingenius transilluminator; Synoptics ,LtdJK) following
electrophoresis on a 1.2% agarose gel containitdidmn Bromide (EB). All
agarose gels and their buffers were sodium boict ¢€@BA) based, used at a 1x
concentration. Although dependent on the requarembunt of buffer and size of
gel, the majority were prepared by adding 80 mR6x SBA (1:100 w:v, 1 mol
sodium hydroxide pearls (NaOH) with mbg water, @H8t5) to 1920 ml of mbg
water making a 1x SBA solution. Two hundred niitids of the solution was
poured into a 500 ml flask and 2.4 grams (g) ottetehoresis grade agarose
(Invitrogen, UK) added. This was mixed, heated imicrowave until boiling, then
4 pul EB (2 pl/200 ml) was added to the solutiorobefbeing left to cool to handling

temperature. Whilst cooling, a suitable gel cagRiorad) was prepared and the
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necessary combs positioned. Once cooled the snlwias poured and allowed to

set (approximately 30 min).

The gel was placed into a compatible electrophsmesichine (Biorad), and covered
by the remaining 1800 ml of 1 x SBA solution. Tells were loaded with one of
four solutions; 7 pl of negative PKD-PCR productul’ of positive PKD-PCR
product, 7 pl of PCR product requiring analysis,7qul of DNA molecular weight
marker (@X 174 RF DNA Hae Il, 11 bands, size 721853 base pairs (bp):
ABgene). Due to the nature of SBA (see Brody aednK2004), the gel could be
used at 300 volts (v), 195 milliamps (mA) for 2026 min allowing enough time
for separation. Any positive bands were apparedBa bp; the size of which was

determined from the nuclear weight marker.

2.1.2.2 Multiple locus PCR

2.1.2.2.1 Microsatellite loci

The microsatellite loci and subsequent multiplexRBGn the present project were
largely influenced by Fishbackt al. (1999). In order to ascertain enough
information to allow parental allocation, as maagilas possible were incorporated
into one of two multiplex systems. A total of tericrosatellites were selected,
seven comprising multiplex 1, and three in multipe (Table 2.1). Either the

forward or reverse primer was labelled with on¢hoée WellRED fluorescent dyes;

dye 2PA (black), dye 3PA (green), or dye 4PA (bl(Rrpligo primers and probes,
USA).
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Table 2.1 - Primer and loci information for multiplex PCRs used in the project

Locus Primer Sequence Dye Range (bp) No. Alleles ItipMex
OmyFGT14TUF_R 5 — AGAGGGTTACACATGCACCC -3 3PA 203 -211 5 1
OmyFGT14TUF_F 5 —TGAGACTCAACAGTGACCGC -3
OmyFGT10TUF_R 5 — GCTCATGAACTGGGCTTCTC -3 3PA 148 - 178 8 1
OmyFGT10TUF_F 5 — AAGCGAAAGGTGAAGAAAAGC -3
Ssa20.19NUIG_R 5 — CTAGTTTCCCCAGCACAGCC -3 4PA 66 - 92 13 1
Ssa20.19NUIG_F 5 — TCAACCTGGTCTGCTTCGAC — 3’

Omy325U0G_R 5 — CGGAGTCCGTATCCTTCCC - 3 2PA 104 - 150 18 1
Omy325U0G_F 5 — GAACTTTGACTCCTCATTGTGAG - 3

SSOSL439 F 5 — AGTCAGGGGGGAGTGTAAAGGTT - 3 4PA 108 - 174 19 1
SSOSL439 R 5 — TGCTGCTGGCACTAAGTGGAGAT -3

Onel8ASC_R 5 - AAACCACACACACTGTACGCCAA -3 2PA 166 - 186 8 1
Onel8ASC_F 5 — ATGGCTGCATCTAATGGAGAGTAA -3

Omy27DU_R 5 —TTTATGGCTGGCAACTAATGT - 3 3PA 99 -131 9 1
Omy27DU_F 5 —TTTATGTCATGTCAGCCAGTG — 3’

OmyFGT15TUF_R 5 — GGTACACACAGCTTGATTGCA -3 2PA 145 - 169 7 2
OmyFGT15TUF_F 5 — ATAGTTTCCACTGCCGATGC -3

Ots1BML_F 5 — GGAAAGAGCAGATGTTGTT -3 4PA 162 — 272 16 2
Ots1BML_R 5 — TGAAGCAGCAGATAAAGCA -3

OmyFGT23TUF_R 5 —CTATTGGGGGTTGTGTTCCA -3’ 3PA 97 —-121 9 2

OmyFGT23TUF_F 5 — ATTCGTGCGTGTGTACGTGT -3

2.1.2.2.2 Multiplex PCRs

The two multiplex systems were configured followiag lengthy optimisation

period. In the majority of instances PCR amplifica took place in 0.2 ml 96-well

plates, sealed with adhesive PCR film, using al tedédume of 15 pl; 6 pl mbg

water, 2.1 pl of fluorescently labelled primer amlabelled primer (1:1, v:v), 280
MM of each dNTP (0.84 pl: ABgene), 2.0 uM Mg(l.2 pl: ABgene), 3 pl Buffer

I (75 mM Tris-HCL; 20 mM (NH).SQ;, 0.01% (v:v) Tween® 20: ABgene), 3

Units Taqpolymerase (ABgene), and 1.5 pl of genomic DNApassd to be ~100

ug.

As the loci used had various optimum annealing tnafprres, it was necessary to

use a T-gradient thermoblock touchdown PCR progadlowing simultaneous loci

amplification and the suppression of any spuriotefact bands (Fishbaadht al,

1999). Multiplex 1 consisted of the following pitef 1 cycle of 95C for 3 min,
followed by 10 cycles of 9& for 30 s, 65C for 1 min (-0.5C per cycle), and 72
for 4 min, then 30 cycles of 85 for 30 s, 60C for 1 min, and 7Z for 4 min,

ending in one cycle of 72 for 45 min. Multiplex 2 followed the same seqcen

but used 12 cycles of 80 for 1 min (-0.5C per cycle) at the initial annealing stage,
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and reduced from 30 cycles to 28 cycles at an dinge@mperature of 5€ for 1

min.

Although the multiplex systems mimic closely thert of Fishbaclet al. (1999),
significant modifications were made during optimisa. The predominant
differences were the amount of, and way, primersewesed. Primers were
dissolved in biological grade TE to make a stodkitian, before being pooled and
diluted in mbg water to produce a working conceiaraof 10 uM. The following
volumes (ul per sample) were added to each muttipheultiplex 1 (7 loci),
OmyFGT14TUF, 0.12; OmyFGT10TUF, 0.2; Ssa20.19NWA,2; Omy325U0G,
0.54; SSOSL439, 0.52; Onel8ASC, 0.40; Omy27DU, ,0aB8 in multiplex 2 (3
loci), FGT15TUF, 0.30; Ots1BML, 0.11; OmyFGT23TUF80.

2.1.2.2.3 Microsatellite screening: genescanning

All microsatellite screening was undertaken on ohéwo Beckman Coulter CEQ
8800 machines (Beckman Coulter Inc, USA). By sitig a capillary

electrophoresis-based machine possessing a plamegeh a high volume of
samples could be analysed in a relatively shortespétime; up to one hundred and
ninety two samples in less than 24 hr. The cheynrgiquired to load and run the

samples was supplied by Beckman Coulter Inc, RolgrUSA.

Slight adjustments were made to the fragment aisahysthod protocol supplied by
Beckman Coulter to allow for variable dye concetntrgs present in the multiplex
PCR products. Within a 96-well Beckman Coulterdiog plate, 30 pl of sample
loading solution (SLS) and 0.25 pl of size stand4@® (SS-400; 400 bp with
WellRED dye D1) were added to each well alreadyt@iomg 0.9 pl of PCR
product. The plate was then centrifuged at 258foGL min to mix, before each
sample was covered with a drop of Sigma minerat®iprevent evaporation. A
separate Beckman Coulter 96-well buffer tray wdkedi with 125 pl CEQ
separation buffer per well. Both sample and buffietes were then loaded into a
CEQ 8800 where onscreen instructions were follow&te option of running two
plates simultaneously was selected, before a 28epdration gel cartridge (Genome

LPA-I) was installed. Following setup, the CEQ 880as left to separate samples
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using the 33 centimetre (cm) 75 micron (um) capiliarray, whilst a wetting tray
had been filled with mbg water to prevent the dapés drying between analysis of

roOws.

The analysis parameters for microsatellite screpoould be stored on the machine
and analysis conducted whilst separation occuwedlata could be transferred to
personal computers specifically maintained for Beak Coulter data. One
parameter requiring immediate setting was the amalyarameter Frag-3; used for
fragment analysis of the size range 60 to 420 Bfi. other parameters required

manual optimisation from the default settings & Beckman Coulter software.

2.1.2.2.4 Microsatellite screening analysis — genotyping

The parents of the offspring requiring analysis evessed to set up all analysis
parameters due to the fact any alleles presertamarental population could be
present in the offspring. Therefore locus tagsen@mpiled on the sire and dam
information. Each tag required optimisation, bilif@lowed the Beckman Coulter

criteria of: search for stutter, a stutter detactieindow width of 1, detection of

stutter longer and shorter than allele, spuriouakpeetection, as well as +A
detection, including; apparent size includes +Aedion of +/-A, and use +A peak
to call alleles. Optimised criteria included mawim relative stutter peak height
(MRSPH), maximum height for spurious peaks (MHF&R) the resultant allele

confidence intervals (ACI) from the locus tags gened.

Further optimisation was required for fragment gsigl All data was subject to
automatic analysis conditions of size standard 4@ing a cubic model, dye
mobility calibration phosphoramidite synthesis pens version one (PA ver 1), a
slope threshold of 1, relative peak height thres$lwdl0%, the identification of short
tandem repeat (STR) alleles, and tagging of STR Pmy27DU, Omy325U0G,
Onel8ASC, OmyFGT14TUF, SSOSL439, OmyFGT10TUF, asal8.19NUIG in
multiplex 1; and OmyFGT23TUF, Ots1BML, and OmyFGTWS in multiplex 2.
In every instance samples were manually checkedaise of allele or loci
miscalling. All analysis was completed using tHeQC8800 version 7.0 software

supported by associated training guides on fragraealysis, locus tag generation,
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and allele list generation (Beckman Coulter, 2004d&esultant genotype lists were
then compiled and exported to Microsoft Excel inegaration for parental

assignment.

2.1.3 Parental assignment; software and analysis

The program used to determine parentage in theemirgsroject was family
assignment program (FAP) version 3.1 (Taggart, 2000vo other programs had
been considered and tested (Cervus version 2.GsHdlet al, 1998, and, Package
for the analysis of parental allocation (PAPA): Dasne, 2005) but due to the fact
CERVUS assigns the two most likely parents by using as a known parent,
restricting the alleles available to match the selcparent and PAPA assigns the
most likely pair of parents regardless of sex, hegitof these likelihood-based
programs were used and FAP was selected as theefiwgnt for this project.
Complementing the breeding design, FAP used exalysiinciples in its predictive
analysis, assuming a closed environment where ithais tested are the progeny of
known parental combinations for which full genotypiata is available (Taggart,
2000).

All genotype data was configured to a six digit leac format for each locus (eg
122124. Where genotypic data could not be attained doparticular locus
‘000000 was entered as a substitute. It was necessargotwvert the Excel
spreadsheets containing data into tab delimitedfterat to run FAP. Once data
was entered correctly (for formatting see Tagga@Q0) the program used ten
simple steps for analysis; enter parental genotymetect locus tags to be
considered, select not to include mt haplotypesamalyses, select ‘A’ for
assignment analysis, enter progeny file name, naswdt file, select zero for allele

size tolerance, and six for mismatch toleranceprigeéxiting to view the results file.
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2.2 Immunohistochemistry

2.2.1 Supply, culture, and maintenance of monoclonabaudties

Cryopreserved hybridoma cell lines, A8 (made ind®unstitute of Aquaculture,
University of Stirling, and known to bind to secamng cells) and D41, known to
produce effective anfl~ bryosalmonaemonocolonal antibodies, were removed
from liquid nitrogen and allowed to thaw (Morret al, 1997). Each vial was
pipetted into a 40 ml flask (Nunc, Denmark) and h@dml of Dulbecco’s modified
eagles medium (DMEM: Sigma-Aldrich, USA) added,spadditives (L-Glutamine
(200uM), sodium pyruvate, penicillin/streptomyciBigma), and 10% foetal calf
serum (Sigma). (For a detailed description of phecesses leading up to the
successful production of anfi- bryosalmonaenonoclonal antibodies, see Morris,
1996). Cells were checked every second day torernkare was a plentiful supply
of medium, no contamination had arisen, or a bugddf acidic conditions occurred
(identified by a colour change from red to yellow the medium). For media
requiring replacement or supplementation, DMEM waithditives and 10% FCS

was used.

To replenish the stocks of A8 and D41 used, aligabtthe cultured cell lines were
cryopreserved. Cells were checked under a micpesdo ensure a sufficient
number were present. They were then harvested fiesiks by pipetting media into
15 ml centrifuge tubes. These were pelleted byrifeging at 10,000 xG for 7 min.
As much media as possible was removed without ristg the pellet before
resuspending the cells in DMEM containing 20% dmyetsulphoxide (DMSO;
Sigma). The resuspended cells were aliquotedhballled cryotubegNunc), and
wrapped in insulation material to allow a slow #eg process; thought to prevent
ice crystals forming in the cells, which would se@pgently damage them. The vials

were then stored at -7 overnight before being transferred to liquid aen.
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2.2.2 Preparation of samples

Rainbow trout were over-anaesthetised in a 10%, (gtivanol) benzocaine solution
(Sigma-Aldrich) before being euthanased by cutting spinal cord. A ventral
incision from jaw to anus was made and the postdiidney and spleen were
removed and placed in a vial of 10% neutral buffefermalin (NBF; sodium
dihydrogen phosphate (monohydrate) 4 g/ litre Biysodium hydrogen phosphate
(anhydrous) 6.5 g/l, formaldehyde 40% 100 ml, mlagew 900 ml) for at least 24 hr
to allow fixation to occur. Transects of the tissuwere cut and placed within
individually labelled cassettes (Surgipath Europe, UK) before being submerged
in water. After a short period of soaking in watesmmples were processed using a
Shandon Citadel 2000 automatic tissue processoen(iim, UK), and then
embedded in paraffin wax (Tissue Tek Number 2, UKQnce set, blocks were
trimmed and soaked in distilled water for 1 hr befsections of 5 um were cut
using a Reichert-Jung Biocut microtome. The sastivere floated on to heated
water (~458C) and placed on poly-I-lysine coated slides (Satfi, UK). The slides

were labelled and placed in a drying oven &06for at least 1 hr.

2.2.3 Immunohistochemistry methodology

Tissue sections were prepared following the prdto€Adams and Marin de Mateo
(1994). In each assay kidney sections known tgdmgtive and negative fof.
bryosalmonaeinfection were included as controls. Slides wel&ced into slide
racks (Surgipath) as sections required dewaxinginaiaersion in two washes of
xylene for 5 min each. This was followed by relatdm in 100% ethanol for 5
min, 70% ethanol (v:v, distilled water) for 3 miand distilled water for 5 min.
Upon removal, sections were circled using a wavethdgjuid blocker (PAP pen,
Daido Sangyo Co Ltd, Japan) to ensure localisatbmreagents on the tissue
sections during incubation periods. All incubat&tages were conducted at room
temperature (~2£) in Hybaid omnislide slide racks within Hybaid nislide wash
sleeves (Hybaid Omnislide, UK) to prevent evaporati The first incubation lasted
10 min using 10% (v:v) hydrogen peroxide in methgosed to block endogenous
peroxidise activity) before sections were rinsedl aoaked for 3 min in Tris
buffered saline (TBS; 20 mM tris, 0.5 M sodium cide, pH 7.6; or phosphate
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buffered saline, PBS; 20 mM phosphate, 0.15 M suadahloride, pH 7.2). Non-
specific binding was blocked when sections wereitiated for 10 min with 10%
(v:v, TBS) goat serum (Diagnostics Scotland, UKJhe slides were tapped to
remove the majority of goat serum, and a mixturel)(lof the two antiF.
bryosalmonaemonoclonal antibodies, A8 and D41, were addedatth section and
left to incubate for 1 hr. Sections were then ethsvith TBS to remove the
antibodies and a 1:50 solution (v:v, TBS) anti-mebserse radish peroxidise (HRP:
Sigma) was added to each section and allowed tdate for 30 min. A further
rinse in TBS was required before sections were remvevith 3,3’-diaminobenzidine
tetrahydrochloride (DAB; 20 pM DAB, 5 ml TBS, 100l of 1% hydrogen

peroxide) for 15 min and left to incubate out viltle wash sleeve.

The slides were washed with tap water in the wéswve and left to soak for 3 min.
Once removed and transferred from the Hybaid ska&s back to Surgipath slide
racks, counterstaining was performed using Maydrgmotoxylin (3 mM
haemotoxylin, 1 mM sodium iodate, 0.1 M aluminiunotgssium sulphate
dodecahydrate, 5 mM citric acid, 30 mM trichloroat#gehyde hydrate) for 3 min,
followed by a 10 min flush in running tap waterhelsections were then subject to
alcohol dehydration of a minimum 3 min in 70% ethlaand then 100% ethanol.
Finally, sections were rinsed in two separate subimes of xylene for at least 5
min, before being coverslipped using Pertex (Sigamal) left to dry overnight. The
following day sections were viewed using light mscopy (Olympus CH, x40
objective: Olympus optical Co, UK), and if presemit, bryosalmonaeppeared

brown in colour.

2.2.4 Counting parasites

In order to asses the parasite load of infecteddyd, and subsequent correlations
between parasite number and kidney score (accorinGlifton-Hadleyet al,
1987), individuals used in the PKD challenges (G&iag) of this project had the
number of parasites within the kidney tissue sectimunted. Following the
methodology described by Higgins and Kent (1998) aorris et al. (2003a),
sporogonic and extrasporogonic stagesTofbryosalmonaewithin the kidney

sections were counted under 11 random fields of/&ex400 magnification (0.45
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mm diameter) under light microscopy. The totalgséie count was converted to
number per mf which was then plotted against the individualdnkiy score

following transformation of the dataset.
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2.3 Bacteriology

2.3.1 Source and quantification &feromonas salmonicida

The strain ofA. salmonicidaused throughout the study was isolated from arahtu
outbreak of furunculosis at a Marine Harvest site2005 A. salmonicidaMH,;
Crumlish, 2006 personal communication). This wiaisimed from the Bacteriology
department at the Institute of Aquaculture, Uniigrof Stirling. Being an
extremely virulent strain, it was decided that pg#sg the bacteria in fish was not
required prior to challenge experiments. Instealirect culture from a slope was
inoculated on to horse blood agar and incubat@®°at for 48 hr in preparation of a
standard curve (Appendix 1). Horse blood agareplatere prepared and sealed
using Nescofilm (Alfresa Pharma corporation, Japan)anticipation of the
challenges. The standard curve (concentratiorugesptical density) produced an
R? value of 0.931.

2.3.2 Challenge preparation and culture

A subculture was taken from the culture grown am hibrse blood agar and grown
on tryptone soya agar (TSA). This was incubate?2€ for 96 hr before several
colonies were removed with a loop and placed iptoye soya broth (TSB; 50 ml)
for 24 hr. After 24 hr, the bacteria were harvedig centrifuging the TSB culture
at 3000 xG for 10 min to produce a pellet. Theespptant was removed and
replaced with 5 ml of sterile 0.85% (w:v, distilledater) saline solution. At this
point, the purity of the bacterial suspension waecked by inoculation on to a TSA
plate to ensuréd. salmonicidawas the only bacteria present. Using the equation
obtained from the standard curve, y = 4.0061x, @ical density (O.D) of 0.25 was
calculated to achieve a 1 x%sblution. From here serial dilutions in 0.85% rsali
allowed the desired concentration to be made fgciion into test fish. Drop
counts were made on TSA plates af, I°, and 16 to quantify the actual dosage
injected. Although a 24 hr incubation period weaguired before drop counts could
be examined and actual concentrations calculatedas assumed that an injection
of 0.1 ml of a particular solution produced theidss (although approximate) dose

rate; ie 0.1 ml injection of 1 x #@roduces a dosage of 1 x*}er fish.
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2.3.3 Injection and bacteria recovery

Every fish used in Chapter 5 was injected intrapaaally (ip) with either 0.1 ml
0.85% saline (control fish) or 0.1 ml of tlhe salmonicidasuspension (test fish) at
the desired concentration. Following preparatisolutions were immediately
stored on ice to equalise methodology, but moreomgmtly to ensure shifts in
bacteria morphology and/or number were minimise@ihe solution containing
bacteria was therefore used within 1 hr followitgypreparation. Prior to injection
fish were anaesthetised using 10% benzocaine ay/ff and post injection were

recovered in highly aerated water.

As mortality or morbidity occurred, fish were rensolvfrom tanks (euthanased if
necessary) and sampled for the presenceAofsalmonicida Using sterile
equipment, an incision along the ventral surfacenfjaw to anus was made. The
internal organs were removed and a second stewigion allowed access to the
head kidney. Using a sterile plastic loop (TSChiecal service consultants, UK)
the sample was collected, inoculated on to a TS®#epland incubated at 2 for
48 hr in preparation of analysi®Aeromonas salmonicidaas identified, if present,
using pigmentation analysis, morphological ideaséfion, Gram’s staining, and

agglutination tests.

2.3.4 Pigmentation analysis and morphological examination

As A. salmonicidgroduces a brown diffusible pigment and due tofdlcefish used
in challenges were certified disease free by aifigghlveterinarian prior to the
study, it was highly unlikely that any brown pigmémund diffusing on TSA plates
would be caused by anything other thansalmonicida However, due to limited
experience with bacteri#. hydrophila also known to produce a brown diffusible
pigment, and potentially the only bacteria that Idobbe confused withA.
salmonicida was grown to allow comparisons to be made. Marti#ferences
could be observed in the growth rate and morpholaigthe two species. With
increased confidence in the ability to identy salmonicida all samples collected
were visually checked using pigmentation analyet morphological examination.

Additionally, Gram’s staining and agglutinationtsesvere conducted. Due to the
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limited requirement for the two methodologies (e disease-free certification of
the fish involved and the fae¢t. salmonicidahad been injected into test fish), as
well as time constraints, and the expense of coables only 10% to 20% of all

samples taken were analysed using Gram’s staimdggglutination testing.

2.3.5 Gram staining and agglutination testing

The following Gram'’s staining method was used tiglmut the project: first a loop
of sterile 0.85% saline was aseptically placedma tlean microscope slide. Then,
one or two single colonies &f. salmonicidawere removed from the agar plate
using a sterile loop. The bacteria were then effredsevenly into the saline and
across the slide, before being left to air dryddew minutes. The slide was passed
through a Bunsen burner to heat fix, and left tol ao preparation of the staining
protocol; immerse in crystal violet solution forrin, wash with tap water, inmerse
in iodine for 1 min, decolourise with acetone swintfor 2 to 3 s, rinse under tap
water, immerse in Safranin solution for 2 min, wasth tap water, remove excess
moisture, and allow to air dry. Once dry, the esfidvere microscopically examined
under x40 or x100 objective, using magnification. oiAll observations were

recorded, eg red/pink stained coccibaccili.

During pre-challenge experiments limited success waehieved in agglutination
tests with the rabbit polyclonal amii- salmonicidaantisera developed at the
Institute of Aquaculture, University of StirlingTo ensure a distinction could be
made between positive and negative results, a ragidutination test kit foA.
salmonicidawas used (BioNor AQUA Mono-As, Norway). The kiasvsupplied
with testing cards which made recognition of pesitand negative samples simple.
To use, a drop of the test reagent was positioneshoh test area before a colony of
bacteria was aseptically removed from the cultdagepand mixed into the solution.
After a few moments of tilting the test card, agmiation was obvious. For each
group of tests performed, negative controls wereluaged, using the same

methodology but replacing the test reagent withcitr@rol reagent provided.
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Chapter 3: Proliferative Kidney
Disease Cross Section
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3.1 Introduction

The importance of Proliferative Kidney Disease (BKBs an economically
damaging disease has been recognised for many. yelawrs2002 British trout
farmers gathered to discuss the significance amdribg of the losses associated
with the parasitic infection. Ranging from 25%1i@0% mortality and up to 100%
morbidity in most circumstances, recent years fsen the most severe outbreaks
of PKD and as a result, the greatest productiosel@scosting the industry up to
£1.8 million in Britain alone; a figure which comties to grow. As British rainbow
trout production increases and climatic changeionoes to elevate summer water
temperatures (known to increase the developmenthef causative agenfT.
bryosalmonagFerguson, 1981; Clifton-Hadlet al, 1986a; Gat al, 2001), the

situation is unlikely to improve.

At present, no functional and viable chemical, e vaccine, or prophylactic
treatment is available, leaving avoidance and msation of losses dominating
current husbandry and management practices on .fardkhough husbandry,
maintenance of equipment, optimising environmeptiameters, and minimising
handling and husbandry stressors can greatly redsmeciated losses (Seagrave
al., 1981; Le Gouvelleet al, 1999), management practices alone can not kedreli
upon for long term control. To date, the only noethof control is to naturally
immunise fish by delaying their exposure to clifliganfected waters until late
summer, as water temperature and PKD developmetfihee Fish exposed at this
time, effectively build a resistance in the followgi year (Ferguson, 1981; Elk
al., 1982; Hedriclket al, 1985; Foott and Hedrick, 1987; Morgsal, 2003a). This
natural approach will inevitably be preferred ovehemical treatment or
immunisation in an ever-increasing environmentabiypscious society, but it
dramatically reduces the productivity on affectathfs, increasing the time it takes
to produce market-sized fish. Further, the longateefficacy and required
management are far from ideal. As advances aresnmathe understanding of the
complicated lifecycle off. bryosalmonaethe likelihood of an effective vaccine

grows closer, but until such a time, alternativehmds must be sought.
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The development of rainbow trout strains less uifilsie to PKD is currently the
only logical step to suppress the disease in thigsBrainbow trout industry. To
date, the level of tolerance in cultured populaibias yet to be assessed. Natural
selection through the mating of survivors has re@rbattempted; segregation within
the industry means broodstock are kept on diffeséas to production fish, and are
therefore rarely exposed to the parasite, as dtrmesunformation of tolerance is
available at the individual, family, or even strééwel. Immunity may be apparent
in strains with limited exposure to the diseaseowklver, and conversely, farmed
strains may have developed a genetic resistancetawsntinual exposure, as
discussed by Browet al. (1991) in feral landlocked salmon. Both suggestio

imply selective breeding may be a future possibilit

For this reason, the objective of the current stweyg to detect the level of additive
genetic variation displayed in two commercial pe@pioins of rainbow trout.

Following exposure to a natural challenge, the rimfation gathered was used to
calculate estimates of heritability for preliminange in the development of a

selective breeding programme against PKD.
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3.2 Materials and Methods

3.2.1 Broodstock and mating design

In the winter of 2002 broodstock at the two farmgoived in the LINK project
(Houghton Spring Hatchery, Hampshire (HS) and Gidinwfish farm, Isle of Man
(loM)) were crossed to generate families for adasgale performance trial under
commercial conditions. The relationship among dstock was unknown.
Consequently, they were assumed to be unrelateces 8nd dams were mated
using a partial factorial design. Each sire waseahavith four to eight dams, and

each dam to four sires, resulting in 540 full- dwadf-sibling families.

loM utilised two lines, A and B, to generate 166hiiées, using 20 females (FI) and
20 neomales (NI) per line, whilst HS produced 3&8@ifies, generated by crossing
95 females (FH) with 50 neomales (NH). IoM broogktwere crossed to achieve
four strains; females were mated with neomales®fsame strain (ie AFI x ANI or
BFI x BNI) as well as crossed between strains ()| A BNI and BFI x ANI),
whilst HS families were produced from a single istrge FH x NH; Figure 3.1).
The mating design of IoM is illustrated in Figur@.3

At stripping, female broodstock were subject tgpade fin clipping to allow DNA

extraction (phenol-chloroform method), genotypinamd subsequent parental
assignment of their offspring, as described in @eneral Materials and Methods
(Chapter 2, Section 2.1). Females had passivgratted transponder (PIT) tags
injected into the body cavity for individual idefitation purposes, so they could be
identified for future selective breeding. Due tee tlethal methodology used in
extracting milt from neomales only fin clips werequired for genotypic

identification.
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Neomale (NH)
1 2 3 4 5 6 7 8 910111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50
[

Female (HS)

Figure 3.1 - Specific crosses of Houghton Spring bodstock used in the PKD
Cross Section study
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Neomale - Strain A (ANT) Neomale - Strain B (BNI)
12345678 910M1213141516171819201 2 3 4 5 6 7 8 931011121314 151617181920

[ = B B L N -y

Female - Strain A (AFI)
=

_ Strain B (BFI)

Female
]

Figure 3.2 - Specific crosses within and betweenrains of the IoM broodstock
used in the PKD Cross Section study
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3.2.2 Offspring: incubation to growout

Fertilisation, shocking, and hatching differed betw the farms by less than one
month. In IoM families, fertilisation took placen®2/11/2002. The eggs were
incubated as separate families following oM conurar practices.  Water
temperature was elevated in order to increase egglapbment, with shocking 11
days post fertilisation once the eyed stage had besched. Houghton Spring also
used heated water. Following fertilisation on 272002 HS families were
maintained separately according to HS commerciatlitons. Eggs were shocked
at the eyed stage (31/12/2002).

In the loM, after shocking, individual family sizegere assessed using an automatic
egg counter. Each family was split into three édasches to form three communal
populations. Once eyed, one of the egg batchestmasported from lIoM to
Iwerne Spring, a fingerling rearing site, where ptete hatch occurred by
17/12/2002 - 25 day incubation period. Once hatchee families were transferred
to growout tanks and reared to a normal fingerizg, before being transported to
Test Valley Trout farm, ltchen Abbas (TVT), whehey were held in a single tank.
Fifteen hundred of these fish were PIT tagged ¢~5( g), the balance were used in
commercial production on this farm. The HS fansiliehich hatched after a 30 day
incubation period, on the 16/01/2003, were ongrawnfingerling size using
standard commercial practice, before being traeddo the TVT site at ~2to 5 g.
Fifteen hundred from this population were held iseparate tank until PIT tagged,
the remainder were mixed with the loM fish and awgn under normal commercial

conditions.

3.2.3 PKD data collection

During the summer of 2003 (July to September),figh at the TVT site were
naturally challenged with PKD via exposure to erimoover water. Fish were
assumed to be infected due to the history of tiseadie on site, behavioural and
external symptoms, as well as the onset of moytalitsome stocks on site, where
dissected fish displayed internal symptoms of PKDn a single day in September

2003, 1500 fish were collected from the mixed ugeshpopulation, having been
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randomly selected from three tanks in proportionatembers to the stocking
regime; Tank 1 HS stock only, 250 individuals; TaRkHS stock only, 250

individuals; Tank 3 HS and IoM mixed (1:4 ratioPdD individuals. The fish were

euthanased, and one person was allocated to dsslgtength, body weight, and

kidney score to each individual. Fin clips werketa and stored in individually

marked, ethanol filled Eppendorf tubes for DNA axtion (Chelex method), and
subsequent genotyping, and parental assignmende&esibed in Chapter 2, Section
2.1).

PKD scoring was based on the scale of Clifton-Hadie al. (1987); Grade O,

kidney with no apparent lesions; Grade 1, kidnetyhwiight enlargement, especially
at the posterior end, but maintaining a dark relduring as for Grade 0 kidneys;
Grade 2, kidney obviously enlarged along its lengie capsule corrugated over
renal tissue, which has a mottled red and grey aapee; Grade 3, kidney
approximately six times its normal volume, with k&d corrugation of the kidney
surface and the capsule having a blue sheen; @adeney mottled pink and grey,
further swollen due to oedema, with clear fluid ming from cut surfaces and

gelatinous fluid adhering to the underside of tlil&y capsule.

3.2.4 Statistical analysis

3.2.4.1 Genstat

Genetic parameters were estimated using lineardnixedels performed in Genstat
Release Version 9.1 (VSN International, UK). Rettd maximum likelihood
(REML) analysis was used to provide genetic vagaastimates and subsequent

heritabilities using a linear mixed model:

Yikimng = W + tank + hsc + bi.damAjimng + Bi.pakimng + i, dabjumng + Siréko +

damip + @jkimng

whereyiumn iS the observational phenotypic value for tiafte kidney score, fork
length, or body weight) of individual kept in tankj, and with sireo and damp
from origink. W is the population mean for trajttank; is the fixed effect of tank
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for traiti, hsg is a fixed effect wittk representing fish strain (ie origin; HS or loM)
for trait i; sirex, is the random effect of sire from origin k; and dam, is the
random effect of danp from origin k, whilst ejmng represents the residual error
connected to trait To model the lines within the IoM strain threetlfier terms
were fitted as regressions with coefficients by, and B; for traiti: on the maternal
line origin (damAwmng = 1 if the dam was from line A, or O otherwise)y the
additive effect of line A (p@mng = 0, 0.5, or 1 if the parental contribution wesnf
neither, one, or both parent(s) of line A); andtlo& dominance deviation (Ggbing

= 1 if AxB or BxA, or O otherwise). Values of O veegiven to the regression

variables for HS fish.

The random effects of sijgedam,, and residual erroefumng) Were considered to be
independent random normal variables with mean zamd, variances denoterf,
o4’, and o, respectively. Total phenotypic variance was deto’, and was
estimated as = o+ o4” + 0o~ Genstat estimates of heritability are expressed
narrow sense heritabilities, ie the ratio of theliade genetic variance to the total
phenotypic variance, which was calculated using Waunction procedure in

Genstat, and following formulae from Falconer (1981
4(cd) | o, from the sire variance componéut
4(og%) | o2, from the dam variance componégt

Combined estimates, relying on information fromtbparents, is more precise and
therefore favoured over single parent estimatesowdv¥er, combined estimates
assume that the dam component contains no othecesoof variance other than
additive genetic (as is assumed to be the caghdagire). To test this, a likelihood
ratio test was conducted to look for evidence thatdam component was larger
than the sire variance. This is most easily cdroat by defining sire and dam
components as a ratio with the residual error wagays = oo’ andyg = o47/ce>

and testing a null hypothesis,Hs = yq4 against an alternative hypothesis; il #

vd- This was completed within Genstat for each traihey values for sire and dam

were constrained to be equal within Genstat, befoaaually entering appropriate
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values to 5 decimal places to minimise the deviaradae. Once the value that
minimised the deviance was attained, the valudhefdeviance obtained from the
constrained model was compared to the deviandeeoditiginal model whergs and

vd were not constrained to be equal. The differentehe deviance was the
likelihood ratio test statistic for testing; ldgainst H and was compared G at 1
degree of freedom, using 95% significance leveB4B. Ninety-five percent
confidence intervals (95% CI) were defined by themimum deviance values
required to reject the null hypothesis. For altiat@s the null hypothesis was
accepted, and the equation®h= 4y/(2y+1), was used to estimate combined

heritability.

3.2.4.2 ASReml

Data was also processed using ASReml version ftivae (VSN International,
UK) to identify genetic (co)variation, and subsequeorrelations. ASReml takes
into account all relationships between the analysdviduals as well as the crosses
between the sires and dams. It therefore provalesore direct estimate of
heritability without the need for the manual itevat With more complex pedigree
structures it is also capable of producing a m@®ieate estimate of heritability.
Although results from Genstat are displayed witthie results section, the final
statistics are derived from ASReml. In particuk®Reml provides a means of
estimating genetic correlations)ibetween the traits. These differ from phenotypic
correlations as they are estimates of correlatioetsveen breeding values. This
requires multivariate analyses, which can be hahtilg ASReml. The analysis
fitted the same fixed effects as the univariate ehoout the random effects of sire
and dam were replaced by an individual tegrmkbg, plus an additional term for the
dams. This term was considered random with a (ciwvee matrix given by ?A.

Estimates of heritability were then estimatechf)y Va/Vp.

To calculate £, the multitrait analyses fitted a (co)variance mxafior the additive
genetic varianc&a across traits, and a matrix for the residual ¢$f@¢. For two
traits, eg y and zarwas estimated baa,., /(cay oaz), Whereoay® andoa ;2 are the
additive genetic variances for y and z, ang, is their additive genetic covariance,

all obtained fronXa.
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3.3 Results

3.3.1 Molecular biology

Having successfully optimised the two multiplex PCR was noted that locus
OmyFGT10TUF was uninformative. Its removal frone tinultiplex was tested
with negative results. In order to prevent a defaylata collection, its use was
continued in the system, although its informatioaswiot. This lowered the total
loci used to nine. The optimised genotyping cidtdor each locus are displayed

below in Table 3.1.

Table 3.1 - Analysis information produced by Beckma Coulter software for
locus tags used in the multiplex systems

Locus MRSPH MHFSP ACI
OmyFGT14TUF 30% 30% 0.60
OmyFGT10TUE 75% 75% 0.72
Ssa20.19NUIG 80% 80% 0.74
Omy325U0G 85% 85% 0.70
SSOSL439 75% 75% 0.83
Onel8ASC 75% 75% 0.43
Omy27DU 60% 60% 0.83
OmyFGT15TUF 60% 60% 0.50
Ots1BML 65% 65% 0.60
OmyFGT23TUF 65% 65% 0.41

"Locus proved to be uninformative, and its use alysis was removed; MRSPH — Maximum
relative stutter peak height; MHFSP — Maximum hefgh spurious peaks; ACI — Allele
confidence interval

The FAP program used for parental allocation sisfoély allocated 86.14% of the
1500 offspring genotyped for this study. The cdefice in the allocation is high
due to previous testing conducted. Although sismatches was selected for
analysis, results data relied only on zero or ommatch information. To ensure
the reliability of this data, the zero and one nasrh individuals were tested;
specific alleles were changed to the most commleteadf a particular locus. Inthe
100 zero mismatch individuals tested, the majocitanged to one mismatch as
expected or did not change at all. In a minoritycases, the results showed one
mismatch with multiple families, or multiple fangs with no mismatches. In the
100 one mismatch individuals, 13 were found to mdirectly called at a single
locus. Therefore, 25 individuals were subject @RRusing only their weakest locus

(Omy325U0G, SSOSL439, or Ots1BML). At locus OmyB2%&, 29% were
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miscalled, at locus SSOSL439, 25% were miscalled, mone were miscalled at
locus Ots1BML. Overall 67% of the one mismatchiviglals subject to single
locus PCR were miscalled. When the most commazieallat specific loci were
replaced, the result remained the same (one mismhtd not necessarily at the
same locus), changed to two mismatches or to nmatches, all of which kept the
same single family; in only 2% of the hundred tdstihe family changed. This
implied that both zero and one mismatch individwedse reliable, providing only

single family matches were used.

3.3.2 PKD resistance

Data and/or pedigree information was available fro801 individuals, including
1287 offspring and 214 parents; 89 sires and 128sdaOf the 1287 offspring,
1029 were allocated to a parental crossing witlo zeismatches, whilst 258 were
allocated with a single mismatch. RepresentatofedS comprise 60.36% of the
data, the remainder coming from IoM. The propartig fish sampled taken from
each tank equated to 214 from T1 (HS stock onl¥® #om T2 (HS stock only),
and 859 from T3 (HS and loM mixed, 1:4 ratio); 343, and 516 loM. The data

overall, and divided into distinct categories, smenmarised in Table 3.2, below.

Table 3.2 - Structure of the PKD Cross Section data

Total number of individuals with pedigree and/otada 1501
Total number of offspring with pedigree and datadfll; HS, 1oM) 1287; 771, 516
Total number of parents with pedigree 214

- of which were dams (Overall; HS, IoM) 130; 85, 4

- of which were sires (Overall; HS, loM) 89; 50, 39
Number of full-sib families represented (Overals HoM) 397, 261, 136
Number of dams per sire (Mean; range) 3.18;1-4
Number of sires per dam (Mean; range) 4.46; 1-8
Progeny per full-sib family (Overall mean; range) .28 1-18
Progeny per HS full-sib family (Mean; range) 2.9518
Progeny per oM full-sib family (Mean; range) 3.1913

Offspring displayed the full range of kidney scor@do 4 inclusive. Mean values
between HS and IoM differed significantly (P<0.00&)th HS having a mean
kidney score of 0.46 lower than loM. IoM fish webeth longer and heavier,

statistically, than those of HS, with differencesnean values between the stocks of
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10.92 mm and 13.91 g, respectively. No differewes found between the A- and
B-only lines of the 1oM strain or the diallele cses. Overall mean values - where
data was calculated from all 1287 offspring - w2rE9 (kidney score), 150.95 mm
(fork length), and 62.29 g (body weight). Meansheir standard errors (SE), as

well as the range for each trait are illustrateldwen Table 3.3.

Table 3.3 - Mean kidney score, fork length (mm), ash body weight (g) overall,
and per strain + SE for PKD Cross Section data

Trait Mean + SE Range n
Overall kidney score 2.19+0.03 0.00 - 4.00 1287
Overall fork length 150.95 £ 0.51 40.00 — 204.00 812
Overall body weight 62.29 + 0.59 11.10 - 189.40 728
HS kidney score 2.01+0.04 0.00 - 4.00 771
HS fork length 146.57 + 0.60 40.00 — 195.00 771
HS body weight 56.71 + 0.63 11.10 - 121.50 771
oM kidney score 2.47 +0.05 0.00 - 4.00 516
loM fork length 157.49 +0.82 100.00 — 204.00 516
loM body weight 70.62 £ 1.02 18.30 — 189.40 516

Following the identification of additive genetic nation, estimates of heritability
were calculated, and found to be moderate to hmgdllicases (Table 3.4). When
calculated for each strain, estimates differed OyL® in all traits; higher in the loM
stock. The estimates of heritability for HS wer23) 0.38, and 0.33, for kidney
score, fork length, and body weight, respectivellyjlst loM displayed estimates of
0.35, 0.53, and 0.50 for the three traits. Thedenates were against the overall
estimates of 0.31, 0.44, and 0.41, respectivelpl@ 8.4, below). (All estimate of

heritability to this point calculated using Genjtat

Table 3.4 — Overall estimates of heritability + 95%Confidence Interval (Cl) for
kidney score, fork length (mm), and body weight (g)calculated using Genstat
for PKD Cross Section data

Trait Lower 95% ClI h* Upper 95% ClI
Kidney score 0.20 0.31 0.41
Length 0.31 0.44 0.58
Weight 0.29 0.41 0.54

Genetic correlation between fork length and bodygimewas high and positive;
0.98. The calculated genetic correlation betwesa and kidney score was found
to be moderate and negative; against body weigt®4-+ 0.16, and between fork
length and kidney score, -0.36 + 0.15. The estsaf heritability calculated using
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ASReml £ SE, and correlations between the traigsétic and environmental) are

highlighted in Table 3.5, below.

Table 3.5 — Overall estimates of heritability * SE, genotypic, and
environmental correlations calculated using ASRemfor PKD Cross Section
data

h®+ SE Fork length Body weight Kidney score
Fork length 0.43+0.08 0.89 -0.41

Body weight 0.98 0.42 +0.08 -0.34
Kidney score -0.36 £ 0.15 -0.34+£0.16 0.19 + 0.08

Genetic correlations below, and environmental datigns above the diagonal values of heritability
(calculated using ASReml)

The additive genetic covariance was high for lersgtd weight, and moderate for
kidney score. The genetic and environmental camags used to calculate the
phenotypic correlations of fork length and body gi#j 0.93; fork length and

kidney score, -0.38; and body weight and kidneyec®.33 are illustrated in Table
3.6, whilst the phenotypic trend of larger size alijng lower kidney score is shown

in Table 3.7. Both the average fork length andraye body weight of rainbow

trout measured display the trend, with minimal kgrswelling (kidney score: 0)

displayed in the larger fish of average fork lendtB2.50 mm, and average body
weight, 103.80 g, whilst the most severely affecfisth (kidney score: 4) are

distinctly smaller at an average fork length of #83mm, and average body weight
of 55.94 g.

Table 3.6 - Genetic and environmental covariationdr the traits, fork length
(mm), body weight (g), and kidney score from indivduals in the PKD Cross
Section data

Trait Fork length Body weight Kidney score
Fork length 175.80 -5.04

Body weight 145.0 -4.78

Kidney score -1.90 -1.97

Genetic covariation below, and environmental cateon above diagonal.

Table 3.7 - Average fork length (mm) and body weigh(g) of fish assessed in
the PKD Cross Section using the scale of Clifton-H#Hey et al. (1987)

Kidney Score Fork length (mm) Body weight (g)
0 182.50 + 4.30 103.80 + 6.41

1 156.29 £ 0.79 67.37 £1.03

2 151.88 £ 0.88 62.30 £ 1.00

3 146.08 £ 1.19 57.90+1.24

4 143.45+1.26 55.94 +1.38
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3.4 Discussion

This study was possible due to known pedigree &tres on the farms involved and
the careful management used to maintain familygnitg as well as the genetic
technology available to distinguish families usimgcrosatellite markers. The
objective to test for the existence and level aditiee genetic variation for PKD
score within the farmed populations of rainbow trimvolved in the project proved
to be successful. The two populations display @enate level of additive genetic
variation for PKD score, as well as high levelsaddlitive genetic variation for body
weight and fork length. When genetic correlatisrese produced, an expected high
and positive relationship between the two produnctiaits was found, whilst in the
case of either production trait and PKD score, alenate and negative genetic
correlation was observed. Estimates of heritghiliere calculated for all traits, and
appear to be paralleled by other salmonid populatig&inghorn, 1983; Gjedrem,
1983, 1992, 2000; Gjerde, 1986; Gjedretal, 1991; Henryoret al, 2002; Pante
et al, 2002; Perryet al, 2004). The additive genetic variation detectedhe
present study indicates selective breeding for P€Bre can be successful within
the HS and IoM strains.

Challenges under commercial conditions may be weagea more realistic synopsis
than experimental testing, as fish are exposed teast range of additional
pathogens in the culture environment, and in unkn@uantities. However, it
could be argued that the results of the presedysite masked due to effects of the
culture environment, secondary pathogens, or hgldmt; despite the inclusion of
model terms to account for such sources of variambere possible (ie tank).
Kolstad et al. (2005) noted that infection in the wild is highigriable in time and
magnitude when conducting a field experiment torowp the resistance of Atlantic
salmon to the sea louskepeophtheirus salmonisecommending that challenge
experiments should be used where selective breésliogoe implemented. In order
to support the preliminary findings of this studlyjs necessary to reproduce the
results under controlled experimental conditiodsdditionally, the validity of the
scoring system may be open to question. Although person conducted all

measurements for kidney score, and the scoringemystf Clifton-Hadleyet al.
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(1987) is very comprehensive and can be followesdlyeat must be stressed that
observational characters are extremely subjecawvel can vary from person to
person, or even over time. It is therefore impeeato consider observational
results, such as those in the present study, spézithe population tested (Kolstad,
2005). Comparisons are possible, as differencesldiibe a matter of degree rather
than kind, but in each instance the measuremehniggee and population from

which results came should be described.

The phenol-chloroform DNA extraction method usedha present study has had
limited success with some species (ie perBlr¢a fluviatilig, roach Rutilus
rutilus), and stickleback), but the technique has provedcessful with most
salmonids. Phenol-chloroform extraction was usedtiie parents in the present
study, due to the high quality of DNA produced dad risk of degradation in
storage; an advantage when archives are requiradi@n genotyping errors occur,
as was often the case here. Chelex extracted Di¥A dot share the advantages of
phenol-chloroform extracted samples, as the DN&¥ jgoorer quality and storage is
limited to only a few months even when at °@0 However its use is compensated
by the simple, fast, and safe extraction protoowbived. All the reagents used in
the Chelex extraction process pose no immediatgedten the user, it is simpler as
the substances are added to a single Eppendorfoiubé-well plate well before
adding the tissue, and it is faster due to the &thermocycler can be used for
incubation and denaturing stages. ConsequentlgleQiwas ideal for the offspring
analysis, where a high throughput of samples wasired in a short period of time.
Further, Chelex is advantageous for microsatedi@lysis. Requiring DNA of
relatively low molecular weight (<3 kilobase pajrbecause sequences of interest
are short (<500 bp), the shorter fragments produtech Chelex extraction
improves the binding of primers with the targetisstre, excluding the purification

process needed in many other protocols, saving time

The microsatellite analysis used in the study vedescsed based on the high level of
inter- and intra-specific polymorphism displayed the markers, as well as the
advantageous Mendelian codominant inheritance ajisdl for microsatellites. The

number of markers available within the genome matkesn an ideal tool for
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determining parentage (Wikipedia, 2007). In raimbtout, the methodology has
already been applied successfully in aquacultuogepts (Herbingeet al, 1995;
Fishbacket al, 2002; McDonalcet al, 2004), with up to eight primers combined in
a single multiplex for salmonid analysis (Fishba&tlal, 1999). The increased and
improved development of fluorescently labelled wmsatellite markers and
automated sequencing machines seen in recent timezms loci with overlapping
product sizes can now be differentiated at theysimabtage. Although this is time
consuming in preparation, due to the fact primeesganerally designed in isolation
and annealing temperatures vary between loci ceraidy, the development of
successful multiplexes used in this study savedh biote and resources over the
course of research. By pooling primers togetheone solution, it reduced the
number of PCR reactions required to achieve theesasult. The uninformative
locus left the number of loci suboptimum for theoject, but those used were

sufficient to provide enough information to allowrpntage assignment.

Parental assignment was previously based on emolaisi power using a small
number of loci, but improved statistical analyss&ng computer based likelihood
methods has resulted in the ability to increasentimber of loci used, improving
the confidence level of the parental match. Theesss of assignment in this study
is similar to the levels of allocation in other s involving aquatic species
(Norris et al, 2000; Rodzeret al, 2004; Sekincet al, 2005), including rainbow
trout (Herbingeret al, 1995; Fishbaclet al, 2002). Vandeputtet al. (2006)
discuss how assignment by exclusion, using multgrld polymorphic loci, can
create genotyping errors in parentage assignmentalmismatching, whilst Jones
and Arden (2003) describe how exclusionary assigmicen be extremely fragile as
a single mismatch between parent and offspringh@ugh to exclude one of the
parents. In the present study the FAP program dsegarentage assignment
ensured that both parents were taken into congideras the mating design, and

parental combinations could be entered into thgnar prior to analysis.

Additionally, problems associated with null allelescurred in the analysis which
required attention. Null alleles can be causedpbyr primer annealing due to

nucleotide sequence divergence in one or both ifl@nlprimers, differential
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amplification of size variant alleles (Wattiat al, 1998), or because of the
competitive nature of PCR, where alleles of sherigth often amplify more
efficiently than larger ones, such that only theallen of the two alleles might be
detected from a heterozygous individual (Dakin Antse, 2004). Null alleles can
often be eradicated by increasing the sample ladgsting the contrast of the
analysis screen, or by improving the template gudDakin and Avise, 2004);
‘partial null’ alleles were often present in thengéyping data here, but these were
easily eradicated by the suggestions made by DakinAvise (2004). Finally, the
addition of a nucleotide, principallgdenosing caused byraq DNA polymerase
catalysing non-templated DNA (Brownsteat al, 1996), in PCR reactions was
prevented using an extension time in both multipgexvhilst the testing and use of
only zero and one mismatch individuals in the stothintained confidence in the

parental allocations.

As one of, if not the first study reporting on thetential of PKD resistance in any
species of fish, it is impossible to compare thsults here with other disease
resistance studies involvinh bryosalmonae Further, due to vast contrasts in the
aetiologies of fish diseases, to make comparisoite we results of studies
involving other fish pathogens would be impracticabiven previous reports of
genetic resistance against fish pathogens (Gjedteat, 1991; Hardet al, 1997;
Gjedrem, 2000), it was plausible to assume thattisddgenetic variation would
exist for T. bryosalmonaavithin the populations tested. In other salmostiaddies
additive genetic variation has been found for tasse to specific, and even
multiple pathogens (Gjedrem, 2000; Henryeinal, 2005). It is therefore worth
noting that the results of this study, in termstled presence of additive genetic
variation and subsequent moderate estimate ofabdity, are in agreement with
other studies involving various diseases of sala®iiHenryoret al, 2002, 2005;
Perryet al, 2004).

To date, the work conducted on parasite resistamdish, although limited, has
shown promising results (Gleeseh al, 2000; Hedricket al, 2001; Karvoneret
al., 2005; Kolstadet al, 2005; Gilbeyet al, 2006). The majority of parasitic

research in fish has focused on acquired resistatiogving initial exposure. Many
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studies have found an improved tolerance aftefitsieencounter with the causative
organism (Gleesort al, 2000; Karvoneret al, 2003, 2005; Gilbet al, 2006;
Cable and Van Oosterhout, 2007), as is display¢d TvibryosalmonagFoott and
Hedrick, 1987; Morrigt al, 2003a). For example, Karvonenal. (2005) found an
acquired resistance to the trematode paraSif@pstomum spathaceynmproved
infection rate at the second exposure by up to%9id rainbow trout, but the
presence of innate resistance to the same pathegeminimal, potentially zero.
Numerous parasites have been used to test potemizde immunity in fish species,
including Gyrodactylus species,L. salmonis Cryptobia species, Trypanosoma
speciesCeratomyxa shastaMyxobolus cerebralisandKudoa thyrsites However,
such studies generally fail to clarify and/or diffetiate the relative roles and degree

of innate and acquired immunity against paragitiedtion in fish (Jones, 2001).

In studies testing for innate resistance, Kolsttdl. (2005) concluded the potential
for improving resistance td.. salmonisin Atlantic salmon through selective
breeding has potential following an experiment 0 3full-sibling families.
Estimates of heritability ranged from 0.02 + 0.02 G.14 + 0.02 in the field
(dependent on the methodology of parasite countmigh a higher estimate of 0.26
+ 0.07 following experimental challenge. The aughalso detected a favourable,
moderate genetic correlation (0.32 to 0.37) betwssdy weight and the number of
lice; a correlation of similar magnitude (but ohegative sign) has been found in
the present study — both suggest it is possibimpsove body weight and resistance
to the parasited,. salmonisor T. bryosalmonaeimultaneously through selection,
in the respective populations. In another salmstudly, Gilbeyet al. (2006) found
resistance t@. salariswas heritable, and hypothesised a polygenic mesimaaof
control. By identifying ten regions associatedhwieterogeneity in both innate and
acquired resistance, they were able to explain?2@Bthe total variation in parasite
loads, with both the innate and acquired paragitéstance deemed to be under
polygenic control in Atlantic salmon. They conodaldthat Atlantic salmon would
be highly suited to a selection programme to improasistance t@. salarisin
either wild or farmed populations. Glowet al. (2005) studied the susceptibility of
Atlantic salmon to the sea lick, salmonisand Caligus elongatusto find additive

genetic variation was apparent for both speciegh avsignificant difference ikh.
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salmonisresistance between families - indicating selecbweeding for improved
resistance would be possible in both organisms.stda and MacKinnon (1999)
studied 73 full-sibling families to attain an estita of heritability of 0.22 for the
susceptibility of Atlantic salmon t&€. elongatus whilst in myxozoan parasite
research several studies have identified the patefior genetic selection towards
M. cerebralisand C. shastaresistance. In 2001 Bartholomew al. experimented
with the susceptibility of F1 progeny crosses aflsaw trout parents resistant and
susceptible taC. shasta It was found that groups with at least one pacdrthe
resistant strain resulted in less than 5% mortadiynpared to up to 98% mortality
from a susceptible parent cross, leading the asitftoconclude that resistanceGo
shastais a dominant trait, which would respond to seélectbreeding. InM.
cerebralisresearch numerous authors have experimented wsttegtible and non-
susceptible strains of rainbow trout (Hedratkal, 2003; Severin and El-Matbouli,
2007). With the strain-specific susceptibility furis infection well established,
attention has turned towards the underlying gergis for the variation expressed

within (non-)susceptible strains (Severin and Eddali, 2007).

A broad genetic basis has been suggested as ddmagre for parasite resistance,
with heterozygous individuals assumed to detect present a wider range of
pathogen-derived antigens due to a larger number ddferent Major
Histocompatability Complex (MHC) molecules (Langefet al, 2001). In a study
by Hedricket al. (2001) it was discovered that populations fronfedént sources
showed variable, but not statistically differenspenses to an exotic fluke from
guppies Poecilia reticulat¢ on the endangered Gila topminnowogciliopis
occidentali3. They found the most homozygous population toycthe greater
infection and mortality, with homozygotes for a MHg§&ne displaying lower
(although not statistically different) survival cpared to heterozygotes. Further, an
inbred line from one of the populations showed log@vival and higher infection
compared to an outbred control, leaving the authmreonclude that low genetic
variation in general, or for the important MHC genand populations with a history
of inbreeding are more likely to suffer detrimentffects from this parasitic
infection.  Similarly, Gleesoret al. (2000) discovered distinct populations of

rainbowfish Melanotaeniaspecies) differed significantly in their suscepiiipito
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Ichthyophthirius multifiliisin a controlled environment. In the same expenime
they produced intraspecific hybrids which demortettancreased tolerance, leading
to the same hypothesis; there may be a link betvegsrozygosity of populations
and their innate ability to resist parasitic infeat Cable and Van Oosterhout
(2007) studied the tolerance of guppy populationsfdifferent areas of the Aripo
River in Trinidad toG. turnbulli to find a superior resistance both initially and
across subsequent challenges, suggesting the inuomnpetance for this organism

in the Aripo River guppy population has a heritadp@etic basis.

With a multitude of parasite species in the aquetwironment, it is perhaps
unsurprising that the impact on the host resultdifferent physiological effects.
The immune reaction depends on both the paragitdistnspecies involved, as well
as the immunogenetic background of the host. Repted by MHC alleles, the
specific and adaptive immune system in fish caemfiagainst parasitic invasion in
a number of ways. Genes of the MHC represent &t polymorphic genes in the
vertebrate genome (Marsh al, 2000; Marieb, 2004). The MHC genes encode cell
surface glycoproteins responsible for the presimtaif self and foreign peptides to
T lymphocytes (T cells). Generally, foreign pepsdproduced by the degradation
of intracellular pathogens are bound by MHC clas®lecules and are presented to
cytotoxic T cells, whilst foreign peptides deriveBdm extracellular pathogens are
bound by MHC class Il molecules, which are presknte helper T cells
(Rammensee, 1995; Marieb, 2004). In the majoffitgi@umstances, presentation
and recognition of foreign peptides produces a haimor cell mediated immune
response, where the highest level of polymorphiéseoved in the MHC genes is
concentrated within the peptide-binding regions RPB Polymorphism within the
PBR enables different allelic variants to bind gmdsent unique sets of antigenic
peptides. However, some pathogens may escapenigoagby certain MHC
molecules as their peptides are not presentabteebiHC, leading to variation in
susceptibility to certain pathogens. Alternativiedgistance may be derived through
a high affinity binding of certain peptides by siliedVIHC alleles (Marieb, 2004).

To date, the specific immune response during PKihisiown, and requires further

investigation. However, it has been identifiec tine MHC genes in teleost species

PhD 95 GMB



oA Chapter 3 — PKD Cross Section

are considered to be primitive compared to humbhasing the unusual feature of
non-linkage between the classical class | and ¢lagsnes (Satet al, 2000; Shum
et al, 2002). This led to the genes being renamed Mikgen Atlantic salmon
(Stetet al, 2002). However, the class Il alpha and beta(D&A and DAB) have
remained linked in salmonids, with evidence ofregle dominantly expressed locus
of both the classical class | and class Il genéAtlantic salmon and rainbow trout
(Shumet al, 2002; Stetet al, 2002). The polymorphic nature of the MHC has
made it possible to associate certain alleles aptypes to increased tolerance to
infectious pathogens in numerous animals. For el&nmn Soay sheep, MHC
polymorphism has been significantly associated witlenile survival and
nematode parasitism (Patersgral, 1998), whilst in chickens, one MHC haplotype
is known to be significantly associated with remiste to Marek’s disease (Bacon,
1987). In salmonid research, Grimheital. (2003) have shown a highly significant
association between MH polymorphism and resistatewe furunculosis and
Infectious Salmon Anaemia (ISA) in Atlantic salmavhilst Langeforset al. (2001)
concluded fish from high and low resistance familid Atlantic salmon displayed
significant differences in MHC class |l beta alklevhich helped to produce a large
variation in resistance to furunculosis infectioWynne et al. (2007) found a
significant association between specific MHC aBelend the susceptibility to
Amoebic Gill Disease (AGD) in Atlantic salmon, waiMiller et al. (2004) describe
an increased resistance to Infectious Haematopolicrosis (IHN) in Atlantic
salmon associated with certain MHC alleles. Invinal disease, ISA, Kjggluret
al. (2006) identified specific MHC alleles that influze resistance. Although
genotyping was conducted in the present experimentise was solely for the
purpose of parental allocation. Future researti RKD resistance would benefit
from the identification of specific loci that prald@ information on the immune
reaction of the host td@. bryosalmonaewhich identifies the alleles that provide

beneficial results for selection.

Having discovered additive genetic variation exisis PKD score within the two
farmed stocks, estimates of heritability for earhis were calculated, and found to
be moderately high in both populations. @ Howevege adifferences and

discrepancies in early rearing left comparisonsvbeh the two strains confounded;
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as a result the overall estimate is thought to bwenreliable. The overall
heritability calculated for kidney score from coméd components was medium,
suggesting significant additive genetic variatianpresent in both populations,
which would respond to selective breeding and tesumproved PKD score, and
potentially resistance. Improving resistance tdPkas numerous benefits for the
British rainbow trout industry. By selectively leding for PKD resistance, a
cumulative improvement can be observed in eachrgéoe of selection. The
advantages of such improvements are obvious; ilgissvill be lost due to the direct
mortality associated with the disease, less fedido@iwasted in fish that die, there
will be a reduced requirement for management, nfisrewill make it to harvest,
and the general welfare on the farm will be impohveHowever, it must be
considered that the causative agent is likely toh&/to survive in the host over
selection generations. Although evidence is alégl#o support this claim in higher
vertebrates (Nicholas, 1987), to date, no inforarais available on the evolution of
fish pathogens. However, any increase in resist@hthe pathogen will inevitably
offset at least some of the progress made for PKS§istance within the fish.
Additionally, the current limited knowledge of inéetions between rainbow trout
as a host and the causative agent, means any iewalyt progress OofT.
bryosalmonaewill most likely go unnoticed for the first few gerations of
selection; such considerations are undoubtedlyleriges facing selection for PKD

resistance.

The heritability estimate for body weight is in egment with other studies
involving sub-yearling salmonid species (Henrytral, 2002; Perryet al, 2004,

2005). Estimates of heritability for fork lengthrealimited for sub-yearling

salmonids in the literature, but the heritabilitglaulated here is similar to that
described by Henryoat al. (2002), and is expectedly high. Similarly, thengjgc

correlation between body weight and fork lengtlexpectedly high and positive
(Gunnes and Gjedrem, 1978). Between either pednos trait and kidney score,
the genetic correlation is moderate and negatiMee negative correlation between
size and kidney score has two implications. Itldobe suggested that more
resistant fish are less stressed and so continueetb throughout the epidemic

gaining weight and being larger at the time of stamgpor, having been exposed to
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the parasite for some two to three months, certaividuals may have been more
affected at different times; those affected eark&overing earlier and subsequently
feeding, being larger at the time sampling tooklaAlternatively, larger fish may
simply be less susceptible to the disease. Thetlat larger fish have a greater
kidney size may affect the rate of development KDP Where smaller fish (ie
smaller kidneys) require fewer parasites to cause profuse swelling seen
throughout the progression of PKD, larger fish afiected only when the same
parasite to kidney ratio is reached. However, tfuss not necessarily mean that
these fish are less susceptible overall as thectaffethe disease may simply be
delayed. In the present study, data was colleated cross section over a single
day, ie a snapshot in time of the disease stattislisease progression could be
followed in larger and smaller fish, it may sim@gow that larger fish are affected
later rather than less. This in itself has impglmas; if larger fish take longer to
become affected, size alone could be incorporatéd current management
strategies. Where natural vaccination (Fergus@811Foott and Hedrick, 1987;
Morris et al, 2003a) is utilised, managing fish size accordmgvater temperature
may provide a reduced impact by stocking more tasislarger fish earlier in the
summer when PKD is more prolific, and smaller fistter in the summer as
temperature (and PKD development) decline. Withalierage body weight at the
lowest kidney score almost twice that at the higtégney score (103.80 grams
compared to 55.94 grams), it suggests that this Ineag feasible practice even at
commercial levels. At the intermediate grades21and 3), although the trend
continues, the degree of difference is reduced.tw8en grades 1 and 4, the
difference is a mere 11.43 grams, but between gr@dend 1, the difference is
36.43 grams, which would be sufficient to categofish when grading on farms.
By using a cut off average weight of approximatélygrams (for the HS and loM
populations), and stocking fish above this thredrearlier, and smaller fish later, a
reduction in the effects of PKD may be seen. Hawethis could only be viable on
commercial farms where fish could be held in a Pié® environment until
reaching the threshold size. Further, it is wardhing that, although greater size is
shown to display more resistance in correlatiomggrit is not represented in the
mean size traits and kidney score data of each; ferivh representatives have the

larger average kidney score, yet are both longed #&eavier than HS
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representatives. As preliminary data in terms KDPesistance and size in this
population, no stringent conclusions can be drawnehand further work is

required.

Considering the estimate of heritability calculafed kidney score, it is predicted
that significant gains can be made towards genetprovement for PKD score,
whilst the favourable correlation between body \eeigr fork length and kidney
score suggests it is possible to improve the tvealyetion traits and resistanceTo
bryosalmonaesimultaneously through selection. Pemry al. (2005) suggest
pedigreed selection may provide specific sires aagns with advantageous
genotypic combinations (see Kauseal, 2003); a hypothesis tested in Chapter 4.
Nevertheless, the additive genetic (co)variatiortecked here highlights the
potential to successfully implement a breeding paogne for rainbow trout in the
UK industry. The estimates provide an indicatidnttee magnitude of additive
genetic variation associated with each trait, al w® the genetic correlations
between them. As a result, these preliminary figdiform a basis on which to
develop a suitable breeding programme for PKD t@&st in the UK trout industry,

beginning with HS and oM strains.
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Chapter 4: Proliferative Kidney
Disease Challenges
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4.1 Introduction

The relatively high proportion of existing genetiariation in metric characters has
resulted in numerous studies concentrating on #metic control of production
traits (Bolivar and Newkirk, 2002; Goyart al, 2002; Panteet al, 2002). The
level of progress made in improving commerciallyportant characteristics is
dependent on the amount of genetic variation dygglan the trait (Marsdeet al,
1996). Until recently, improvements in charactéss of economic value in fish
species had focused on growth and performancs,tkait emphasis is now moving
towards selective breeding for disease resistaAogué et al, 2002; Fishbaclet
al., 2002; Henryoret al, 2005). Mortalities from specific pathogens guaculture
have indicated considerable genetic variation exigttween fish at the inter- and
intra-specific level; as such several reviews oledee breeding for disease
resistance are now available (Kinghorn, 1983; Césws and Dorson, 1990). By
incorporating disease resistance into selectiorcésd improved economic returns
are inevitable, through minimising losses and redyualisease incidence (see
Henryonet al.2002).

In areas endemic to Proliferative Kidney Diseas€ sites would benefit from
genetically improved stocks. Now considered thestheostly disease to the British
rainbow trout farming industry, its incorporatiomto selective breeding
programmes will be welcomed. The progress madalisease resistance is
dependent on the level of genetic variation exawiin relation to the causative
pathogen within the population tested; this beirmstbeneficial when variation is
large (Marsdenet al, 1996). Chapter 3 discussed the existing vanatio
Houghton Spring Hatchery (HS) and Isle of Man (lopbpulations, suggesting
significant potential is available to produce stsaof rainbow trout with lower PKD
scores. However, to ensure the genetic variagoral, it is necessary to reproduce
the results under experimental conditions, all@wptany environmental or
management practices that may have created biagks gommercial conditions
(Kolstadet al, 2005).
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The present chapter focuses on challenge expesmesed to test if genetic
differences are apparent in the resistance to PKiwden different commercial
families produced from the disease-free site, Idvom the information gathered in
Chapter 3, a challenge was established to assesgnknigh and low responding
families in an attempt to support the evidence wlesd previously that additive
genetic variation exists to PKD score. Timefrarf@mseach family to assess the
development of PKD will be incorporated into thedst. These could potentially be
used as a useful tool when integrated into cumreartagement practices, ie artificial
vaccination. Finally, parasite counts from immustdthemistry-stained kidney
sections may provide evidence of a significant @oditive correlation between
kidney score and parasite load that will justife tbontinued use of the Clifton-

Hadleyet al.(1987) scale used to categorise the severity @.PK
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4.2 Materials and Methods

4.2.1 Broodstock and mating design

From the information gathered in Chapter 3, eswuhdbreeding values (EBVS)
were calculated for each family. Based on the E®whale siblings of the naturally
challenged fish were then used as broodstock iptésent study. Equal numbers
of high and low responding females were selectednfia total of 500 mature
females, previously identified and ranked accordimdEBYV position; see ‘Female
ID’ and ‘EBV Position (1-500) of Table 4.1, whicllustrates all information
relating to the generation of the experimental feesi The 28 selected females
were then crossed with 7 randomly selected neomales high and two low
responding females were crossed with each neoncalbas sire effect could be
calculated. However, it is important to note thes, the broodstock matured at
different times (see ‘Fertilisation date’ in Tablel), selection intensity for actual
high and low ranking females was hindered; thoterte are therefore considered
to be nominally high and low responding femaledthdugh ‘Response (EBV)’ is
documented as high and low in Table 4.1, the EBMevas also included as the
analysis of data uses regressions on EBV of thesdather than the nominal line,

as this considers the variation as deviance framegression line.

Only IoM families were used in the experiment due their disease-free
certification. Families were transported to theuAtic Research Facility (ARF),
Institute of Aquaculture, University of Stirling iwo batches at the eyed egg stage.
Spawning, fertilisation, and incubation until thisie were conducted according to
loM commercial techniques. Sufficient numbers gf® were sent to allow for

mortality during the culture period.
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Table 4.1 - Family generation and pedigrees of fishsed in the PKD Challenge

trials
Fertilisation date Female ID EBV Position (1-500) esBonse (EBV) Neomale Family n
December 20, 2005 151 30 Low (1.81) 1 ARF 1 1298
137 6 Low (1.69) 1 ARF 2 733
307 447 High (2.87) 1 ARF 3 791
45 432 High (2.34) 1 ARF 4 314
139 14 Low (1.81) 2 ARF 5 646
115 54 Low (2.03) 2 ARF 6 1317
111 376 High (2.38) 2 ARF 7 689
232 339 High (2.47) 2 ARF 8 324
440 28 Low (1.69) 3 ARF 9 722
38 50 Low (2.03) 3 ARF 10 853
495 437 High (2.83) 3 ARF 11 730
260 416 High (2.65) 3 ARF 12 960
222 89 Low (2.16) 4 ARF 13 916
227 20 Low (1.73) 4 ARF 14 1258
57 377 High (2.40) 4 ARF 15 689
34 398 High (2.21) 4 ARF 16 1357
December 29, 2005 467 29 Low (1.69) 5 BRF 1 874
74 4 Low (1.69) 5 BRF 2 1205
398 394 High (2.22) 5 BRF 3 1006
309 498 High (2.83) 5 BRF 4 975
287 138 Low (2.27) 6 BRF 5 1595
259 79 Low (2.13) 6 BRF 6 1438
88 413 High (2.47) 6 BRF 7 946
461 468 High (2.41) 6 BRF 8 1794
23 41 Low (2.11) 7 BRF 9 592
241 21 Low (1.73) 7 BRF 10 998
216 479 High (2.34) 7 BRF11 1218
383 401 High (2.21) 7 BRF12 1563

‘Family’ is the experimental name given prior tattbnge (see below for further detail), and
refers to the number of eggs sent per family

4.2.2 Batch1 - ARF

Eyed eggs representing 16 families arrived at thstitute of Aquaculture,
University of Stirling on the 25/01/2006, at an aje253 degree days (dd). Upon
arrival, the distinct families remained separatao] were stocked into egg trays
suspended inside 10 | holding units. Flow rated aeration were adjusted to
supply enough oxygen and clear debris, whilst idjiet regime was 12 h light:12 h
dark. Over a 6 day period water temperature wagased from ambient (%®) to

a maintained 1T (x 2°C). Water filtration was minimal (charcoal filtenly) due
to the use of mains tap water. Egg incubation maasnal in terms of development
and mortality, but due to a system failure tankgewsubject to critical water

temperatures resulting in a complete loss of ARfRrd severe reduction of ARF 4.
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Following 100% hatch and first feeding to a sizéadle for handling, all groups
were transferred to larger (100 1) circular tank8/03/2006). Water temperature
remained at 1T (x 2°C). As ambient temperatures increased towards summ
>10°C, water supply was switched. Inflows were adjdiste a minimum of 0.5
litres per min (I/min) and airstones provided adidl oxygen and water
circulation. The light regime remained at 12h tigBh dark. On the 07/04/2006,
fish number was reduced to 300 per family, with ¢txeeption of family 4, where
only 65 fish remained. Average weights ranged f@6¥4 g to 0.920 g. On the
26/04/2006 symptoms @ostiaoccurred. All 15 families were subject to a 1 ithba
of formalin at 200 parts per million (ppm). No Gué symptoms were observed.
Average weights were calculated at two intervaisrpio challenge; 15/05/2006,
overall average weight 3.06 g; and, 02/06/2006ralvaverage weight 5.31 g. Test
fish were required to exceed 5 g to ensure the inamsystem was developed.
Feeding to 5 g waad libitum before reduced to maintenance ration until thed tri

began.

4.2.2.1 Tagging

Tagging was completed over a two day period (220®& and 29/06/2006). One
hundred and ten fish per family (excluding familywere randomly selected and
subject to tagging using Visible Implant Elastom&kE, Northwest marine

technology (NMT), USA) of two colours, pink and gre Injection took place in
one of 10 locations; head, belly, left or righteedorsal, flank, or jaw (Figure 4.1);

these combinations allowed identification to thenifgt level (Table 4.2).
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Figure 4.1 - Possible Visible Implant Elastomere @ging locations on rainbow

trout

Fish were removed from the holding unit, anestkdtismn 10% benzocaine (0.4

ml/l), injected with VIE, and placed into an aechtecovery bin. Tagged fish were

transferred to duplicate 100 | circular holdingtaniand labelled as experimental

fish. Mortality following tagging was negligible.

Table 4.2 - Tagging location and code for experimeéal ARF families used in

challenges

Family Number Tagging Location and Colour Code
ARF 1 Right flank — pink RF-P
ARF 2 Left flank — pink LF-P
ARF 3 Right jaw — pink RJ-P
ARF 4 Adipose fin clipped Adipose
ARF 5 Left jaw — pink LJ-P
ARF 6 Left jaw — green LJ-G
ARF 7 Belly — green B-G
ARF 8 Right flank — green RF -G
ARF 9 Left flank — green LF-G
ARF 10 Left dorsal — green LD -G
ARF 12 Left eye — green LE-G
ARF 13 Head — green H-G
ARF 14 Left eye — pink LE -P
ARF 15 Head — pink H-P
ARF 16 Right eye — green RE - G
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4.2.3 Batch2 - BRF

Twelve distinct families of eyed eggs arrived aeé thnstitute of Aquaculture,
University of Stirling on the 02/02/2006 at an age252 dd. The families were
transported to Buckieburn research facility (BR#&here they were disinfected
using buffadine and laid down in egg troughs withié m circular tanks. Flow
rates, sourced from Buckieburn Dam, were set tmihlto supply oxygen and clear
suspended solids. Ambient light and water tempegategimes were followed. At
times of poor water quality, eggs were checkedfarghed as necessary to prevent

smothering.

After hatching, problems occurred in almost alldmod units resulting in mass
mortality in the majority of groups. Coincidingtwithe presence @@ostiaand/or
Trichoding formalin treatments ensued; flushes on the18", 13" and 18' April,
and baths on the Z1and 24" April. However, mortality persisted, resultingfish
veterinarian Richard Collins (Institute of Aquacu#, University of Stirling)
observing and sampling stocks: “A definitive causgfethe problem among fry
remains uncertain. The possibility of lipid-reldteutritional deficiency among the
ova, only manifesting significantly at lower inctioa temperature, is not to be
excluded”. Mortalities due to the ‘condition’ rémd in the complete loss of
families BRF 1, BRF 7, BRF 11, and BRF 12.

On the 13/07/2006 families were reduced to 300 gshholding unit, duplicated in
case of further losses. They were maintainedeaBRF until sufficient tank space
was available for transfer to the ARF. Feeding wasntainedad libitum until
transfer. On the 31/08/2006, families were mowethe ARF. The groups of 300
were transported in well-oxygenated plastic baggwever, families BRF 2 and
BRF 3 died in transit, possibly due to a lack oygen and/or acute stress; they
were replaced with their duplicate groups. Duenigher than expected average
weights, families were divided into two 100 | haidiunits upon arrival. Feeding

was reduced to maintenance ration in anticipatiachallenge.
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4.2.3.1 Tagging

Tagging took place over a single day (18/10/200%)least 60 representatives were
selected at random and subject to family markinggu¥IE. The family markings

are illustrated below in Table 4.3.

Table 4.3 - Tagging location and code for experimé¢al BRF families used in

challenges

Family Number Tagging Location and Colour Code
BRF 2 Left jaw — pink LJ-P
BRF 3 Head — pink H-P
BRF 4 Right jaw — pink RJ-P
BRF 5 Left flank — pink LF-P
BRF 6 Right jaw — green RJ-G
BRF 8 Left flank — green LF-G
BRF 9 Left jaw - green L-G
BRF 10 Head - green H-G

4.2.4 Challenges

4.2.4.1 Screening

Prior to the challenges taking place, represemgatitom each family were screened
for the presence oTetracapsuloides bryosalmonaesing the same techniques
described for the actual challenges (see SectlbA.4). Using the equation of Otte
(2007):

n=7Zxp(-p)/a

where n is the required sample size, z is the ap@te value from the normal

distribution for the desired confidence (95%), pthe anticipated prevalence of
disease (0.01), and a is the desired precisiom)0.Uhe resultant sample size was
divided by the number of families; 15 ARF families)d 8 BRF families. The low

prevalence, p, was used due to both batches beirngiexd disease-free and no
history of PKD at the two holding sites. All fisested negative for PKD.
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4.2.4.2 Design

Both PKD challenges were conducted at the ARF;raehoffice licensed premises
to perform experimental tests. The consecutiveleges were completed so
comparisons could be made. Both used three 10@ing units, with flows of 2
I/min, plus additional aeration. Light regime renesl at 12 h light:12 h dark,
whilst feed was given at 2% body weight per dayat®V temperature was adjusted,
ie heated when necessary, to maintain temperaslmege 12.5C (+ 2C). After
tagging, test fish were allowed at least 21 dagsvery time to ensure the VIE had
solidified. Movement to the test tanks took plaae the time of injection
(21/07/2006; day 0) for PKD challenge 1 (ARF fisapd 3 days prior to injection
(06/11/2006) for PKD challenge 2 (BRF fish, 9/11080day 0). Test fish in PKD
challenge 2 were given time to acclimatise and vecdrom tank transfer due to
experiences of a general susceptibility to strgessibly related to the earlier
condition. In PKD challenge 1, each replicate csiag of 14 fish per family, 210
fish per tank (total: 630), whilst in PKD challenge20 fish per family were used,
160 fish per tank (total: 480). Representativesewseighed into test tanks to

ensure no biases in replicate weight.

4.2.4.3 Induced infection

Intraperitoneal injection followed the protocolMtGurk (2005); for each replicate,
six heavily PKD infected Artic charr were euthardhsend kidney removed
aseptically. Following impression smears and R#fpistaining (Appendix 2) to
ensure infection was sufficient, five of the sixeicted kidneys were added to 40 ml
of sterile PBS and homogenised; repeated for eaphcate and kept on ice to
prolong use. Fish were anaesthetized (4 mg/l 1@¥zdcaine) before being ip

injected with 0.1 ml homogenate, and releasedtarmed to test tanks.

4.2.4.4 Sampling

The sampling regimes for the two challenges weeatidal, but sampling numbers
differed. At 3 weeks post injection (pi), samplingok place to ensurd.

bryosalmonaehad transmitted successfully. Using a VIE lightMN USA) to
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identify individuals, 2 (PKD challenge 1) or 3 (PKdhallenge 2) representatives
per family per replicate were selected, euthana&e#t, length and body weight
taken, and kidney score assigned, before the splega section of posterior kidney
were removed and placed in 10% neutral buffered médin for

immunohistochemistry, as described in Chapter 2{i@e2.2. A small section of

kidney was stored on ice for PKD-PCR (Chapter 2ti6e 2.1) at 3 weeks pi only.

The next sampling occurred at 6 weeks pi followihg same protocol but without
PCR analysis. This continued weekly until 11 wegkgaking 96 fish per week in
PKD challenge 1 (6 fish per family), and 72 fistcleaveek in PKD challenge 2 (9

fish per family) where possible, until no fish raned in test tanks.

4.2.45 Kidney scoring as a measure of resistance

Using the entire scale of Clifton-Hadlet al. (1987), each sacrificed fish was
allocated a score from O to 4 inclusive, in additio healing (grade H) where
appropriate; kidney with advanced signs of healoften containing either discrete
cream-coloured patches or spherical nodules u@toth in diameter surrounded
by dark red renal tissue. Measuring the severfiitintammation was believed to

provide a measure of the degree of resistancheisrhaller the swelling, the greater
the resistance. Further, the analysis of repraseas from each family every week

allowed a timeframe of PKD progress within eachifgm

4.2.4.6 Parasite counting

Following immunohistochemistry, the parasite loafl sampled kidneys was
recorded. The methodology used is described byiklsgand Kent (1998) and
Morris et al. (2003a), where sporogonic and extrasporogonic estagf T.

bryosalmonaewithin the kidney sections were counted under dridom fields of

view at x400 magnification (0.45 mm diameter) unliggnt microscopy. The total
parasite count was then converted to number pef fameach fish and plotted
against the individual's kidney score in order stablish if any relationship was

apparent.
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4.2 5 Statistical analysis

4.2.5.1 Summary Statistics

Data from the challenges were entered into Microgbicel in preparation of

analysis. Where summary statistics were desiruhulas in Excel were used to
calculate the basics; mean, minimum, maximum, cetot The majority of graphs
presented were generated using Microsoft Excel.other analysis was conducted

using Genstat Release Version 9.1.

4.2.5.2 PKD resistance, survival, and estimates of hetitgbi

Genetic parameters were estimated using a singdarlimixed model in Genstat

Release Version 9.1. All traits were analysed githe REML model:
Yip= W + b.EBVj, + sirex + dam + tanky + p

wherey; is the vector for trait, when the variablg; is the observed value of figh
with random effects of sir&k, dam|, and tankm for trait i, The residual error
connected to trait is represented as, | is the population mean for trait and
bi.EBV,p is the regression on the estimated breeding valugaml, treated as a

fixed term.

Survival was assessed using this model as a biratyie survived/died), wherg
= 0 was allocated if death occurred ame 1 if the individual survived. Other traits
included kidney score, fork length, body weightdaparasite/mm Further,
evidence of genetic variation, effect of EBV, arstimates of heritability were
calculated on a week by week basis for each clgdlemsing this model, by

restricting the data appropriately.

The random effects of sjke dam, and residual erroref) were assumed to be
independent random normal variables with mean zamd, variances denoterf,
o4%, andes>. Total phenotypic variance was denotgdl and was estimated ag =
ol + o> + 6o~ The genetic information therefore comes frone¢hsources: (i) the

regression on the EBV of the dam; (i) the damasace 642), which represents the
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variance of deviations from the regression on EBM, (iii) the sire variances£).
Estimates of heritability were based on the narsewse heritability, and could be

obtained from the sire variance using the formula:

4(c&) | o>, from the sire variance componegt h

The variance between dams, in principle, contaitfeeronon-genetic maternal
effects, but in this study, given its small sizeaswinterpreted as being wholly
genetic, with the estimates of heritability obtairfeom the dam variance using the

formula:

4(o4%) | o, from the dam variance componesqt h

However, it is important to note that part of tlengtic variance attributable to dams

was removed by the regression on EBV.

In every instance the significance of the randomaWées were tested using a
likelihood ratio test. Using the above REML modék term of interest (sire, dam,
or tank) was dropped and the deviance compareletmtiginal deviance. If the
difference was greater thghat 1 degree of freedom (likelihood ratio testistat at
95% CI: 3.84), the variable was considered to geifscant.

Additional analysis was conducted on survival. Apkan-Meier estimate of the
survivor function, including graph, was completeaséd on the mortality occurring
due to anything other than sampling. Using triakctor), tank (factor), female
(factor), EBV (variate), sire (variate), and sualiyvariate), the data was input into
the estimate with actual time points considereda@ueed as days post injection to

death) and survival censored for sampling weeks.
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4.2.5.3 Bulk weights

Prior to the challenges, families were weighed tetsi tanks. In order to ensure no
differences were apparent between families, a ainfREML model was used, but

modified to include the terrmial :
Ying= Hi + 0.EBVing + triaky +sirex + dam + tanky, + enq

wherey; is the bulk weight of familyg involved in the challenge, and trials
included as a fixed effect to assess differencésden PKD Challenge 1 and PKD
Challenge 2 fish stocks.
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4.3 Results

From the 1109 individuals involved in the challesig@formation was available on
1106. However, only 1032 were used for the analg$iPKD resistance as many
individuals were unidentifiable to the family leyelictims of mortality between
sampling weeks, or simply lost from the study; miistly due to cannibalism.
Overall mean values for kidney score ranged froéd @& 0.09 to 2.46 = 0.19 within
full-sibling groups, against an overall mean of 84 0.03. The information

gathered per family, per challenge, and overalismarised in Table 4.4.

At 3 weeks pi, 85.19% of individuals tested usihg tPKD-PCR demonstrated
successful transmission ®f bryosalmonae In PKD Challenge 1, 85 of the 90 fish
showed successful transmission at week 3 (94.44%kjlst PKD Challenge 2
demonstrated a lower transmission of 73.61%. Aangte of the 435 bp positive
bands obtained in the PKD-PCR is illustrated beloWwigure 4.2.

1 23 4 5 67 8 9
Figure 4.2 - Example of Ethidium Bromide stained, 2% agarose gel image.
Chelex extracted DNA (source: kidney) from (non-)ifected rainbow trout.
Lanes 1 to 4 negative for PKD (no bands), lane 5 @X74 RF DNA Hae I
ladder, lanes 6 to 9 positive for PKD. Bands apparg at 435 bp
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Table 4.4 - Mean values for kidney score, fork lerth (cm), and body weight

(9), as well as the number of fish measured in tHeKD Challenges

Family Kidney score + SE Length (cm) + SE Weight{d§SE ~ Number
ARF 1* 2.05+0.19 13.21 £ 0.42 28.13+1.78 37
ARF 2* 1.94+0.25 12.67 £ 0.24 27.08 £1.58 33
ARF 3* 2.46 +0.19 13.35+0.31 33.08+2.16 37
ARF 4* 1.68 £0.20 13.10+0.21 28.43+1.43 37
ARF 5* 151+0.14 13.15+0.28 30.99 +1.88 41
ARF 6* 2.21+0.22 12.19 £ 0.30 23.83+1.65 29
ARF 7* 2.28+0.23 12.02 £ 0.27 22.94 +1.56 36
ARF 8* 1.84 +0.22 12.26 £ 0.26 23.20+1.39 37
ARF 9 1.29+0.14 12.90 £ 0.24 28.81+1.48 41
ARF 10* 1.13+0.14 12.59 £ 0.20 26.59 +1.25 39
ARF 12* 1.35+0.17 12.13+0.25 23.43+1.33 40
ARF 13* 1.47+0.17 12.34 £ 0.22 2481+1.21 36
ARF 14* 1.67+0.17 11.75+0.24 2242 +1.41 39
ARF 15* 1.38+0.16 12.01 £ 0.26 23.11+1.63 34
ARF 16 1.13+0.12 12.77 £0.27 27.96 £ 1.90 40
BRF 2 1.35+0.11 13.00 £ 0.14 27.21£0.93 60
BRF 3 1.67+£0.10 13.21+0.14 27.23+0.97 60
BRF 4 1.45+0.09 13.12 £ 0.15 28.06 £ 0.93 60
BRF 5 1.13+0.10 13.59 £ 0.17 30.34+£1.15 60
BRF 6 1.68+0.16 12.68 £ 0.22 25.86 + 1.36 60
BRF 8* 1.33+0.10 12.49 +0.26 24.34+£1.54 58
BRF 9* 0.64 +0.09 14.37 £ 0.17 36.18 £1.34 59
BRF 10* 0.76 £ 0.09 13.26 £ 0.17 29.69+1.16 59
PKD Challenge 1 Overall 1.67 £0.05 12.78 £ 0.21 6.42 + 0.43 556
PKD Challenge 2 Overall 1.25+0.04 13.21 £ 0.07 8.62 +0.46 476
Combined Overall 1.48 £ 0.03 12.98 £ 0.12 27.43: 1032
Unidentified 1.78+0.21 13.41 +0.43 33.08 £2.89 18
*Total mortality PKD Challenge 1 53
*Total mortality PKD Challenge 2 3
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The timecourse of PKD development throughout thallehge periods was
calculated for every family. The progression & thsease for a number of families
is shown in Figure 4.3, which illustrates not othg variation in peaks and troughs
between the mean PKD score of families recordezhah sampling week (eg ARF
4 and BRF 2), but also the overall difference betwtamilies, for example ARF 7

and BRF 9 (which is also representative of the al/emean scores).

——ARF 4 —+—ARF 7 —e— ARF 16 ——BRF 2 —=—BRF 6 —%—BRF 9

Kidney score
N w
L L

=
I

0 T T T T T 1
0 2 4 6 8 10 12
Weeks post injection

Figure 4.3 - Timecourse of kidney scores for rainbe trout over sampling
weeks in the PKD Challenges; demonstrated using gnsix families (three ARF
and three BRF) to highlight variation

The mean fork length and body weight of fish inwmlvin the challenges
demonstrated a general overall increase throughettial period, as can be seen in
Figures 4.4 and 4.5.

40

35

30 ~

25 A

20

Weight (g)

15 ~
10 A

5 —e— PKD Challenge 1 —&— PKD Challenge 2
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Figure 4.4 - Mean body weight (g) for rainbow troutused in PKD Challenge 1
and PKD Challenge 2
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As illustrated in Table 4.4, it can be seen frorguFés 4.4 and 4.5 that the fish
involved in PKD Challenge 2 are both longer andviexathan those involved in

PKD Challenge 1, which is constant throughout thallenges (with the exception
of a small crossover in Week 11 for weight, and Wéegand 11 for length; none of

which are significant — data not shown).
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Figure 4.5 - Mean fork length (cm) for rainbow trout used in PKD Challenge 1
and PKD Challenge 2

Phenotypic correlations between the three traiteevealculated, with an expected
high and positive trend between fork length andybagight (r=0.962, P<0.001),
and low and negative trends between either prodludiiait and kidney score.
Correlation between fork length and kidney scores veagnificant; r=-0.217,
P=0.039. The phenotypic trend of larger size aweel kidney score is shown in
Table 4.5. Both the average fork length and awetagdy weight of rainbow trout
measured display the trend, with the most seveteeki swelling (kidney score: 4)
displayed in fish at an average length of 11.95acm average weight of 23.67 g,
whilst the least severely affected fish (kidneyrsc@) are larger at an average fork

length of 13.38 cm, and average body weight 0f8@.1

Table 4.5 - Mean fork length (cm) and body weightd) of fish assessed in the
PKD Challenges using the scale of Clifton-Hadlegt al. (1987)

Kidney score Fork length Body weight
0 13.38+0.12 30.14 £ 0.85
1 12.89 + 0.09 27.29 £ 0.53
2 12.91 +0.09 27.78 £ 0.55
3 12.30+0.13 24.48 £ 0.77
4 11.95+0.18 23.67£1.10
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Throughout the challenge period, the overall meaasurements of kidney score
(n=1050; 1032 of known pedigree, 18 unknown) wexdrded for each challenge
by week; illustrated in Figure 4.6, below. Thenreg scores of fish sampled in
PKD Challenge 1 are consistently greater than thosePKD Challenge 2

throughout the entire study period. The two dasafslow a similar trend with a

sharp increase between weeks 3 and 6 (the greduestion between sampling
weeks), before peaking at week 7 in PKD Challengendl over a three week period
in PKD Challenge 2 (weeks 7, 8 and 9), before aiced) trend occurs in the last
weeks of the disease. The kidney scores of metafirom PKD Challenge 1 were
recorded where possible, and having been segretmafidvithin sampling periods,

are also illustrated in Figure 4.6. The mean kydeeores of mortalities at each
sampling period are constantly greater than thdsésb sampled, but the low

number of observations leaves the statistical Bagmce questionable.
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Figure 4.6 - Mean kidney score for rainbow trout ateach sampling week = SE
for PKD Challenge 1 (n=556), PKD Challenge 2 (n=4j6and mortalities of
PKD Challenge 1 (n=53; NB Week 10 mortality is a sgle observation;
standard error could not be calculated)

Overall, mortality during the challenges was ret@ly minimal at 5.30%. PKD
Challenge 1 displayed the greater mortality, 58 fiem 627 died (8.45%); of those
possible to examine, 64.15% displayed signs of PKhi|st in PKD Challenge 2,

only 3 fish died over the course of the trial (31 none of which exhibited signs
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of PKD. The number of deaths that occurred vabietiveen 11 and 22 in the three
replicates of Challenge 1, with a minimum dpi taiheof 9 and maximum of 69. In
PKD Challenge 2, the 3 mortalities died at 17, &8¢ 20 dpi, one from each
replicate. The number and time at which death wedufor each challenge, and by
replicate, are shown in Table 4.6. The number oftatities within each family
selected for the study is illustrated in Figure.4Qolour-coordinated according to
high and low EBV values, the greatest mortalityaimy family with the female
parent having a low EBV was 11 (ARF 6), whilst frarfemale parent having a
high EBV was 6 (ARF 7). Conversely, the lowest tality of 1 fish was shared

among 7 families, 4 having a female parent of I®WEthe remainder high.

Table 4.6 - Summary of mortality, in days post injetion to death, in PKD

Challenges
PKD 1 Tank 1 Tank 2 Tank 3 Overall
Minimum 10 28 9 9
Maximum 69 55 55 69
Mean 38.36 39.55 34.45 37.45
Count 11 22 20 53
PKD 2
DPI to death 17 19 20 mean: 18.67
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Figure 4.7 - The number of mortalities per family br both PKD Challenge 1
and 2. The colour blue indicates families with paental female of low EBV to
PKD, whilst those coloured in pink represent familes with parental female of
high EBV
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A Kaplan-Meier estimate of the survival functionsmenducted for the challenges
overall; Figure 4.8, below. Although the mortakyperienced was low overall, the
greatest loss was observed between days 20 amwidtiithe rate levelling until the

trial terminated at 77 dpi, when the overall suaViequalled 94.95%.
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Figure 4.8 - Kaplan-Meier estimate of the survivalfunction (Overall) for the
duration of the two challenges (77 days) of rainbowout with Tetracapsuloides
bryosalmonae; — Survivor function, o Censored observations

Family weights between the two groups (ARF and B&Rje beginning of the trial
and water temperatures between the two challenfesed significantly (P<0.001).
The summary of the water temperatures (includingamee+ their SE) for the
challenges is displayed in Table 4.7, whilst thengerature profiles, showing a
constant lower temperature in PKD Challenge 2, all as the time at which

mortality occurred in the challenges is shown igufe 4.9.

Table 4.7 - Summary table of water temperature fothe PKD Challenges
Temperatur€C PKD Challenge 1 PKD Challenge 2

Minimum 15.00 12.50
Maximum 19.00 16.00
Mean + SE 16.59 + 0.10 14.21 £ 0.08
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Figure 4.9 - Daily temperature profiles for PKD Chdlenges, and days post
injection to death of mortalities encountered throghout PKD Challenge 1 and
PKD Challenge 2

As a binary trait, there was no significant difiece in the survival between the
challenges, and the EBV showed no significant effédowever, a likelihood ratio

test demonstrated a significant dam effect wherlyaisawas conducted overall.
Analysis of PKD Challenge 1 alone, followed the samend, but PKD Challenge 2

showed no parental effect following the likelihomdiio test.

The genetic components were extremely variable é&stvwihe two challenges, but
also between each sampling week. From sires, ¢netg component for PKD
score varied from a bound estimate to 0.359 overttvo challenges, whilst the
greatest component from females came from PKD €hgé 1 in week 7 (0.390),
the lowest being bound. Only six of the parentahponents were deemed to be
significant following likelihood ratio tests, whilshe regression of kidney score on
EBV was never found to be significant, although rtegority did display a positive
sign. All the genetic components related to theloan terms, sire, dam, and tank
effect, as well as all residual variance, wheth@&VEwas significant, and the

regression on EBV are illustrated in Table 4.8phel
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Table 4.8 - Summary of genetic components for PKDcere from the PKD
Challenges, by week

Trial/Week o°sire

1/3
1/6
1/7
1/8
1/9
1/10
1/11
2/3
2/6
217
2/8
2/9
2/10
2/11

o’ dam o’ replicate o’ residual Significant EBV  Regression
0 bound 0.049 + 0.026 0.001 + 0.005 0.106 £0.018 X 0.013 £0.187
0.032 £ 0.060 0.121 + 0.082 0 bound 0.464 £0.076 X -0.317 £ 0.325
0.061 £0.126 0.390 + 0.229 0.014 +0.047 1.000 £ 0.166 X 0.008 £ 0.545
0.027 £ 0.063 0 bound 0 bound 2.056 + 0.31¥% 0.605 £0.430
0.164 +0.260 0.088 +0.135 0 bound 1.342 + 0.222X 0.345+£0.412
0.042 £0.090 0.166 £0.170 0 bound 1.082260. X 0.501 £0.455
0.071£0.133 0 bound 0 bound 0.971 £ 0.23% 0.719 £0.442
0 bound 0.016 £ 0.024 0 bound 0.233 £0.04X 0.300 £0.211
0.021 £ 0.045 0.012 £0.030 0.008 £ 0.021 029054 X 0.194 £0.230
0.087 £0.136 0.009 £ 0.026 0.046 + 0/0580.278 + 0.050 X -0.091 £ 0.218
0.109£0.173 0 bound 0.104 £0.126 0.524 9D0.0 X -0.139 + 0.264
0.131 £0.263 0.165 + 0.147 0.031 +0.056 0.595 £0.107 X 0.141 £0.522
0.359 £ 0.647 0.348 + 0.264 0.039 + 0.065 0.616 £0.111 X 0.482 £0.704
0.312 £0.536 0.125+£0.184 0.092 £0.152 080.211 X 0.182 £0.577

T denotes significant effect when tested using difiked ratio testX denotes a negative result for
significance of EBV

The estimates of heritability for PKD score disp&ayast range, 0.05 to 1.25 from
either parent. Due to limited variance in sometainses, estimates were not
possible, and due to the inequality of sire and damponents, combined estimates
are not appropriate. From sires, the estimategerémom 0.05 to 1.05, and from
dams 0.09 to 1.25 for kidney score, whilst for $iee traits, estimates ranged from
0.004 to 0.72 from the sire component, and 0.05.1d from the dam component.

Where estimates obtained are greater than 1.00/atlue has been reduced to the

maximum theoretical value achievable. Estimatelsenitability, from both the sire

and dam component, for all three traits measuredliaplayed in Table 4.9, below.

Table 4.9 — Estimates of heritabilty + SE (from bth the sire and dam
components) for each trait measured in the PKD Ch#nges - kidney score;
KS, fork length (mm), and body weight (g)

Trial/Week H.KS 1 KS Ifs Length Kq Length s Weight Hyq Weight
1/3 --- 1.00 0.06 £0.14 0.05+0.30 0.004+£0.05 ---

1/6 0.21+0.37 0.77+0.46 0.16 £0.30 0.59+0.430.13 £0.27 0.73+0.46
1/7 0.17+0.34 1.00 0.07 £0.14 --- 0.27 £0.42 0.23+0.34
1/8 0.05+0.12 --- 0.18 £0.29 --- 0.16 £0.27 20+10.33
1/9 0.40+057 0.22+0.33 0.11 +£0.20 --- 0.08.18 0.31 +£0.37
1/10 0.13+0.27 0.51+0.49 0.05+0.18 --- --- 240+ 0.42
1/11 0.27+0.48 --- 0.004 +£0.25 1.00 --- 1.00

2/3 --- 0.25+0.38 0.56 £0.83 0.14+£0.32 0.72.94 ---

2/6 0.25+051 0.14+0.35 --- 1.00 0.14 £ 0.68 1.00

2[7 093+1.13 0.09%+0.27 --- --- --- ---

2/8 0.72+091 --- --- 0.74 £ 0.54 --- 0.48 +£0.46
2/9 059+1.03 0.74+0.62 0.14+0.77 1.00 0.19+0.78 1.00

2/10 1.00 1.00 0.19+0.48 0.30+£0.43 0.51+0.78 0.10+0.31
2/11 1.00 1.00 0.24 +£0.53 --- 0.24 £0.53 ---

--- denotes a ‘bound’ estimate due to limited or ndaEmn displayed in the character by one of the
parents;1.00denotes an estimate attained above a value oéilie veduced to maximum theoretical
value achievable;andgare the estimates calculated from the sire andademponent, respectively
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Following observation of the kidney sections takes5 of the 1032 (73.16%) fish
displayedT. bryosalmonaestained sporogonic and extrasporogonic stages. of
bryosalmonadollowing immunohistochemistry of a kidney sectiare shown in

Figure 4.10, below.
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Figure 4.10 - Sporogonic and extrasporogonic stagesf Tetracapsuloides
bryosalmonae within a kidney section (stained brown in colour)following
immunohistochemistry using the antid. bryosalmonae monoclonal antibodies
A8 and D41

Overall, the mean number of parasites perrabserved in immunohistochemistry
stained kidney sections was 23.45, with PKD Chakeh fish displaying a mean of
26.66, and PKD Challenge 2 fish, 17.83 overalle fitaximum number of parasites
for any individual was 319.61 per mrfrom an individual in PKD Challenge 2
(Week 8). Both the lowest and highest percentdgmdividuals with parasites
observed was in PKD Challenge 1, with 92.22% of fl#h displaying T.
bryosalmonaen Week 6, and only 55.68% of fish displaying pésssin Week 11.
Overall, parasites were present in 71.22% of thlk iin PKD Challenge 1, and in
75.42% of the fish in PKD Challenge 2. In relatkmnkidney score, there was a

significant and strong positive correlation betwésntwo terms, r=0.607, P<0.001.
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The trend of increasing parasites/frimrelation to kidney score is shown in Figure
4.11. At each increasing kidney score the numb@acasites/mrhincreases also.

Although a linear regression model should not tiedito ordered categorical data,
for the purpose of illustration, the?’Rvalue here gives an indication as to the

correlation calculated as statistically significant
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Figure 4.11 — Parasites/mr (Tetracapsuloides bryosalmonae) observed at each
assigned kidney score; numbers displayed relate tthe mean parasite/mn
(pink line) and number of observations (n) at eaclkidney score

The genetic components in relation to parasitesyrat were variable both within
and between the two challenges. In relation tostteeand dam, components range
from bound estimates to 748 in PKD Challenge 1, famoch bound to 441 in PKD
Challenge 2. The significance of the regressioparfsites per mfron EBV is
also illustrated, with four of the fourteen anak/geroving to be significant; the
majority of the signs being negative. The genetimponents related to the random
terms, sire, dam, and tank effect, as well as 8#a@ated residual variance are
presented in Table 4.10, below. The significancEBV as well as the regression

of parasite count per nfron EBV are also illustrated.
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Table 4.10 — Summary of genetic components relating parasite number per
mm? from the PKD Challenges, by week

Trial/Week o°sire o° dam o replicate  &° residual Significant EBV Regression

1/3 1.69+£3.01 0 bound 2.97 £ 4.67 49.04£7.7Q -6.928 + 2.157
1/6 84.0+148 179+ 166 48.0 £92.0 1294 £ 216X 13.360 + 14.557
1/7 138 +241 375+261 136+ 187 1533 +254 X 17.420 + 18.347
1/8 10.0£52.0 0 bound 0 bound 3127 £485¢ 36.790 £ 16.767
1/9 63.0+122 75.0+£190 188 + 263 2079 £356 X 21.390 £ 15.342
1/10 59.0+ 165 748 +447 52.0+116 1503+281 X 27.870 £ 23.875
1/11 0 bound 0 bound 0 bound 628.9 £ 153X 13.070 £11.133
2/3 0 bound 2.36+3.52 5.16+6/53 32.66+5.87 X 1.393 £ 2.543
2/6 350+£32.2 3941485 33.8+47.7 323.8 459.X 0.039 £9.203
217 34.7+56.9 0.40+154 42.2+50.9208.5+37.5 X -3.877 £5.311
2/8 281+£490 0 bound 67.0+173 2498 £435¢ -37.18 £ 18.194
2/9 441 + 649 0 bound 4991795 708.0 £122.3 -23.23 £9.765
2/10 348 + 566 126 £ 141 0 bound 857.7 £ 15106 -4.592 + 16.304
2/11 84.6 £176 0 bound 0 bound 948.0 £ 21220 -6.749 + 13.978

T denotes significant effect when tested using difiked ratio testX denotes a negative result for
significance of EBVj/ denotes a positive result for significance of EBV
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Discussion

Striving to test if significant differences were papent between families for
resistance to PKD, evidence of additive genetidati@an, whether the regression of
kidney score on EBV of selected females was sicgmfi, and calculating
timeframes of families (that may assist in natwatcination procedures), only
additive genetic variation was detected and timesmsi calculated. No family
demonstrated a significantly higher tolerabilityRKD regardless of the high or low
EBV rankings, and any regressions calculated were significant. Additive
genetic variation was detected every week froneastl one parent relating to PKD
score, and in the majority of weeks for fork lengtid body weight. Estimates of
heritability were calculated from both the sire alan component, and show a very
diverse range; the majority suggesting that moddxastrong genetic improvement
to PKD resistance is possible within the familietested for this study. Due to
biases caused from maternal effects, the sire coemiqand therefore its estimate
of heritability) is thought to be more reliable [E@ner and Mackay, 1996; Heath
al., 1999; Kolstad, 2005). For this reason, all esten of heritability discussed
from this point onwards will be referring to thosalculated from the sire
component, unless otherwise stated. Finally, ithedourse of disease progression
was calculated for every family involved in the liages; a vast difference
between family disease progression was observedich Simeframes could
potentially assist farmers in stocking regimes tmimise the effects of PKD, ie

when and which families to stock in the productigule.

Due to limitations of experimental facilities in ¢hARF at the Institute of
Aquaculture, University of Stirling, the familiegerg from the 1oM were reared at
different sites; 15 ARF families, 8 BRF familieAlthough the fertilisation date
differed between these two groups by nine daysraopately 90 dd, this could
have been overlooked if comparisons were requirethwever, Dunham (2004)
explains that differences in spawning time andmadtely age of experimental fish
can result in such environmental deviations tha& genetic effects within the
population can be masked. Although consideredagjgedifference was believed to

be of no great concern but exposure to very diffeenvironments and rearing
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techniques, left numerous differences between thRF Aand BRF families;
combining their data would leave the results confted. The greatest difference at
the time of challenge was the statistically sigafit size variation between the two
groups. Further, BRF fish encountered numeroulsogeins at the commercial site
prior to challenging, two of whichQostia and Trichoding required treatment on
multiple occasions. ARF fish were also affected arated foICostig but only on
one occasion. Also, the BRF families suffered iyt chronic in some instances,
due to a ‘condition’ which left some families soptited they were unable to be
used in the study. As a result, the two groupsevesralysed separately. Another
area of concern was tagging. The inexperienceswfguvisual implant elasomere
left many fish in PKD Challenge 1 unidentifiable ttee family level. The groups
most affected included ARF 2, ARF 6, and ARF 15sks of up to 31% of the
family information were experienced. Also, limitats of experimental tanks and
fish number hindered the challenge design. Thegdassed was deemed to be the
most efficient way of gathering the data requiredasses for PKD resistance and
associated additive genetic variation. Finallyhaligh kidney score was used as a
measure of resistance here, other parameters legveidientified as good indicators
(assessed as correlated marker traits) of resestnother diseases in fish species
(Refstie, 1982; Rgedt al, 1990, 1992, 1993; Salet al, 1993; Fevolderet al,
1994; Strgmsheinmet al, 1994ab; Lundet al, 1995). In PKD research it is
understood that there is a good humoral antibodgaese tol. bryosalmonady
rainbow trout at approximately seven weeks postdinbn, which would suggest
that serology could be a useful tool to help witkeasuring and understanding
resistance levels of rainbow trout to PKD. Althbufpe collection of serum was
discussed in the present study, time limitationsampling days meant serum was
never collected. Future studies would benefit freemum sampling as well as
Enzyme-Linked ImmunoSorbent Assays (ELISAs) beirapducted in family

research towards PKD resistance.

Having assessed the regression of kidney scoreBdhdE females selected for this
study, none were found to be statistically sigaifit However, the majority of
weeks display a positive sign for the regressiokidfiey score on EBV, supporting

the hypothesis that PKD score is positively relatedthe EBV of the selected
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females demonstrating high and/or low responseKio. PFurther, as each sampling
was considered a subsample of the population,leréfore independent each week
(ie fish were slaughtered to asses kidney swedimd) could therefore not be used as
repeated measurements), there was justificatiorugorg a one-sided test to asses
the significance of each regression. The one-dielgtdeduces the critical level that
requires to be exceeded for the regression to beisdered significantly different
from zero; however, even after this analysis, naeee found to be statistically
significant, assessed either individually or whewolpd (data/results not presented).
As the majority of weeks display a positive sign fegression of kidney score on
EBV, the philosophy that EBV plays a role on kidreepre cannot be dismissed,
but, due to the limited power of this experimentisi difficult to draw stringent
conclusions. Further, the distance between thgithhls assigned an EBV for this
study, and the actual broodstock used to produée gbpulation may have
weakened any regressions; EBVs were calculated fhenoffspring of Chapter 3
and assigned to the respective parents, yet it thassiblings of the offspring
involved in Chapter 3 that were used as broodsinake present study. Future
research in this area would benefit the Britishutréarming industry, as well as
improve knowledge towards PKD. Further studiesoimwg the regression of
kidney score on EBV should use a greater numbewofiduals per family, a larger
number of families, and also families that exhdri¢ater extremities in the high and
low lines of susceptibility to PKD; these factoreutd potentially support and

strengthen the stated hypothesis and positiveigakdtiip identified here.

The estimates of heritability calculated for remigte to PKD are so diverse that
comparison to other disease resistance studiesivimulneffective. Ranging from
0.05 to 1.25, the estimates cover almost all o#stimates of disease resistance
cited in the literature (Gjgeat al, 1997; Perryet al, 2004; Kolstadet al, 2005;
Henryonet al, 2005). With no previous work conducted on theagie component
of PKD resistance (with the exception of Chaptem3he present project), no
literature is available for comparison. Howevée evidence that additive genetic
variation is available at any stage during the towse of the disease and from
either parent suggests that selection, and theref@netic improvement is possible,

regardless of the time selection takes place, sispeogress, or parental component
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(providing estimates are taken within the paransetérthis population and study).
No trends are apparent in relation to the estimattégritability over the timecourse
suggesting there is not an optimum week in whidecs®n would yield a better
genetic response from either group involved. Aliio some weeks demonstrate a
genetic component above what could realisticallyrdferred to as an estimate of
heritability (ie 1.25), the realism is that addéigenetic variation is present and
selection for improved PKD resistance is possilsepporting the findings of
Chapter 3. From the sire component, although a dstimate is apparent; 0.05
(PKD Challenge 1, week 8), all remaining estimasgse moderate to strong
implying selection for disease resistance measbredidney score will provide

positive results from the families involved here.

The fact that no differences were observed betwegh and low responding
females, or between families, according to the t&BY in the statistical model,
suggests that selection based on EBV will provideadditional benefit towards
PKD resistance over other selection methods witha population tested here.
However, the families displayed a range of avelkadeey scores from 0.64 to 2.46.
Should at least some of the additive genetic vanabe held within those families
with lower average kidney scores, a greater imprerg in PKD resistance than
that estimated may be observed over selection geoes. Variation was also
expressed between the families for the timecouetdimng to the development of
PKD. Figure 4.3 illustrates the PKD score timeseuof a number of families used
in the experiment; including all families on oneagh would be somewhat
confusing, hence a subsample of representatives een selected to demonstrate
the differences between groups. As previously reetl, timecourses could give
farmers the opportunity to stock particular fansili@t different times in the
production cycle to naturally minimise the effeofsPKD, but the practicalities of
implementing such a stocking regime on commeraamg must be addressed.
Further, the significant negative correlation bedwdork length and kidney score
again suggests that fish size plays a role in P&fistance. In Chapter 3, a genetic
correlation between size and kidney score was theteand discussed. It was
suggested that individuals may have been affectedifferent times, with those

affected earlier surpassing the epidemic, recogeand beginning to feed to
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become larger. As all fish in the present studyewefected at the same time, this
could not be the case here, although size variatitimn or between families may
still play a role. Secondly it was suggested thate resistant fish are less stressed
and so continue to feed gaining weight throughbetdisease, and being larger at
the time of sampling. Although fed on maintenamegion throughout the
challenges, this theory cannot be dismissed eitisehierarchical differences within
the tank may have occurred so that larger fish dateiat feeding times increasing
their size. Finally, it was suggested that larfigr may simply be less susceptible
or take longer to reach the epidemic stage, pgsdild to a parasite to kidney ratio.
Unfortunately, these claims cannot be dismisseegitand further work towards
fish size in relation to PKD resistance may ben#fé industry, where sizes are

practical enough to be useful.

The correlation between fork length and kidney ecoalthough statistically
significant, is weak and below what could be comed practical to use in
commercial production. The difference betweenetkieeme grades of kidney score
and fork length is only 1.43 cm, which is not enoug utilise in commercial
management practices. However, having shown onseparate occasions within
this project that fish size is correlated to kidsepre, should correlations be strong
between production and physiological traits, by banmg the family information
(ie mean kidney score and timecourse) as wellssdize (either as fork length or
body weight), additional benefits may be presertedthe farmer; ie by stocking
larger, and therefore more resistant fish and‘tetekers’ early in the summer when
PKD is most prolific, and smaller, less resistasih fand early ‘peakers’ later in the
summer as water temperatures and PKD developmeiihele the benefit to the
farmer is two-fold. However, in practice, commaftdarms may not benefit from
segregating families and/or fish of differing sizse to the time and management
required in doing so. The significant (albeit lowgrrelation between fork length
and kidney score indicated here is based on pheicotiata. However, it is likely
that the genetic correlation would mirror the phgp@ correlation fairly closely, as
demonstrated in Chapter 3. To date, numerous eithave suggested that
phenotypic correlations are generally indicativegehetic correlations, but only for

pairs of production traits (Mousseau and Roff, 19B@ff and Mousseau, 1987,
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Roff, 1997). Little is known of the predictive ua of phenotypic correlations in
relation to genetic correlations for production guiaysiological traits (see ROoff,
1997; Pernet al.2004).

Where fork length and body weight demonstratedrdimeal and rising trend over
time (Figures 4.4 and 4.5), PKD score illustratetlead that peaked and troughed
according to disease progression in each challegeexpected, at 3 weeks post
injection kidney scores were at their lowest as pgheasite began to infiltrate the
kidney (D’Silvaet al, 1984; MacConnelet al, 1989). Over time, development
increased. In PKD Challenge 1 kidney scores pealed weeks post injection
(which appears not to be statistically differeminfrweeks 6 and 8, according to the
standard error), whilst in PKD Challenge 2 the bigfhoverall kidney score was at
week 9 (which appears not to be statistically d#feé from weeks 7 and 8,
according to the standard error). In PKD Challehg®llowing week 7, a general
and overall decrease in the development of theades®ccurred, demonstrated by
the lowering average kidney scores, until the tnak terminated at week 11. In
PKD Challenge 2, weeks 7, 8, and 9 combined arepéak in disease progress,
before a reduction in kidney score is seen at wiéek The observed trends in both
challenges are similar to those observed in othadies (D’Silvaet al, 1984;
Clifton-Hadley et al, 1985, 1986; MacConnadt al, 1989). Although a slight
increase in kidney score was observed in week &t week 10 in both challenges,
due to fewer individuals involved at week 11, iras®g the standard error
associated with the sampling, the two weeks areighb not to be statistically
different. Overall, the two challenges follow anglar trend in relation to kidney
score over time with PKD Challenge 2 consisteralydr than PKD Challenge 1 at
every time point. This is believed to be relatatlifhately) to water temperature.
Similarly, the reduced transmission in PKD Challerg, 73.61% compared to
94.44% in PKD Challenge 1, is believed to be altefuower water temperatures.
With the development of PKD known to be temperatalated (Ferguson, 1981;
Clifton-Hadley et al, 1986), the lower and significant difference in teva
temperature between challenge 1 and 2 inevitaldgted differences between the
two trials. Although temperature alone could be thuse of the differences seen

week on week, and in transmission, the possiblyugbandry stressors in earlier
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life must not be dismissed. Varsanmeisal. (2006) found temperature variation and
husbandry-associated stress in early life rearatgrlreduced the tolerance of
juvenile sea bassDicentrarchus labrax to disease, whilst Saegt al. (2003)
demonstrated that handling stress in the early dil@ges led to much more
susceptible carp later in life when infected withypanoplasma borreli Such
incidences suggest a negative impact. Potentiallyeverse effect may have
occurred in the present study. Due to more seseess in earlier life, BRF fish
may have accustomed a greater tolerance to stesssing them more able to
withstand PKD, but this is unlikely as a greatenegal susceptibility to stress was
noted in the stock (see Section 4.2.4.2), supgpttie findings of Varsamoat al.
(2006) and Saegt al. (2003). However, having been exposed to vari@ragitic
infections on multiple occasions, a general immuresponse againstl.
bryosalmonaemay have occurred. This has certainly been tke f& re-exposure
to the same parasitic infection (Gleeszimal, 2000; Karvoneret al, 2003, 2005;
Cable and Van Oosterhout, 2007). It cannot bedrwet that temperature,
husbandry, and previous exposure to disease hadfest on both the progress of

PKD, and also the mortality experienced in the thallenges.

In PKD Challenge 2 mortality was negligible, whiistPKD Challenge 1 mortality
was much higher than anticipated. Numerous puidica describe mortalities
associated with PKD in salmonids (Ferguson and Na@g 1978; Ferguson, 1981;
Ellis et al, 1982), but the actual cause of death is ofterfocoied due to the
presence of other pathogens (E#isal, 1982; Foott and Hedrick, 1987), previous
exposure to the disease (Foott and Hedrick, 19&driek and Aronstien, 1987),
management techniques (Elks al, 1982), or environmental stressors (Brogin
al,, 1991). To compare the mortality of the presdody to those from field
experiments is impracticable, and in the laborasiiyation where fish are induced
with PKD, having had no previous exposure to theeas$e, few records exist that
report associated mortality. D’Siha al. (1984) report mortality having conducted
an 8 week study using naive rainbow trout exposed. tryosalmonaeising the
same inducing method as used in the present stpdgjéction with homogenates
of PKD-infected kidney), and where temperaturesewsimilar to those of the

present study (I€ + 2°C); the mortality experienced was much greater tha
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found in PKD Challenge 1, 35.48% compared to 8.45%onversely, in an
experiment by Morrigt al. (2005), naive rainbow trout induced via ip injeatiof
PKD-infected kidney homogenate, and also held 4€C18 2C, experienced no
mortality over a 40 week period. Both experimemsed fish of comparable age
(0+) and size to those of the present study. Ubtkully, the disease itself
contributed to death, as the average kidney scofresortalities are consistently
higher than the average kidney scores of sampdgd(Kigure 4.6), but PKD alone
is thought not to be the sole reason for death. cGmpare mortality in different
salmonid species is not practical, as the effectP&D is species-dependent
(Ferguson and Needham, 1978; E#isal, 1982; Hedrick and Aronstien, 1987,
Brown et al, 1991). However, temperature has been discussed cntributing
factor where mortality has been associated witheexgental T. bryosalmonae
related mortality (Ferguson, 1981; Clifton-Hadyal, 1986a).

Since the two challenges were conducted in anicimanner in terms of holding
unit and the sampling procedure, it is assumedtii@ARF group were either more
susceptible to stress, or the temperature profiRKD Challenge 1 bordered, if not
exceeded the upper critical level for this popolatof fish. As water temperature
rises, the metabolic rate of fish increases (F8y,1). To accommodate the increase
in metabolism, fish increase their oxygen consuamptiHowever, with rising water
temperature comes a depression in the solubilityxgfen in water, presenting an
unfavourable and degenerative cycle to fish liwvithin such conditions. During
brief periods of high metabolic demand, the fishynb® able to compensate by
resorting to anaerobic metabolism, however Ojoéitkl. (1995) warn that this may
not be possible during chronic conditions of higatatolic demand, for example
when disease is combined with high water tempeeafuais was the case in PKD
Challenge 1. Temperatures of’€1+ 1°C have been described as chronically high
for rainbow trout following a study of diploid indduals at 23C for 3 weeks: 39%
mortality was experienced (Ojoliakt al, 1995). In the same study, it was noted
that a marked increase in mortality occurred whextewtemperatures exceeded
18°C. This is in agreement with Myers and Hershber@@91) who discuss
mortality in rainbow trout at an averaged watergenature of 18 %C. Mortalities

have also been recorded in rainbow trout associatéd a constant water
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temperature as low as A7 (Blancet al, 1992). This suggests that there is no
single optimum or critical temperature range fdrrainbow trout, and that the
tolerance of any population measured could diffae do water chemistry (eg
oxygen or ammonia), previous trauma (eg diseasessstor suboptimal conditions),
or the genetics of the stock. With water tempesttnown to have a significant
effect not only on production traits, but also asedse resistance (Dunham, 2004),
several studies have concentrated on the poteatiadelectively breeding for
increased temperature tolerance in rainbow trawgsg¢n, 1986; Lintoat al, 1998;
Molony et al, 2004), with Perryet al. (2005) discussing genetic differences for
upper thermal tolerance between different poputatiavithin a single experiment.
Molony et al. (2004) compared domesticated and naturalised bhesinbow trout

to find that domestication through passive selecteft the stock more tolerant to
water temperatures in excess of@5 In the present study, the IoM population have
had no (known) previous selection pressure inipglato temperature tolerance.
However, from the range experienced it is unlikisgt temperature alone was the
cause of mortality in the PKD challenges, and dvavater temperature, handling
stress, overcrowding, and hierarchical dominancea gombination thereof, may

have contributed to the mortality witnessed.

A kidney score was allocated to every fish samtgd®KD resistance, according
to the scale of Clifton-Hadlest al. (1987). Over the eleven week period, each fish
had a section of kidney removed which was usednfonunohistochemistry. In
order to numerate the infection level, the extrasgonic and sporogonic stages of
T. bryosalmonaevere stained using anti- bryosalmona@antibodies, A8 and D41.
A significant positive correlation between kidnepee and parasite load was found,
suggesting that it is feasible to assume that ¢hée of Clifton-Hadleyet al. (1987)

is representative of the infiltration of parasitesthe kidney, which may also be
defined as a method of calculating resistance. hodlgh high (r=0.607), the
correlation is not as strong as expected. Thisdcbe due to a number of factors.
Firstly, the kidney score assigned is extremelyjestitve. Although the grading
system of Clifton-Hadlewt al. (1987) is detailed and comprehensive, there dre on
five possible categories in which to position a beswo kidney. In the case of

parasite load, the numbers could show an extemaige; in this study alone counts
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of one, up to five hundred and fifty nine were alied over the eleven fields of
view. The correlation could be stronger if mordegaries were added to the
Clifton-Hadley et al. (1987) scoring system, but as a long standing singble
approach, this is unlikely to change. Other arbas could affect the correlation
include the methodology in preparing sections, irrmdrom the quality of section
cut to the successful staining of parasites, a$ agethe choice of antibodies and
their efficacy (which could also vary dependentcoiture and storage conditions).
It was noted in the present study that the majaitprocedures (including cutting
and staining) improved over time as competencesas®d; that is not to say earlier
samples are less reliable, simply harder to obseiiee storage and culture of the
cells producing the antibodies should be condustethat variation is minimised.
In the present study, cultures were prepared ik before being aliquoted into
manageable volumes, and storage was equal botmwaitld between the antibody-

producing hybridoma cell lines.

Although every attempt was made to ensure thatmdssi transect of kidney was
used for immunohistochemistry from each fish, iswsevitable that some variation
would occur. It was noticed when counting parasitenbers that sections with a
greater density of kidney tubules had lower pasasiimbers; the majority of
sections densely packed with tubules produced etess than ten parasites over
the eleven areas studied (personal observation)iftorGHadley et al. (1987)
reported a similar observation following a histagag study of O+ rainbow trout on
a PKD infected farm. The fact thdt bryosalmonaedestroy kidney tubules,
suggests that disease progression to a chronie siiflt inevitably increase the
number of parasites, and therefore the rate at twhitbules are destroyed,
explaining the number of parasites to tubule ratidoth this and the study of
Clifton-Hadley et al. (1987). However, as kidney tubules condense tdsvéne
posterior of the kidney, the variation seen in phesent study may be due to the
area of kidney taken for immunohistochemistry. Idoer, the theory that fish
possessing a greater density of tubules withinkidaey may be more tolerant to
the infiltration of T. bryosalmonaenust not be overlooked. The implications of
such a correlation could provide numerous advastégehe industry and research.

Resistance could be selected based on tubule nurather than kidney score or
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parasite count, reducing the need for artificiahltdnging or collating data from
natural outbreaks. The techniques required totcmiloules are more affordable and
simpler than for immunohistochemistry, especia#iyttze requirement for antibodies
would be removed. Further, farmers could use prboln fish at harvest to gather
the required information, saving both time and nyoaa trials and/or sacrificing
healthy or young fish. Further research to supporlismiss these claims would

benefit the industry.

In order to fully understand if kidney score is@od indicator of parasite load, and
in turn resistance, further research is requirethis area. The present study has
provided a firm basis on which to develop futurekysuggesting that kidney score
is a good measure of parasite infestation, andirin & representative measure of
resistance to PKD. However, with areas requiringhler attention in parasite

counting, strict guidelines need to be developedndardised, and adopted in
relation to the section of kidney taken for immuistdchemistry, the protocols used
in the cutting and staining procedure, as welllesriumber of tubules within the

kidney section taken into account.

Finally, when parasites/mhwas assessed for the regression on female EBV, the
result was extremely variable; this is further itfgad by the graphical display of
parasites at each kidney score (Figure 4.11). Motibly, the sign for regressions
in the majority of weeks throughout PKD Challenges 2egative. As kidney score
was hypothesised to relate significantly to the bamof parasites in the
immunohistochemistry stained kidney sections tekerach individual (which was
proved with some degree of success in this stutlyy, perhaps surprising that a
similar result to kidney score regression on EB\swat found in PKD Challenge
2, ie the majority of regressions being positivieurther, of all the regressions of
parasite/mrh on EBV calculated, unlike kidney score, four wereemed to be
statistically significant; three of which demonstiha negative value. However, the
regressions in PKD Challenge 1 are in agreemenh \lie philosophy that
parasites/mmhas a positive relationship with the EBV of fensaland in turn, the
relationship between kidney score and parasite$/imstrengthened. Although the

regression in week 3 in PKD Challenge 1 is negjtisgnificant, it is important to
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note that the other significant regression is pasin week 8. In PKD Challenge 2,
the significant regressions are in weeks 8 andnfl, athough negative in PKD
Challenge 2, this timing is believed to be an intgior stage in PKD progression,
and the aetiology of this disease during this tgheuld be focussed upon in future
research. With the mean kidney scores in botlstgaaking at or around weeks 7
to 9, and the timecourse of individual families wirg vast variation seven weeks
post infection, as well as the humoral antibodypoese toT. bryosalmonaeat
approximately seven weeks post infection alreadytified, it is obvious that this
stage of infection may hold the key to understamdire resistance of rainbow trout
to PKD.

Having identified additive genetic variation for BKscore exists within the oM
population (Chapter 3), the present chapter wasbkshed and proved to support
these findings. Although families of high and ldalerance to the disease were
selected for the study, no significant differencewred between the families, or
between the groups held at different locations; ARE BRF. However, additive
genetic variation leading to significant estimaté$eritability was calculated from
both the sire and dam components in the study,estigg selection for improved
resistance to PKD is possible within the familiesed here. Additionally, the
variation in average PKD scores of each family gatks that selection may be
improved above that predicted by selecting famiigth lower scores, but only if
the additive genetic variation calculated is hel@hin those families. The
numerous positive regressions of kidney score ol,EBthough not significant,
indicate that future research may support the yheét broodstock of high and low
response to PKD relates significantly to kidneyrscoThe timeframes calculated
for each family illustrates the variation of thdeet of PKD for each group. The
demonstration of peaks and troughs of PKD scoxiffgrent times may provide a
useful tool for farmers seeking to minimise theeef§ of PKD through management
practices, ie stocking regimes assisting with retwaccination. Finally, the
significant and positive correlation found betwddiD score and parasite number
within kidney sections suggests that scoring adongrdo the scale of Clifton-
Hadleyet al. (1987) is representative of the infiltration ofrasites to the kidney

throughout the course of the disease, reassuratgitiney score is a good measure
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of PKD resistance. However, with many areas qaeable as to the reliability of
the counting, no strict conclusions can be drawe,lend it is suggested that further
research is conducted. Overall, this study hapaued the claims that additive
genetic variation exists within the oM populatidinat would respond well to
selection for improvement to PKD resistance. Hfigngthens the initial findings,
and provides further evidence that a selective dimge programme for PKD
resistance in the British rainbow trout industry net only possible, but also

feasible.
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Chapter 5: Furunculosis
Challenges
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5.1 Introduction

Scientists at the Institute of Aquaculture, Uniwgref Stirling, consistently report
the presence oRferomonas salmonicidan fish affected byTetracapsuloides
bryosalmonaen the field situation or in naive fish experimdhtanduced from
field affected fish. Although no literature is #dgble in support of this claim,
acting as an opportunistic pathogen following thfection ofT. bryosalmonagt is
perhaps unsurprising thAt salmonicidatakes advantage of immunocompromised
species, suggesting Proliferative Kidney Disead€D(Pacts as a precursor for the
bacterial disease. In PKD challenges where nasvelfave been injected with the
kidney homogenate of fish infected with bryosalmonadrom a commercial site,
evidence of furunculosis is often recorded in tkpegimental fish. However, the
symptoms of the bacterial disease are rarely wsgksn the fish used to transmit
PKD, suggesting that infection of PKD often leads d& carrier state ofA.
salmonicidain rainbow trout (Morriset al, 2003a and subsequent unpublished
laboratory work) To date, numerous pathogens have been reportieldasites
affected by PKD (Hoffman and Dangschat, 1981; Hddet al, 1985; O’Hara,
1985), but the presence @ salmonicidaas a secondary pathogen has been
described at only one (Hoffman and Dangschat, 1981y the majority of
circumstances rainbow trout are considered the atin least affected by
furunculosis, but under the extreme pressures dD,Pé&Specially in the culture

environment, an opportunity is presented to oveetime host.

Controlling furunculosis has historically been pdesbatic. Although some
evidence of treatment through the use of therapeattimicrobials has been
possible, the evolution of drug resistant straias land continues to hinder the
salmonid industry (Munro and Hasting, 1993). Adwsin fish vaccine design
have been made in recent years (Munn, 1994; Lutevgthl, 1995; Siwickiet al,
2002) and oil-adjuvated vaccines against furunesilbave produced encouraging
results in the field (Press and Lillehaug, 1995¢dMing et al, 1996). Although
numerous companies offer vaccines to control treeadie (Aquavetplan, 2001,
Schering-Plough, 2007), there continues to be asmé interest in selective

breeding to produce fish stocks tolerant to furlm&is; as a result substantial work
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has been conducted in this area (Marseteai, 1996; Gjgeret al, 1997; Nordmcet
al., 1998; Perryet al, 2004). Selection for furunculosis tolerant stsadn farms
endemic to PKD will help to alleviate at least ook the associated stressors
contributing to mortality.  Where genetic corredais between PKD and
furunculosis resistance are found to be favourabkyitable selection index can be
designed to utlise families with the greatest stesice to both diseases.
Conversely, the discovery of a negative relatiomsimost likely due to differing
aetiologies of the diseases, as found by Henmspal. (2005) when studying the
bacterial diseases Enteric Red Mouth (ERM) and Iitain Trout Fry Syndrome
(RTES), and Viral Haemorrhagic Septicaemia (VHS@ams alternative approaches

may be necessary, eg sequential selection.

The object of the present study is to test theraolee of the Isle of Man (loM)
commercial families to furunculosis under experitaégonditions. By estimating
the degree of genetic variation that exists in éhesmmercial families following
exposure to the causative agent, the subsequeatwditindicate as to whether
genetic improvement to furunculosis resistance assjple. The estimates of
heritability calculated can then be incorporatdd ithe previous results attained for
PKD resistance. With information gathered for bdigeases, data will be available
in anticipation of a forthcoming breeding programimethe farms involved in this

project.
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5.2 Materials and Methods

5.2.1 Broodstock and mating design

The same families of fish used in the PKD challengere used for the furunculosis
challenges in order to asses and compare the amesestbetween the two
commercially important diseases. The broodstoc&ting design, rearing, and
tagging are therefore identical to those seen iap@r 4, Section 4.2. The only
exception is the absence of ARF 4 in the furundslokallenge due to a limited

number of representatives available.

5.2.2 Challenges

5.2.2.1 Screening

Prior to any challenge taking place, representativ@m each family were screened
for the presence @&&. salmonicidausing the same equation described in Chapter 4,
Section 4.2.4.1. However, sample size required diwaged by 14 ARF families,
not 15 as described in Chapter 4. Again, the losvglence (0.01) was used due to
both batches being certified disease-free and sioyi of furunculosis at the two
holding sites. All fish tested negative for furutwsis. The techniques used to

screen fish mirrored those of the actual challemgssribed below.

5.2.2.2 Design

Both furunculosis challenges were conducted at Aheatic Research Facility
(ARF), Institute of Aquaculture, University of Siitg due to its Home Office
licensed status. The challenges were completesecatively and design remained
the same so comparisons could be made. The challamolved four test tanks and
four control tanks, each assigned at random. Eadkwas 100 | in volume, with
flows of >2 I/min plus aeration. Light regime was standawditte ARF; 12 h
light:12 h dark. Feed was not given. Water terapae remained at or above°C5
(£ 2°C) in both challenges. Movement to the test taok& place 5 days prior to
injection (17/08/2006) for Furunculosis Challenge ARF families (22/08/2006;
day 0), and 1 day prior to injection (19/09/200&) Furunculosis Challenge 2, BRF
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families (20/09/2006; day 0). In Furunculosis Gérade 1, each replicate consisted
of 10 fish per family, equating to 140 fish perkgotal: 1120). In Furunculosis
Challenge 2, 20 fish per family were used, 160 figdr tank (total: 1280).
Representatives were weighed into tanks to ensut@ases in replicate weight for

each challenge.

5.2.2.3 Bacterial preparation

The Marine Harvest strain édferomonas salmonicidased for challenging fish was
prepared following the Institute of Aquaculture, itBrsity of Stirling standard
curve protocol (Appendix 1). The virility of theabterial strain and unknown
response of the population to be tested meant lpleage experiments were
conducted to calculate the required dose to acts®% mortality. The 14 ARF

families were used in pre-challenge experiments.

5.2.2.4 Pre-challenges

Performed in three replicates, 3 fish per familyavip injected with 1.15 x £01¢,

and 18 colony forming units (CFU), equating to 42 fistr peplicate (a total of 126
fish). This was the most efficient way to calcaeldhe desired dose rate without
excessive use of fish, whilst maintaining a repmese/e number per family.
Mortality in each replicate exceeded the desired Bdark with 1.15 x 1% 1¢*, and

10° CFU producing 62%, 83%, and 90%, respectivelyy @@ day trial period. A
further pre-challenge using two replicates wasqreréd to assess dose rates of 5 x
10° and 1 x 16 CFU. Over the second nine day challenge perioattaiities of
45% and 55% were obtained, respectively, and 1*CHU was selected as the

challenge dose.

5.2.2.5 Actual Challenges

The infection method used throughout challenges iprasjection. Test fish were
subject to a 0.1 ml injection of 1 x 40FU of A. salmonicidaMH to achieve a dose
rate of 1 x 18CFU per fish, whilst control fish were treated itdeally but injected
with 0.1 ml of 0.85% saline solution only. The d#yinjection was defined as day
0, and both trials lasted 21 days.
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5.2.2.6 Observation and examination

Tanks were observed twice daily until the inceptidrdeath, when observation was
increased to four times daily, in accordance witnté Office regulations. Dead
and moribund fish were removed each day. Fish wienstified to the family level,
had their fork length recorded, and were examiratdviologically for the presence
of A. salmonicida Anterior kidney smears were plated on to TSAJ actubated
for 48 hr prior to examination. After 48 hr, isida of A. salmonicidawere
identified as typical colonies (morphological exaation) producing brown
diffusing pigment (pigmentation analysis). Eacly,darandom sample of at least
10% of the isolates were examined by Gram'’s stgigind agglutination testing;
positive A. salmonicidashowed Gram-negative coccibaccili bacteria, andteea
positively by agglutination test with the test sariBioNor AQUA Mono As
(BioNor, Norway); for protocols see Chapter 2, stP.3.

5.2.3 Statistical analysis

5.2.3.1 Summary statistics

All data relating to the challenges were enteréd Microsoft Excel in preparation
of analysis. Where basic statistics (mean, costandard error etc) were required
Microsoft Excel was used. Some graphs are alsdygts of Microsoft Excel. All
other analysis was conducted using Genstat Relarston 9.1. Mortality of the
fish following challenge is presented as the numbérmortalities, number
surviving, cumulative mortality within each fullding group, as well as per trial,
and overall. The average length at time of deatid, average number of days to

death is also presented.

5.2.3.2 Furunculosis resistance, survival, and estimaté®ofability

Resistance was assessed as both a binary traurWeved/died) and longitudinal
trait (ie time until death following challenge). h& statistical model used is
described below. As a binary trait, resistance assessed as a binary variable, Y
where Y is the observed value of figh(yi,), allocated the valuei y O if death

occurred during the 21 days following injection amd- 1 if it survived. Fish that
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survived were assumed to be more resistant these tthat died. As a longitudinal
trait, resistance of fisph was assessed as the time (days post injectiontaldeath.
Having aimed for 50% mortality rate, it was assurtfet all fish surviving to day
21 would recover fromA. salmonicidainfection; these fish were assigned as
censored observations. Measuring resistance asintiee until death provides a
measure of the degree of resistance; the longekets for a fish to die, the greater
the resistance. The study also looked at the ptiopoof each family that died over
the 21 day challenge period; this was thought ¥ @i further indication as to the
level of resistance within each family. Fish siz&s measured, but due to problems
associated with measuring body weight in challemgals where no feed is

administered (ie cannibalism), fork length was telie a more accurate measure.

The REML model allowed individuals or entire faradito be assessed on their
challenge performance. Further, estimates of diglity could be calculated from

the resultant genetic components:
Yinp= Hi + 0.EBVin, + triaky, + sirg + dam + tanky + enp

whereyi, is the vector for the trait of interesj Of fishp. | is the population mean
for trait i, b.EBVinp is the regression on the estimated breeding vafugam I,
treated as a fixed term, trials the fixed effect to assess any differences betw
ARF and BRF fish (ultimately Furunculosis Challerigand 2), and sirk, daml,
and tankm are random effects for traif whilst e, represents the residual error

associated with trait

As per Chapter 4, the random effects of;sirgam, and residual erroref,) were
considered to be independent random normal vadakigh mean zero, and
variances denoted?, os°, andoe’. Total phenotypic variance was denotgd and
was estimated as’ = o + o4° + 6> The genetic information for this study comes
from: (i) the dam variances¢?), which represents the variance of deviations from

the regression on EBV; and, (ii) the sire variatw®.
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Estimates of heritability were based on the narsewse heritability, and could be

obtained from the sire variance using the formula:

4(cd) | o, from the sire variance componegt h

Whilst the dam variance, in principle, containsenthon-genetic maternal effects,
in this study, given its small size, it was intefed as being wholly genetic. The

estimates of heritability were obtained from thendariance using the formula:

4(c4%) | o, from the dam variance componesgt h

However, it is important to note that part of tlengtic variance attributable to dams

was removed by the regression on EBV.

In order to determine if random variables were i§icent, they were assessed using
a likelihood ratio test. Following the REML mod#ie term of interest (sire, dam,

or tank) was removed and the resultant deviancepeoed to the original. The term

was deemed significant if the difference was gretiteny” at 1 degree of freedom

(likelihood ratio test statistic at 95% CI: 3.84).

The rate at which fish died is also demonstratadgukaplan-Meier estimates of
the survival function for the 21 day challenges (§léa and Meier, 1958), where
factors included trial, tank, and female, whilstrigges included dpi, EBV, and

survival.

PhD 146 GMB



oA Chapter 5 — Furunculosis Challenges

5.2.3.3 Bulk weights

As in Chapter 4, the bulk weights of families wegdhinto test tanks were assessed
for any significant differences. The REML modekdgo asses the bulk weight of

families was:

Ying= Hi + 0.EBVing + triaky +sirex + dam + tanky, + enq

whereyi, is the bulk weight of familyg involved in the challenge, and trialvas
included as a fixed effect to assess differencawden ARF and BRF fish (ie

Furunculosis Challenge 1 and 2).
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5.3 Results

5.3.1 Furunculosis resistance

Overall the challenges produced a mortality rateselto the anticipated (50%),
52.04%; Furunculosis Challenge 1, 45.74%, and Fauiosis Challenge 2, 57.37%.
Of the 1204 test individuals, 1201 were availabletésting, but only 1178 could be
identified to the family level. For these indivials, mean dpi to death was 4.57 *
0.06 overall, with a range of 3.61 + 0.10 (BRF 1®%.60 + 0.31 (ARF 3) within
full-sibling groups. Cumulative mortality expredsa range from 22.50% (ARF 5
and ARF 6) to 96.25% (BRF 10) within groups; me&8mB8%. Fish unidentifiable
to the family level were included in analyses whewssible, ie Kaplan-Meier
estimates overall and by challenge. The data tedllan the challenges is
summarised according to family and overall in Tdhle, below.

Table 5.1 - Summary of furunculosis challenge data&ollected over a 21 day
period for rainbow trout of different families

Chapter 5 — Furunculosis Challenges

Family Mortalities  Survivors Cum. Mort %  Morts %  ledpi + SE Length + SE
ARF 1 15 26 37.5 36.59 4.60 +0.32 11.91 +0.22
ARF 2 21 17 52.5 55.26 5.00+0.34 11.69 +0.19
ARF 3 10 30 25 25.00 5.60+0.31 12.64 +0.63
ARF 5 9 31 22.5 22.50 5.11+0.20 11.96 + 0.23
ARF 6 9 32 22.5 21.95 5.00 +0.33 11.64 +0.48
ARF 7 14 25 35 35.90 5.50 £ 0.90 11.45+0.23
ARF 8 22 18 55 55.00 4.32+0.23 11.75+0.48
ARF 9 16 24 40 40.00 4.69+0.30 10.92 +0.23
ARF 10 24 16 60 60.00 4.71+0.39 11.66 + 0.29
ARF 12 19 17 47.5 52.78 5.47 + 0.65 11.25 +0.27
ARF 13 29 10 72.5 74.36 4.66 +0.31 11.51+0.18
ARF 14 21 18 52.5 53.85 4.71+0.23 11.44 +0.30
ARF 15 14 18 35 43.75 479 +0.52 11.42 +0.14
ARF 16 24 11 60 68.57 4.67 +0.38 11.05+0.17
BRF 2 44 36 55 55.00 4.70+0.23 10.75+0.16
BRF 3 41 39 51.25 51.25 4.88 +0.23 10.52+0.21
BRF 4 45 35 56.25 56.25 4.33+0.16 10.13+0.13
BRF5 32 48 40 40.00 4.50 +0.30 10.16 + 0.16
BRF 6 31 49 38.75 38.75 4.61+0.19 9.65+0.21
BRF 8* 33 47 41.25 41.25 4.82 +0.40 9.75+0.37
BRF 9 63 17 78.75 78.75 443 +0.13 10.73+0.10
BRF 10* 77 1 96.25 98.72 3.61+0.10 10.39+0.11
Challenge 1 families 247 293 45.74 485+0.11 54%0.07
Challenge 2 families 366 272 57.37 4.39+0.07 33&0.06
ALL families 613 565 52.04 4.57 £ 0.06 10.82 £9.0
Unknown ARF 8 13
Unknown BRF 0 0
* Non-furunculosis deaths 2
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The rate at which fish died was highest from day® 3 over both challenges
following injection withA. salmonicida The Kaplan-Meier estimate of the survival
function indicates that over 10% of fish challengeith A. salmonicidadied on
these days when data was combined, with the gteatsality on day 4: 20.57%.
Very few fish died after day 7. The rate at whiish died over the challenge period

is illustrated in Figure 5.1.
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Figure 5.1 - Kaplan-Meier estimate of the survivalfunction (Overall) for 21
days following challenge of rainbow trout with Aeromonas salmonicida; —
Survivor function, o Censored observations

The Kaplan-Meier account of mortality over the 2dygberiod (illustrated in Table
5.2, below) details the time and number of deaftiésb involved in the study. It
illustrates the initial number of fish as ‘No. &k’, which reduces accordingly as
fish succumb to the injected. salmonicida The Kaplan-Meier estimates, as well
as the respective upper and lower estimates, & do three decimal places on

each day that mortality occurred during the chajieperiod.
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Table 5.2 - Kaplan-Meier output for the two furunculosis challenges combined

Time of death No. of deaths  No. atrisk  Lower eaten Kaplan-Meier Upper estimate

2 2 1201 0.993 0.998 1.00
3 123 1199 0.877 0.896 0.912
4 247 1076 0.663 0.690 0.716
5 137 829 0.548 0.576 0.604
6 62 692 0.496 0.525 0.552
7 27 630 0.473 0.502 0.530
8 6 603 0.468 0.497 0.525
9 8 597 0.462 0.490 0.518
10 4 589 0.459 0.487 0.515
11 1 585 0.458 0.486 0.514
12 2 584 0.456 0.485 0.513
13 1 582 0.455 0.484 0.512
15 1 581 0.454 0.483 0.511
17 1 580 0.454 0.482 0.510
21 1 579 0.453 0.481 0.509
Total Failed Censored % Censored

1201 623 578 48.13

The time (dpi) and number (cumulative mortality)rodrtalities within each family
following exposure to A. salmonicida are shown igufe 5.2, below, which
highlights the variation in susceptibility to A.lsenicida. It can be seen from
Figure 5.2 that certain families succumb to thén@agen quickly resulting in a larger
cumulative mortality (eg BRF 9 and BRF 10, whichyn@ perceived as resistance
assessed as a binary trait), whilst others showeatey resistance initially but
mortalities persist over a longer period of timg f&RF 7 and BRF 8, which may

suggest a greater resistance assessed as a |omaituait).

The two trials are segregated in Figure 5.3 to ide\comparable Kaplan-Meier
estimates of the survival function for both Furuosis Challenge 1 and
Furunculosis Challenge 2. Displaying similar tremad mortality over the callenge
periods, including the final level of mortality,elsubtle difference between the two
challenges lies with the initial death rate, belagger and in a greater number in

Furunculosis Challenge 2.
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Figure 5.2 — Cumulative mortality of all families nvolved in the Furunculosis
Challenges up to 18 days post injection witiAeromonas salmonicida
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Figure 5.3 - Kaplan-Meier estimate of the survivakunctions (by challenge) for
21 days following challenge of rainbow trout withAeromonas salmonicida; —
Survivor function, o Censored observations

The Kaplan-Meier estimate of the survival functellown as Figure 5.4 illustrates
the survival divided into individual groups, acciigl to female, highlighting the

variation between families. This vast variatiommd@strates survival according to
female ranging from less than 5% to over 75%. Mestales demonstrate a similar
trend in relation to cumulative mortality over thiisie period, but in certain families

over 70% of the family is lost by 6 dpi.

A Kaplan-Meier estimate of the survival functionailso presented to illustrate the
variation between neomales (Figure 5.5). Agairsinailar pattern has occurred,
where not only a large difference in overall suaigan be observed, for example
between neomale 2 (over 60% survival) and neomé@éless than 15% survival), but

also the rate at which fish die according to neemal
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Figure 5.4 - Kaplan-Meier estimate of the survivafunctions (by Female) for 21
days following challenge of rainbow trout with Aeromonas salmonicida; —
Survivor functions, o Censored observations
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Figure 5.5 - Kaplan-Meier estimate of the survivaffunctions (by Neomale) for

21 days following challenge of rainbow trout withAeromonas salmonicida; —
Survivor functions, o Censored observations

PhD 153 GMB



oA Chapter 5 — Furunculosis Challenges

Although completed at different times the tempematprofiles between the two
challenges did not differ significantly, but thellbboweights of families between the
groups (ARF and BRF) did (P<0.001).

5.3.2 Genetics

Overall, neither the binary nor the longitudinahits uncovered significant
differences between the two challenges, or betweerfemales selected for their
known high and low response to PKD (model term: EBMowever, in both binary
and longitudinal analyses, a significant genetfeafwas present for sire and dam.
Analysed separately, the two challenges displayesignificant effect for EBV, but
a significant dam effect was evident for both bynand longitudinal traits in both
challenges, following the likelihood ratio test. wheak but significant correlation
between individual fish size, measured as forktlengnd timing of mortality (dpi
to death) was observed in the stock (r=0.09, PJ0.0bhe phenotypic trend of
increasing fork length equating to greater resttazan be seen as dpi to death and
mean fork length in Table 5.3, where smaller fis§,10.64 cm and 10.56 cm die
due to furunculosis at 3 and 4 dpi, respectivellilst larger fish, eg 11.57 cm and
11.51 cm succumb to the disease after a longeogeasf time, 8 and 9 dpi,

respectively.

Table 5.3 - Average fork length of fish that died o specific days following
injection with Aeromonas salmonicida in the Furunculosis Challenges

Days post injection to death Fork length (cm)

3 10.64 £ 0.11

4 10.56 + 0.08
5 11.19+0.10
6 11.19+0.16
7 11.24 + 0.26
8
9
B

11.57 £0.48
11.51+£0.25

NB Only dpi with 4 or more observations used

Estimates of heritability for fork length were calated to be 0.09 + 0.15 from the
sire component, and 0.23 £+ 0.10 from the dam componThere was a significant
difference (P=0.005) in the fork length of fish Wween the two challenges, as well

as a significant dam effect for fork length whestéel using a likelihood ratio test.
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The proportion of fish that died in each family wadculated and compared to the
EBV of females selected for the study (Figure 5.6jom the EBVSs, ranging from
1.63 up to 2.83, the corresponding value of thepprton of the family that died
was plotted. Although a negative trend is apparastcan be seen from the low
EBV values corresponding to the greater proporti®ad percentage, it is not
significant (r=-0.139, p=0.196). However, a sigraht sire and dam effect was
found when analysed overall using the likelihootorgest, but no effect from the
fixed model term, EBV, occurred. When analyseccbgllenge, a significant dam

effect was found in both Furunculosis Challenged Burunculosis Challenge 2.
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Figure 5.6 - 2D scatter graph displaying the propaion of each family that died
due to infection with Aeromonas salmonicida over a 21 day period, against the
Estimated Breeding Value of the females selectedrfthe study.

The Kaplan-Meier estimate of the survival functioelow (Figure 5.7) illustrates
survival according to females selected as highlandresponders to PKD, ie with
high and low EBV values, respectively. As desdatifer Figure 5.6, the females
categorised as Low responders (ie with low EBVshalestrated a greater number
of mortalities throughout the challenge period (esented as a lower survival in
Figure 5.7), whilst females that were selected igh hesponders to PKD show a

greater survival after 21 days.
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Figure 5.7 - Kaplan-Meier estimate of the survivafunctions (by High and Low
responders to PKD selected for the study) for 21 @& following challenge of
rainbow trout with Aeromonas salmonicida; — Survivor functions, o Censored
observations

The estimates of heritability could be calculatednf both the sire and dam
components from the information attained. The aNerstimates of heritability
were similar when calculated as binary and longitald traits, but were
considerably higher when calculated from the praporof fish that died. All of
the estimates displayed in Table 5.4, below, showesignificant genetic effect

when tested by the likelihood ratio test.

Table 5.4 - Estimates of heritability =+ SE calculs#éd from Furunculosis

Challenges

Estimate h’s hq

Binary trait 0.14+0.21 0.33+0.13
Longitudinal trait 0.15+0.23 0.37+0.14
Proportion dead 0.72+0.96 1.00

Fork length 0.09 +0.15 0.23+0.10

1.00denotes an estimate attained above a value ofalue veduced to maximum theoretical value
achievable; andyare the estimates calculated from the sire andatemponent, respectively

PhD 156 GMB



oA Chapter 5 — Furunculosis Challenges

5.4 Discussion

This experiment was designed to investigate whesihgmificant differences and
additive genetic variation exists in susceptibility Aeromonas salmonicida
between families specifically selected for high dod tolerance to PKD. The
EBVs of females selected to produce the familieedusn the experiment
demonstrated no difference in resistance to fudasist However, the additive
genetic variation and subsequent estimates ofaldliily indicate selective breeding
for furunculosis resistance is possible within #especially selected lines.
Although calculated from both the sire and dam conemt, due to maternal effects
that can create biases in disease resistance sindish species (Mor and Avtalion,
1988; Sin et al., 1994), all estimates of heriigbiliscussed will be based on the
sire component only, as a more reliable estimatsfid, 2005). An estimate of
heritability for fork length was also obtained. eTprecedence of measuring fork
length was to asses the effect of size on furumisiloesistance; as a result, a
positive and significant phenotypic correlation vimsnd between the length of fish

and days to death following challenge withsalmonicida

As previously discussed in Chapter 4 (Section 4.26ére was limited availability
of experimental facilities to hold all families abne site and challenge
simultaneously. This led to marked differencesMeen the two stocks. The 22
families were therefore held as two groups; ARFlst@onsisting of 14 families,
and BRF stock, consisting of 8 families. Althowgparation of the two challenges
was accounted for in the statistical model (temal); certain areas should not be
overlooked; age difference, the exposure to andemce of multiple diseases in the
BRF families prior to challenge (as well as theg&nincidence of disease in ARF
fish), the ‘condition’ suffered by BRF families (weh resulted in 100% mortality in
some families), and the size difference betweemgtbaps. Many, if not all of these
areas have been shown to have an effect on disesistance in fish. Numerous
authors have reported an increase in resistancgrifection following re-exposure
to the same pathogen (Ferguson, 1981; Efisal, 1982; Gleesoret al, 2000;
Karvonenet al, 2003, 2005; Gilbeyet al, 2006) but there is also evidence of

immunodepression following parasitic infection, wlhi can increase the
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susceptibility of fish to other pathogens (see Wb@02). The stocks used in the
present trial were exposed to and affectecCbgtia (ARF and BRF) oiTrichodina
(BRF). To stipulate whether or not the previougasure affected the overall result
is impossible to conclude; to asses such effectsldveequire research in itself.
However, with the two groups experiencing very eléint levels of parasitic
infection (both intensity and number), it is suggesthat different responses may be
apparent. Ideally, any experimental testing shaidd naive fish that have been
exposed to the same environment. When experimtaddities are lacking, where
possible, terms should be incorporated into théisstal model to account for
differences. Further, the ‘condition’ experiendsdBRF fish, thought to be related
to the environment in which they were kept, desails a “lipid-related nutritional
deficiency among the ova, only manifesting sigamifity at lower incubation
temperature”, may also have had adverse effecthemsusceptibility of the BRF
trout (see Saegt al, 2003; Varsamost al.2006). Finally, age and size difference
has also been noted to affect the results of atgdleexperiments (Glovest al,
2004). However, due to the nature of the disethgedesign of the experiment, and
the way data was compiled, it was decided to coenthe results from both groups

to attain an overall perspective of furunculossstnce in the oM fish.

An additional problem encountered throughout Fuulogis Challenge 1 was the
loss of tags. Initially it was expected that fishm the family ‘Belly — green’ (ARF
7) would be a problematic group as many of the vecad mortalities had their
underside cannibalised due to starvation througtimithallenge. However, it was
found that ARF 7 had only one record missing fresrdata. The most problematic
tags were ‘Left eye — green’, ‘Head — pink’, andgR eye — green’, belonging to
families ARF 12, ARF 15, and ARF 16, each losinga(020%, and 12.5%
(respectively) of their data due to missing tagige main reason for the loss of tags
was inexperience using elastomere tagging, whicsupported by the number of
unknown individuals in Furunculosis Challenge 2roze Finally, the challenge
design could have been improved. Although the test tanks provided sufficient
information to assess any differences between f@sndls well as calculate additive
genetic variation, the results will have undoubtesttengthened had the number of

control tanks been reduced from four to two, insneg the test tank number from
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four to six. However, the challenge design wasddadised across the two

experiments.

The estimate of heritability calculated from binadgta is somewhat lower than
other estimates for disease resistance in salmd@Gipggenet al, 1997; Henryoret
al., 2005), while assessed as a longitudinal traitosparable ((Henryoet al,
2002, 2005) or lower (Permst al, 2004). Such research indicates that selection fo
disease resistance is possible within salmonid fatipas, but it is impracticable to
compare the results of the present study with woarkducted on other pathogens.
The research that has been compiledAorsalmonicidain salmonids has shown
promising results (Marsdest al, 1996; Gjgeret al, 1997; Nordmoeet al, 1998;
Perryet al, 2004). As early as 1925 selection experimentsgd how successful
genetic improvement towards furunculosis resistacoald be as Embody and
Hyford (1925) reported an increased survival ratemf 2% to 69% after three
generations of selection when studying brook troftlditionally, Ehlinger (1977)
successfully reduced mortality rates in both brdawmut and brook trout following
selection for furunculosis resistance. Since thate, a significant genetic
component has been documented for resistance wadulosis in many salmonid
species. Gjedremt al. (1991) estimated heritability at 0.40 in Atlangalmon,
whilst Gjgenet al. (1997) calculated heritabilities of 0.53 and 0188 Atlantic
salmon in challenge and field experiments, respelgti @degardet al. (2007)
calculated a heritability estimate of 0.43 + 0.G# furunculosis resistance in
Atlantic salmon following challenge tests, whilserB et al. (2004) report an
estimate of heritability of 0.51 in an experimentdlallenge using Arctic charr.
Glover et al. (2004) found no significant difference betweenck#oof Atlantic
salmon from farmed, hybrid, and wild parentage; differences observed were
deemed to be due to size of the fish in each grduyere has been limited research
conducted on the difference in susceptibility touficulosis at the family level,
however Kjgglurret al. (2005) identified differences in susceptibilityépalence of
death) to furunculosis between three families ofaitic salmon studied, whilst
Dahleet al. (1996) observed family but not population differes to furunculosis
susceptibility in the same species. Although tseneates of heritability calculated

here are moderate, and somewhat lower than thqserted elsewhere, there
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remains to be potential to improve the selectedslifor furunculosis resistance.
Further, the extreme variation in response to tisease illustrated between the
families (Figure 5.4 and Table 5.1) suggests tbatesfamilies could be disregarded
from selection. By selecting families that demaoatst a stronger resistance Ao
salmonicida the response to selection may be improved aldmteetstimated from
the heritability, providing the additive geneticrizion detected lies within those
families. Although it is often difficult to selecteomales according to family
information due to the commercial management sir@éeused on farms, the graph
illustrating the Kaplan-Meier estimate of survivAly neomale highlights the
variation that can occur between randomly seledied. By improving the
management of neomale broodstock and selecting thidh a greater resistance to
the disease of interest based on family informattbe resultant offspring should
display a greater resistance overall. BetweerPtiB high and low resistant lines,
there is very little variation (Figure 5.7). THaspports the notion that the females
selected for this project should be considered naty high and low responding
females as discussed in Chapter 4. Finally, thienate of heritability calculated
from the proportion of each family that died, alilgh promising, due to the limited
number of families involved it is somewhat unreligbas indicated by the large
standard error associated. Additionally, no o#stimates of heritability for disease
resistance in salmonids have been calculated #ns lwaving comparisons to other

work unavailable.

It did not seem to matter whether resistance wsssaed as a binary or longitudinal
trait, as indicated by the estimates of heritapilitThis is favourable for trout
farmers, as it implies that the way resistancesgessed is not crucial to the overall
result attained. The trout were moderately chgkenin this study, with mortality
at ~50% in each challenge. Most of the trout digthin 8 days of challenging,
presumably due to the high concentration of thesafive agent administered.
Challenge by intraperitoneal injection allows tteterium to bypass initial lines of
innate immune defence. However, from a breedimgpeetive, challenging the
trout in this way should have provided a suitab&ans to assess resistance. Firstly,
intraperitoneal injection meant a standardised atnotithe bacterium was given to

all challenged fish. Secondly, it allowed the diddigenetic variation for resistance
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to be detected; although it is likely other fornigloallenge would allow the genetic
variation to be detected. Many studies have shinvandetection of additive genetic
variation can be successful at a range of morteditgs and challenge methods for
disease resistance. For example, Gjedeemu. (1991) challenged Atlantic salmon
with A. salmonicida via cohabitation, resulting in mortality of 68%, dan
heritabilities of 0.32 to 0.48. Henryaat al. (2002) immersed rainbow trout in the
causative agent of VHS, resulting in almost 85% talty and a heritability
estimate of 0.13, whilst in 2005 Henryenhal. challenged rainbow trout with three
commercially important diseases, induced via irdrdgpneal injection (ERM and
RTFS) or immersion (VHS), and resulting in 86% @¥®mortality with successful
detection of additive genetic variation, and subsed heritabilities ranging from
0.07 to 0.57.

Although standardised, the amount of causative taggrcted into the fish requires
consideration. The fact that fish in the preseandy expressed a range of sizes,
especially between the two groups (ARF and BRRistgnt difference), suggests
individuals were exposed to different amounts aftéaum in relation to size. This
is potentially the reason why a significant coriela between fork length and days
to death occurred, with size found to have a bgaoim resistance of the trout to
furunculosis; the trend suggesting that smalleh fise more susceptible 4.
salmonicida Gloveret al.(2006) found the reverse to be true as a sigmifjcbeit
weak, negative correlation was detected betweegtheand time until death when
Atlantic salmon were challenged with salmonicida however, when fish of less
than 12 cm were removed from the data, correlatrear® no longer significant. In
the present study, it is assumed that the (wegkjfsiant positive correlation is due
to the ratio of fish size to the amount of bacterismaller fish displaying a faster
response tcA. salmonicida Using young/small fish in challenge experimeists
beneficial for a number of reasons. More repregesats per holding unit can be
used, less feed and management is required pri@hatlenge, and small scale
experimental facilities can provide results asrggras large commercial operations
utilising natural outbreaks. Having used smalled eelatively young rainbow trout
in the present study, enough data was collatedddyge estimates of heritability

for furunculosis resistance. Using young fish altenge experiments may provide
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an insight into the resistance of adult rainbowtroThe early selection for disease
resistance would be a useful tool in breeding stias. However, it must be
ensured that there is sufficient genetic corretati@tween the early and late trait
measurements so that the indication given in dddyis representative as the fish
age. To date, this has been the case for somelgtiod traits in salmonid species
(Fishbacket al, 2002; Swet al, 2002), but such correlations are yet to be measur

for disease resistance (Peetyal, 2004), and further work is required.

In addition to quantitative genetic experimentcatdting significant heritability (as
demonstrated here), there has been research ceddtiat demonstrates a link
between allelic variation at the Major Histocombaity Complex (MHC) class |
and Il loci and susceptibility to furunculosis inudies involving salmonids
(Langeforset al, 2001; Lohmet al, 2002; Grimholtet al, 2003). Langeforst al.
(2001) tested the importance of genetic variationtie MHC class Il beta in
Atlantic salmon for survival following challenge twiA. salmonicida Fish from
high and low resistance families were screened their MHC class Il beta
genotypes to find certain alleles were more prenalelating to high or low
resistance; the study was the first of its kindfitml a correlation between MHC
class Il allelic variation and resistance to a baat pathogen in a lower vertebrate.
Later, Lohmet al. (2002) strengthened the claim of disease resistamzl an
association with the MHC when a strong survival eaadage was detected for
individuals carrying high-resistance MHC allelesimgtA. salmonicida however,
following exposure of numerous families, there was difference between the
groups displaying varying levels of hetero- and bawgosity. Additionally,
Grimholtet al. (2003) demonstrated the association between Mid€sdland class
Il alpha and resistance againdt salmonicidain Atlantic salmon Having
discovered a significant genetic component existsstisceptibility to furunculosis
(Marsdenet al, 1996; Gjedrem, 2000), and that Langefetsl. (2001) detected
significant differences between the distributionls MHC class Il beta alleles
between families with high and low resistance tedtion withA. salmonicidait
may have been expected to find differences betwhenfamilies studied here.
However, in agreement with the work of Lofatal. (2002) the families involved in

the present study displayed no difference in susu#y to furunculosis relating to
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the EBV. This is perhaps unsurprising considetimg families are of a similar
origin, and have had comparable histories of exygos$a the bacteria, ie none.
However, it does appear that families with low EB&® more affected b.

salmonicidathan those of high EBV, but this effect is notistaally significant.

As the first study to test for additive genetic imace in relation to furunculosis
resistance in families specifically selected fogthiand low PKD tolerance, an
overall positive result was observed. Although ditference was indicated in
relation to the female EBV, the additive geneticiai@on detected suggests
significant gains in resistance £o salmonicideacan be made in the families used in
this study. It also suggests that other familresnf the loM population may hold
the potential for improvement to furunculosis resise, as female EBV played
only a minor role, if any. Having calculated esites of heritability of a similar
magnitude from both binary and longitudinal trait@appears the methodology used
to calculate resistance shows no bias; an advantagke farmer. Finally, the
families were assessed only against furunculosishén present study. Having
already been assessed for PKD resistance (Chaptarsl 4), and the data here
suggesting a negative effect between the two diselaased on EBV, where a low
EBV suggests a low resistance to furunculosis aigth hesistance to PKD, ie
potentially a negative correlation (although natistically significant), the data can
be collated and used to provide information toftvens involved. This will assist
in establishing a suitable selective breeding mogne incorporating the two

commercially important diseases.
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Initially, the sole aim of this project was to examand identify if additive genetic
variation exists within farmed populations of raomb trout to the commercially
important disease, Proliferative Kidney Disease DIPK causative agent
Tetracapsuloides bryosalmonaélowever, as research continued into the diséase,
was noted that the bacterial pathogkaromonas salmonicidahe causative agent
of furunculosis, may play an important role in tm®rtality experienced at farm
outbreaks. Under the belief that PKD alone iser@iugh to cause mortality, it has
been assumed that the effects Tof bryosalmonaen the latter stages of PKD
(Holland et al, 2003) combined with additional infection from ethrainbow trout
disease(s) compromise the immune system of fishitneg in mortality (Hoffman
and El-Matbouli, 1991, 1994; Foott and Hedrick, @9 With only two
publications highlighting A. salmonicida at PKD outbreaks (Hoffman and
Dangschat, 1981; Morrist al, 2003a) one of which is deemed to be related¢o th
drug used rather than PKD (Mores al, 2003a), this extended investigation into
the relationship between PKD and furunculosis isebaon the observations of
scientists at the Institute of Aquaculture, Univgr®f Stirling, who continually
report the presence &f salmonicidaat PKD epidemics. This evidence is based on
observations from the field, via commercial praggior field trials, or following the
injection of kidney homogenate from PKD infecteshfifrom the field into naive
experimental trout, often resulting in outbreakdwtinculosis in the injected fish,
suggesting a carrier state Af salmonicidan the transmission individuals. In only
one instance has PKD been reported to improventimune response to another
pathogen (Foott and Hedrick, 1990); the generatensus, supported by numerous
authors reporting the presence of secondary iwfectvhere mortality occurs
(Hoffman and Dangschat, 1981; Hedriek al, 1985; O’Hara, 1985), is that
opportunistic pathogens are the critical factorultesy in death where PKD is
apparent, hence the importance of considering skeegrpathogens of commercial

importance, such a&. salmonicida

To test for a genetic component to PKD resistamuigial research involved a
natural challenge test, where commercial populatioh O+ rainbow trout were
exposed to the causative agent in the field st@natiThe 1500 juveniles sacrificed
on a single day were assigned kidney scores, freordOinclusive, according to the
scale of Clifton-Hadleet al. (1987). From the data generated, it was discavere

PhD 165 GMB



oA Chapter 6 — General Discussion

that significant genetic (co)variation exists withthe farmed populations to PKD
score, and therefore potentially resistance, witkeetheory that the lower the
kidney score the higher the resistance is congidexéditive genetic variation for
this trait could prove beneficial to the industoy telective breeding purposes. A
combined estimate of heritability for the two farnmvolved, Houghton Spring
Hatchery (HS) and Isle of Man (loM), was moderatéigh, suggesting that
significant gains can be made towards the geneficavement of PKD. Further,
the favourable genetic correlation between kidreeyes and fish size (fork length or
body weight), as well as the additive genetic \ena detected for the two
production traits indicates that improvement tatladee characters can be conducted
simultaneously through selection. Management tigctes and genetic technology
allowed the individuals to be assigned to speddimilies, as pedigree structures
had been previously generated for a LINK projectrkivg on the genetic
improvement of production traits in the populatiorishis resulted in families being
ranked (1 to 500) based on their estimated breedihges (EBVs are based on the
same principal of kidney score); those with lowues were used in production,
whilst representatives of both high and low resistafamilies were retained so that
challenging under experimental conditions coulcetplkace in order to support or
dismiss the findings of the initial research. Tdmportunistic challenge therefore
presented the first insight into the potential @lestively breeding for PKD

resistance in the British trout farming industry.

The PKD experimental challenge was establishedgu&mown high and low

responding females to PKD, calculated from theidahgtudy. Four females (two

high, and two low) were crossed with a single nelersa that the sire component
could be calculated. However, it was deemed thathigh and low responding
females were only nominally high; hence the regoesesf kidney score on female
EBV was incorporate into the data. The study tesiulvith the evidence of additive
genetic variation to PKD score being supported, lzaning based the kidney score
in the experimental challenges on the afore meatiaheory, that a lower score is
deemed to be higher resistance, it suggests tkatdditive genetic variation is
represented as PKD resistance also. Although tsesudre confounded due to
differences in families held at different locatipasiditive genetic variation for PKD

resistance was found to exist at each sampling week an 11 week period. The
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additive genetic variation and subsequent estimatdeeritability demonstrate the
potential of selectively breeding for PKD resistanwithin the loM families used.
It also suggests that a genetic component may lveepiresent in other production
fish at the IoM site. The regression of kidneyrsoon EBV generally demonstrated
a positive sign, suggesting that kidney score a@d o hold a relationship, but the
statistical insignificance at each sampling weeld(averall) means no conclusions
can be drawn here; further work is required to supfhe hypothesis. The EBV
was also included as a model term to assess fgmitiprmance, but no family
demonstrated a significantly better resistance ®¥WD.P The usefulness of
incorporating EBV into a selection programme for DPKesistance in this
population is therefore questionable; any progrardeneeloped should be based on
the fact that additive genetic variation existshwitthe population that would
respond favourably to selection. Further, by rdiow family performance in
relation to the desired trait, numerous optionsstexas to what selection
methodology could be employed. The timeframes yeed for each family may
prove useful to farmers to assist in stocking regrso that the effects of PKD can
be minimised, ie natural vaccination. Where thesild be employed practically,
and the segregation of families could be maintagifedilies which PKD score peak
later could be stocked earlier in the summer wh€b B most prolific, whilst those
which peak earlier could be stocked later in ther yes water temperature and PKD
development decline. Further, by incorporating tireeframe data with the
negative correlation between fork length and kideegre (where size variation is
sufficient to be practical, as seen in Chapterit3nay be possible to stock larger
fish earlier in summer, and smaller fish later &lphsuppress the effects of PKD.
Finally, PKD score was found to relate significgrtid the number of parasites in
the kidney suggesting that the scale of Cliftonddgdet al. (1987) is indeed
sufficient and accurate to describe the degree nidciion in rainbow trout.

However, certain areas in relationTtiobryosalmonaeounting require attention.

The same families, with the exception of one, wased in the furunculosis
challenges. The experimental design differed Smamtly to that of the PKD
challenge, but the design was sufficient to detahditive genetic variation for
resistance to furunculosis. Assessed as both arybiand longitudinal trait,

estimates of heritability calculated for survivedng moderate suggesting significant
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genetic improvement can be made within these familfor resistance to
furunculosis. No families illustrated a highereti@nce to the disease according to
the EBV but as additive genetic variation was detbcit suggests the loM
production stock may also hold potential resistaiocthe disease. Similarly to the
previous two studies, a favourable correlation wasnd between size and
resistance, suggesting these traits can be usedeliction simultaneously.
However, having analysed the same families for tthe separate commercial
diseases, it was discovered that the EBV of femsifesved an opposing result to
each disease. Females with low EBVs, calculatenh finitial data suggests that a
higher degree of resistance to PKD should be detraded, and that higher EBVs
would produce a more severe PKD reaction (althotinih was not statistically
significant in the PKD challenges). When EBV wéstied against days to death or
high and low responding lines were assessed usir(p@lan-Meier estimate
following challenge withA. salmonicida although not statistically significant,
females of lower EBV were found to respond quiclkethe bacteria, indicating a
lower resistance to furunculosis, and overall, depially negative correlation

between the two diseases.

To date, the results of other studies have notetbus responses to research
between two diseases in salmonids. There is esilefboth favourable (@degard
et al, 2007) and unfavourable (Gjgen al, 1997) genetic correlations between
viral and bacterial diseases, a favourable respbasgeen two bacterial diseases
(Gjgenet al, 1997), and inconclusive evidence in a rainbowttrpopulation
studied by Henryoret al. (2005), who discovered only a weak genetic cotigra
between two bacterial diseases, Enteric Red Mdei®\) and Rainbow Trout Fry
Syndrome (RTFS), and the viral disease, Viral Haehagic Septicaemia (VHS); it
was hypothesised that a positive and strong gegetielation between ERM and
RTFS, and a unfavourable correlation between tleeliacterial diseases and VHS
would be apparent. In terms of production traitgl alisease resistance both
favourable (Standal and Gjerde, 1987; Gjedegral, 1991; Nilsson, 1992; as well
as Chapter 3, and phenotypically in Chapter 4) anidvourable (Henryoet al,
2002) genetic correlations have been identifiedegérdet al. (2007) are critical of
some of the work conducted on genetic correlatinrisease resistance, suggesting

that the work of Gjgemet al. (1997) does not indicate a truly antagonistic gene
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relationship, stating the low negative correlat@afculated may have been the result
of sampling error. The same suggestion is mad@dsgardet al. (2007) toward
the work of Henryoret al. (2005), who are self-critical of their result asdggest
that the weak-to-moderately strong genetic coligelainay be due to uncertainty of
the estimates attained. They (Henrwiral, 2005) continue by stressing how it is
important that reliable estimates of genetic catrehs are required through
assessing large numbers of families for resistamiéhough the correlation is not
statistically significant in the present study,retheemains to be an indication that
the two diseases conflict. Having only a limitadnber of families to asses, as well
as a limited number of observations within thoseifi@s, the error associated with
the result here is enough to mask any real gemrefmtionship that may be
occurring. Based on the discussions of previoukaas, it is therefore important
that further research is conducted towards thetioekhip between PKD and
furunculosis, or any other important commerciakdse that may be contributing to

mortality when PKD occurs.

As far as is known this is the first study to tak#® account a bacterial and parasitic
disease within the same population of rainbow framd although tentative, it is
also the first to report any form of correlationtween resistance to parasitic and
bacterial diseases. Due to the different aetiel®gif aquatic diseases, it is expected
that certain pathogens will conflict when genetiudges take place. The
mechanisms involved in fighting pathogens will uadtedly play a considerable
role in any correlations detected. This very agstion led Henryoret al. (2005) to
explain how the different pathogens of ERM, RTH&] &HS are believed to have
invoked different immune responses from the troamd that the response
mechanisms were under independent genetic corilindhe present study, the ideal
situation would have been a significant and positorrelation between the two
diseases, which would benefit the industry so s&ection could be conducted
simultaneously resulting in a faster genetic improent to both PKD and
furunculosis. The result here implies that progresn be made towards resistance
in both diseases simultaneously or over time withausevere negative impact
occurring in resistance to the opposing diseasggesiing that sequential selection
or a selection index could be used in a breediognamme. Sequential selection

allows the genetic improvement towards resistarfcene disease first before the
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second is added to the selection programme, whitstlection index uses families
based on a moderate response to both diseaseall éraits are taken into account,
given an appropriate weight according to the hielitg and phenotypic and/or
genetic correlation between them (Gjedrem and Téee2005).

Due to the statistical insignificance of the trémetween the two diseases shown
here, it is suggested that the effect of selecforgone disease will not have a
detrimental effect on the other. However, As salmonicidais considered a
secondary pathogen in this situation as it emexgdyg as water temperatures
increase towards summer inflicting additional fres the trout, and because the
host is immunocompromised due to the effects of PiKidould be more beneficial
to employ sequential selection to the populatioedusn the present study.
Sequential selection requires careful managemeudt,tas important to record the
progress of PKD resistance as discussed in the r&ehgroduction (Chapter 1,
Section 1.2.5). By selecting for high tolerancd>&D first, an improvement in the
effects of the disease may result in less seconuthédegtions affecting the host,
especially where such secondary infection(s) cawvdseinated against, as is the
case for furunculosis, ERM, and Vibriosis in raimbtwout. This approach could be
incorporated into future research towards PKD teste, as diseases that already
have well-developed vaccines require less attentiorgards to selective breeding
towards their resistance. That is providing PK2slaot have an adverse effect on
the effectiveness of the vaccine administered, @aslhe in the case of furunculosis
as British farms are presently not allowed to begsthis area will undoubtedly
require consideration in future research. WhereDPiesistance is improved
through selection, the effect &. salmonicida(and other pathogens acting as
secondary infections) should be reduced, but itnjgortant to re-estimate genetic
parameters periodically in a selection programmacmount for any changes in the
genetic parameters initially measured; this is el important when
simultaneous selection is being applied (Gjedreth Hmodesen, 2005). Following
selection for PKD resistance, additional researohfarunculosis resistance is
advised prior to its inclusion in the breeding pesgme. This does not mean the
research conducted here has been uninformative.furbinculosis data attained has
provided evidence of additive genetic variatiorthie population, an indication as to

the potential resistance of families, as well aanidying a potential relationship
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between PKD and furunculosis resistance. Furtherinformation gathered can be
retained as reference material so that the techsiqnd challenge design used can

be mirrored in the future, allowing comparisondéomade.

The favourable genetic and phenotypic correlaticakulated between disease
resistance, either in PKD or furunculosis, and pobidn traits, as fork length or
body weight, in the present project suggestsfeasible that selection for resistance
will not create an unfavourable response in thedpecton traits. Although the
correlations were not of a great magnitude, it wWdug beneficial if selection for a
production characteristic improved disease resigtan the population. Falconer
and Mackay (1996) state that indirect selectiongnaat potential providing there is
sufficient genetic correlation between the two elegers, and that the production
trait holds a substantially higher heritability théhe disease resistance trait. As
disease resistance traits are often expensivefitoudtito measure, Fjalestaet al.
(1993) had considered indirect selection to imprthes efficiency of selection for
disease resistance. In order to reduce costs st suggested that correlated or
marker traits could be used to measure diseasgaese, such as lysozymes (Rged
et al, 1992, 1993; Luncet al, 1995), immunoglobulin levels (Stremsheenal,
1994a; Lundet al, 1995), plasma2 — antiplasmin activity (Saltet al, 1993),
antibody titres (Luncet al, 1995; Stramsheinet al, 1994b), haemolytic activity
(Rgedet al, 1990, 1992, 1993), and cortisol levels (Refst@82; Fevolderet al,
1994); all of which have shown genetic variatiord & genetic correlation to
survival. However none of the genetic correlatierseeded +0.37, suggesting the
correlated response to improve disease resistapcddwiot be particularly large
(Gjedrem and Thodesen, 2005). However, if an es@nof heritability is found to
be particularly high in a production or correlated marker trait, because the
measurements can be taken from live individualshigebreeding candidates, and/or
their full- or half-siblings), it would present ampportunity to use individual
selection in disease resistance studies, or ottuglies where the methods for
measuring the trait are critical (Fjalestad, 20056 urther, it would increase the
opportunity to improve (and combine) selection rodt) and therefore the response

to selection.
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To understand fully the interaction between PKD dndinculosis, a challenge
using both infectious agents at the same time shbe&lconducted. This had been
suggested in the present project, but due to tim#éakions, it did not take place.
The very different effects seen in the two chaléshgould be masked or heightened
by challenging with two diseases simultaneouslytepually leading to very
different results. Challenging with both infect®oagents may provide a more
representative situation of what occurs in thedfisituation where fish are first
affected by PKD then furunculosis. Future reseastibuld consider such a
challenge.

Also, a ‘natural’ PKD challenge was conducted irs throject on the BRF stock.
The challenge involved administeriig bryosalmonaevia a peristaltic pump to
naive rainbow trout to asses the transmission #edtef PKD using this method.
TheT. bryosalmonaevere sourced frofi. bryosalmonaénfected bryozoa cultured
at the Aquatic Research Facility (ARF), Institute Aquaculture, University of
Stirling. As the bryozoa released spores intostieounding water of their holding
unit, the infected water was pumped into tanks ihgldainbow trout. This method
was believed to mimic more closely what occurshia tarm situation. However,
due to an extremely low transmission rate, the remif infected fish was
negligible and the data was not used. There wageWer, evidence of PKD,
apparent as swollen kidneys, and the presende bfyosalmonaedetermined by
PKD-PCR of kidney samples. Although the directadriransmission from infected
bryozoa to rainbow trout has been completed preWoireistet al, 2001; McGurk
et al, 2006; Morris and Adams, 2006), this method ofigraission has rarely been
used. The method of using a peristaltic pump fiorbryosalmonaénfected water
is believed to have been the downfall of the cingiée The length of tubing from
the peristaltic pump to some tanks is believedaeehhad an effect on the success
of transmission. With no other reports publicisthgse materials and methods, it
was difficult to predict such an outcome. Since fhilure of the natural challenge,
the problem has been reported in another study riMand Adams, 2007). A
number of factors are considered as causing therdéain transmission, including;
parasites dying due to a lack of oxygen or incr@asEmperature because of
prolonged periods within the tubing; agglutinatiom the tubing, so that the
organism never reached the outlet to infect the; lRo8ltering effect caused by the
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build up of waste materials and algae within theetwor due to the type of outlet tap
connected to the tubing; or, areas of concentratibere parasites have congested
causing a filtering effect or blockage within thébé. Having observed a similar
problem when attempting to transriit bryosalmonaéo rainbow trout, D. Morris
(Institute of Aquaculture, University of Stirlinggimply shortened the length of
tubing used and was able to successfully trandmeitptarasite using a peristaltic
pump and the same tubing, which evidently resulttechronic PKD (Morris, 2007

personal observation).

Considering its effect on the industry and the fad¢tas been evident for over 90
years (Plehn, 1924; Schéperclaus, 1954; Besse,, H8liick et al, 1984b), it is
perhaps surprising that there are no feasible,l,legaenvironmentally-friendly
methods for the control of PKD to date. It is aoprising that this is the first
study to consider the genetic component relate®K® resistance, considering
previous work conducted on the genetics of diseasetance in rainbow trout
(Gjgenet al, 1997; Henryoret al, 2002, 2005; @degaret al, 2007). Historically,
work on PKD has focussed on chemical and envirotamhemethods of control only.
For example, the use of Cyzine (Klontz, 1984),nsdion (O’Hara, 1985), malachite
green (Clifton-Hadley and Alderman, 1987), fumagil(Hedrick et al, 1988b;
Wishkovskyet al, 1990; le Gouvelloet al, 1999), and its analogue, TNP-470
(Higgins and Kent, 1998; Morriet al, 2003a) have all been discussed with some
degree of success. However, the disadvantagesiatesbwith each chemical far
outweigh the potential benefit to repress PKD; marg associated with health-
related issues, either to the fish or to the comsunin the case of salination, its use
demonstrated great potential until the disease wlaserved in anadronomous
species and the presenceTofbryosalmonaen saltwater was confirmed (Keet
al., 1995). As a natural approach, aeration is ugedctease the level of oxygen in
the water, helping to minimise stress during endemitbreaks, but temperature
continues to be the only environmental factor tteat minimise the effects of PKD
directly. Known to be imperative to the developmehPKD (Ferguson, 1981),
many authors suggest the disease is most prdiifi&’& or higher (Ferguson, 1981,
Hedrick et al, 1984b; Clifton-Hadley and Alderman, 1987, 1988ith increased
severity and development betweerf@2nd 26C (Brownet al, 1991). However,
Gay et al. (2001) proved water temperatures as low ¥ &an be sufficient to
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induce T. bryosalmonaeinfestation. A reduction in water temperature | wil
undoubtedly slow the development and at least swiniiee effects of PKD, but the
majority of production sites would find controllingater temperature impossible.
Additionally, as poikilotherms, a severe reductiorgrowth would be observed in
fish with reduced water temperature, resulting irajon production losses
throughout summer months when PKD is most prolifiresently, the only feasible
way to utilise water temperature is to delay th@aosure of fingerling fish to
infected water with temperatures in excess dC1fr prolonged periods; greater
than 2 months. This effectively vaccinates thén,fias a mild dose of PKD is
contracted allowing an immune response to occufdhewing season (Ferguson,
1981; Elliset al, 1982; Hedriclet al,, 1985; Foott and Hedrick, 1987; Morgsal,
2003a). Foott and Hedrick (1987) speculate theistance following exposure may
be more prominent when clinical disease is expeeénat 18C or higher, but
Morris et al. (2003a) warn that timing must be vigilant for tleehnique, and that
the method is not suitable for year-round productish. With the information
gathered in the present project in terms of theetourse of disease progression in
families, and also size in relation to the effemft®®KD (as discussed in the relevant
chapters), additional techniques may now be availabthe farmer to coincide with

using natural vaccination.

Out with chemical and environmental factors to oolfPKD, genetics and general
farm husbandry have been considered. Bratmal. (1991) found that feral
landlocked salmon may have produced a genetictaesis to the disease due to
continual exposure in the wild, indicating the puit& to selectively breed for
resistance toT. bryosalmonae and having supported this theory through the
identification of additive genetic variation to PKiBsistance in the present project,
the benefits to the British trout farming industise obvious. However, genetic
control should not be a substitute for good husbapthctice, as Le Gouvellet al.
(1999) observed increased mortality due to poobandry and the condition of
equipment at PKD epidemics. By minimising handlargl husbandry stressors, as
well as optimising environmental parameters, thertality witnessed at PKD
epidemics should be considerably reduced (Seagtaaie 1981).
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Additional genetic opportunities exist for reseantto both PKD and furunculosis
resistance in rainbow trout via the Major Histocaiability Complex (MHC) and
Quantitative Trait Loci (QTL). As the understargliehind the genetics of
resistance to disease in fish improves, numerousliet are beginning to
concentrate on such areas, especially in salmoniBecause the physiological
and/or biochemical mechanisms responsible for deseasistance can have a strong
genetic basis and show significant heritabiliti€agstrupet al, 1991; Yamamotet
al., 1991), the ability to associate major genes wiibse traits would permit
marker-assisted genetic selection for increaseeades resistance in cultured fish
(Lande and Thomson, 1990; Komrd al, 2000; Quilletet al, 2001). In Atlantic
salmon, numerous projects have studied specifedeslland genotypes relating to
the effects of infectious agents on the MHC (Laongeét al, 2001; Lohmet al,
2002; Kjgglumet al, 2006; Wynneet al, 2007). For example, Langefoes al.
(2000) studied 120 full-sibling families for resiste toA. salmonicida Having
identified high- and low-resistance families, thgliHC class Il beta genotypes were
screened to find a significant association betwsgacific alleles and furunculosis
resistance, whilst Kjgglurat al. (2006) used 1966 fish from 7 families to asses the
relationship between the MHC and the viral diseds&ctious Salmon Anaemia
(ISA). It was found that specific alleles of MH@ss | demonstrated a significant
resistance to the disease, while other alleles HCMIass | and alleles of class Il
alpha showed significantly more susceptibility lte tlisease. It was concluded that
specific genotypes in relation to MHC class | atass Il alpha alleles can influence
the effects of ISA in Atlantic salmon. In rainbdreut, Paltiet al. (1999) conducted
a study to asses candidate DNA markers associatednfectious Haematopoietic
Necrosis (IHN) resistance in backcrosses of rainloa cutthroat trout. From the
33 restriction fragment length polymorphism markeesected between mortalities
and survivors, 17 were tested to find a signifibahigher frequency of markers
among fish more susceptible to IHN. Although noectly related to the MHC, the
rainbow trout study further identifies the poteht@ genetic information to be used
in selective breeding programmes for disease eggist Similar studies have been
conducted on the marine speciBgentrarchus labraxXGornatiet al, 2004, 2005).
As research continues, there will undoubtedly cam@me when information is

available on the MHC of rainbow trout in relatioon tlisease resistance. The
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detected MHC genes will serve as good startingtpoirsearch for related QTL
(Dunham, 2004).

An extension of the characterisation of resistatiockfectious Pancreatic Necrosis
(IPN) by Okamotcet al. (1987, 1993) was used by Ozakial. (2001) to report the
first mapping of a QTL associated with diseasestasce in rainbow trout. Using
microsatellite markers, two chromosomal regionsoeissed with IPN virus
resistance/susceptibility were identified, suggestihat marker-assisted selection
can be used to improve the resistance of rainbout to the IPN virus. In another
study, Moenet al. (2004) reported a QTL with significant effects @sistance to
ISA in Atlantic salmon. Such studies demonstrage duitability of models for the
genetic characterisation of complex traits likeedise resistance. The development
of genomic tools for rainbow trout research hagypeesed rapidly in recent years,
with genetic linkage maps already available (Yoen@l, 1998; Sakamotet al,
2000; Nicholset al, 2003). Over 250 polymorphic microsatellite mask&éave
already been developed for rainbow trout, and thdit@n of those designed for
Atlantic salmon that work for rainbow trout, leavée total in excess of over 500,
providing substantial opportunity to research. #&& number of libraries
concentrating on the rainbow trout genome continteesise, the high-density
genetic map and completed sequencing of the gemmgected in coming years,
which will be extremely useful resources in rainbtraut breeding programmes.
To date, most effort has been directed towards mgpPTL using markers from
the genetic linkage maps. By improving high desnsitaps, required for fine
mapping QTL with economic importance, such as ghowate, feed conversion, and
disease resistance, the application of markertedsiselection and gene
introgression into rainbow trout breeding prograrane® undoubtedly imminent.
However, Hayes and Andersen (2005) warn that itnggortant to understand the
magnitude of a proposed experiment to detect QAlthough QTL experiments
have been successful in some livestock species,Qfhe often displays only
comparatively small effects even for those QTL tigimg the larger effects for the
trait (see Carlborgt al, 2003). This suggests powerful mapping will bguiead.
For QTL detection, the reproductive capacity antterg lines of the species is
important. For example, Ozaé&t al. (2001) used backcross ang gopulations in
fish from the intercrossing of different lines toama QTL relating to disease
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resistance; such populations are powerful resoure®TL mapping (Hayes and
Andersen, 2005). The recent and future developsriantolecular genetics present
the possibility of using genotype selection forfpenance traits (Gjerde, 2005).
The tools and information surrounding QTL and thEl®Isystem in rainbow trout
will undoubtedly be of immense benefit to the Biititrout farming industry. The
optimum use of this information would require cutréreeding programmes to be
modified in design (Gjerde, 2005), but where th@arpunity of marker-assisted
selection exists, especially as the rate of gemystic is expected to be improved by
10% to 50% in comparison to traditional animal blirg programmes (Kincaid,
1983b; Weller, 1994; Ferguson and Danzmann, 1998zmanret al, 1999; Davis
and Hetzel, 2000), the integration of moleculahitedogy should be considered,

and further investigation is advised.

The research conducted here is only part of a lasgtor that requires attention
relating to PKD in the British trout farming indagt Although furunculosis has
been repeatedly witnessed at outbreaks, other gatiso including IPN virus
(Hoffman and Dangschat, 1981lghthyophthirius Flexibacter columnaris gill
bacteria (Hedriclet al, (1985), Saprolegnia and Costia (O’Hara, 1985) have all
been identified at PKD epidemics. Undoubtedlynfars would like resistance to
all pathogens (ie a general resistance), and ghenadditive genetic variation has
been demonstrated for the two diseases consideréusiproject, it is conceivable
that resistance to other pathogens is possible;hs been the case for pathogens
investigated to date (see reviews by Kinghorn, 198@drem, 1992, 1997, 1998,
2000; Gjerde, 1986; Chevassus and Dorson, 199&skalet al, 1993). Henryon
et al. (2002) believe additive genetic variation to dseeesistance is likely to exist
within most, if not all, salmonid populations due the successful history in its
detection. Where additive genetic variation exigisus must be towards the most
economically damaging diseases encountered in coomheroduction. For
example, in this project PKD was discussed andgmised as the greatest limiting
factor to the production of rainbow trout in therffashire farms involved, whilst
the evidence of furunculosis consistently presesitas suffering from PKD meant
the two diseases selected here were deemed te@ beadst problematic. With this
in mind, populations should be tested for the preseof additive genetic variation

to the most prominent disease, and where genetiatiean exists, families should
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be selected so that production generates fish avitigher, and general, tolerance

towards the most damaging diseases.

Further, it would be beneficial if earlier diseassistance was indicative of later
disease resistance as a trait. Future reseattisiarea relating to the two diseases
covered here would also benefit the industry. Aaopotential advantage would be
indirect selection for disease resistance via peodn traits. Having provided
evidence of correlations between disease resistandefish size in the current
project, indirect selection for disease resistan@e size could eliminate the
difficulty and expense of disease testing when staits have a high and favourable
genetic correlation (see Falconer and Mackay, 198&]) also where the economic
risk of disease outbreak exceeds the cost of psogesting (Perryet al, 2004),
which is generally the case on sites suffering fleKD. For the populations used
in this project, specific management guidelinesusthe developed and a breeding
plan implemented where the most efficient coursaatibn is taken to alleviate the
effects of PKD, and subsidiary effects of furunsidgo Numerous selective
breeding programmes have already shown the potémtithe genetic improvement
to commercially important diseases (Hershbeegex, 1990; Gjedrem, 1997, 2000;
O’Flynn et al, 1999; Dunhamet al, 2001; Vandeputteet al, 2002). By
considering the data presented in this thesis ascussing the results with the
farms involved, the British Trout Association, stists at the Institute of
Aquaculture, and ongrowers interested in PKD amdirfaulosis resistant stock,
there is every opportunity to initiate a selectiveeding programme to improve the
resistance to these two commercially importantagies within the British rainbow

trout farming industry.
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Appendix 1

Institute of Aquaculture Standard Curve Procedure

Materials and Equipment
TSA Agar Plates

0.85% sterile saline (w/v)

Bacterial isolate to be tested (sample)
Bacterial loop

Bunsen

Sterile pipettes

Sterile pipette tips

Discard jar

Sterile plastic cuvettes

Sterile plastic Pasteur pipettes
Marker pen

Spectrophotometer (wavelength 520nm)
Centrifuge (bench top)

Centrifuge tubes (sterile)

Procedure

Preparation of bacteria

. Prepare a bacterial broth suspension at log-phesstiy (24-48 hours for most
aquatic bacterial pathogens) in centrifuge tubes.
. Centrifuge the culture at 3,500 rpm (maximum) f6miin at 4C.

3. Switch on the spectrophotometer and follow instons (green sheet on wall).

. Once the centrifugation is finished, remove theesoatant carefully and resuspend
the pellet using 5 ml of sterile physiological salior sterile PBS.
. It may be necessary to repeat step 2 if you arggube bacterial suspension for fish

challenge work.

. Place 1-2mils of sterile saline or PBS in a stagilgette and use this as the blank.

Set the wavelength (610 nm for most aquatic bacterd 520nm for the cytophaga-
like organisms).

. Remove 1-2mls of the resuspended bacterial sugpe(fsom step 4) and place this
into another sterile cuvette. Place this into spectrophotometer and record the

optical density (OD).
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Performing drop counts

. Dilute the bacterial suspension until you have &n=01.00. Remove 0.5mls of this
and place it into the®1dilution. Put the tip into the discard jar anénhinvert the
1% dilution and remove 0.5mls and place this into 2ffedilution and remove the

tip. Continue this until you have completetita 6" dilution (Table 1).

Table Al - Dilutions

1% Dilution | 2" Dilution | 3" Dilution | 4™ Dilution | 5" Dilution | 6" Dilution

10* 107 10° 10* 10° 10°

. Mark 3 agar plates into 6 sections and label thé=1, 10%, 10°, 10°.

3. Remove 20ul of the 4 dilution and place this onto each of the six semme

Remove the tip and do the same for theafid 6" dilutions. Keep these agar plates
flat and then seal them and incubate them at tmeecimn temperaturerlhis is
called drop counts.

. Dilute the bacterial suspension at OD = 1 to O®=#nhd repeat steps 7-11, but this
time label the 3 agar plates at OD = 0.9'110°, 10°.

. Continue doing this until you have the OD values dave performed the drop
counts for OD 1, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.1.

. Incubate all of the drop count plates overnightximam for 2 days and then
remove then and count the colonies.

. Normally only count the Bdilution with confidence. Count the number ofamies

in each of the 6 segments. Then find the averageber of colonies and multiply
this by 50 and by the dilution factor. This willvg you the total number of viable

colonies at that OD value.

Example
Calculation: average of 20 cfu X 50 = 1000 X dibutifactor (1C) =
100000000 cfu at OD =1

This means that there were 1 x 10° cfu per ml at the OD = 1
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Record Table

Appendices

OD wanted OD actual Dilution factor cfu per ml
1.0 1.100 10 1 x 10 cfu
0.9 0.903 10 1 x 10 cfu

8. The standard curve is produced by plotting thead@D values against the
number of cfu per ml using an Excel spread sheet.

9. Right click on the line and click “add trendline”.

10.  Then click on options and tick the 3 lower box@is will give you the R
value of the line and display the line and equmatia the graph. The closer
the R value is to 1 the better the standard curve.

11.  Use the equation to calculate the number of cotoreéquired or the OD
value required to obtain a certain number of celen

12. Record all results in lab book.
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Appendix 2

» Euthanase fish and remove section of posteriorelidn

Y

Using forceps repeatedly ‘dab’ the cross-sectiotoom glass slide until
excess blood no longer remains

Allow to air dry

Dip slide five times in fixative solution 1 (1 dper second)

Dip slide five times in red staining solution; sidun 2 (1 dip per second)
Dip slide five times in blue staining solution; stidn 3 (1 dip per second)
Rinse in buffered water (pH 7.0)

Blot dry, and place in Xylene

Mount

YV V Y ¥V ¥V VYV V VY

Observe under microscope
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