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Abstract

The research assessed the potential of developsetgative breeding programme for
the UK rainbow trout industry. Levels of geneticigdion at 12 microsatellite loci

were first compared in seven different commerciataiss. The Observed

heterozygosity ranged from Ho = 48.1% in a goldivaiv trout strain (GTR) to Ho =

66.4% in a newly derived broodstock population tamsed from a number of

different sources (GIT). The Expected Heterozygogile) was highest in GIM1

(He= 79.5%) and lowest in the GTR strain (He 79%6). The Effective number of

alleles (Mae) showed that the GIM1, GIM2, GIM3, &M strain (5.4; 5.2; 4.8; 4.2)

were significantly more variable than the otheaisis and that GTR strain had the
lowest value (2.5). There appears to be substaggaktic variability within the

commercial United Kingdom rainbow trout strains v&ayed in this study. This

appears to be the case despite very different nemmexgt histories and levels of
record keeping. The strains appear to be genaticaditinct (based on population
genetic analyses), though the reasons for this irenuaclear (and possibly

unanswerable given the poor records kept by tterdiit companies).

The Glenwyllin farm strains (GIM) were chosen tonfiothe base population for the
project because of their high genetic variabildigsease free status and because the
farm produced around 20 million ova per year, sp gaenetic gains would have a
widespread impact. The farm has an early (Straim#g a late spawning (Strain B)
and these were mated in a partial factorial dest@nfemales and 20 neomales per
strain (A & B) were chosen on the basis of matuaitgl gamete quality in November
2002 so that each male was crossed to 4 femalest(iz same strain and 2 in the
other), a total of 160 families were created. Atbddstock were biopsied to enable
them to be genotyped. The families were rearedratgg up to the eyed stage at
which point the eggs from each family were dividetb three to generate three
communal replicate populations. One of these wad 8e a fingerling producer
(lwerne Spring) for ongrowing to fingerling size darformed the basis of a
commercial production trial at Test Valley Troutrfa(TVT) in Hampshire.

When the fish reached an average weight of 5 g e transferred from Iwerne
Spring to TVT and 1500 were randomly selected, fafjged and biopsied to enable
them to be assigned to their family using 11 mldipd microsatellite loci. Parental
assignment was based on exclusion (FAP) but thatsesere compared with another
parental assignment based on likelihood (PAPA)ih@f 1500 offspring (OIM) PIT
tagged 1242 82.8% could be assigned to a singlelyfantilizing different
combinations of more than 6 loci (6 to 11).

The growth of the 1500 OIM fish was tracked thromgihthe grow out period before
they were finally harvested and fully processece Tésults of OIM strain at the end
of the trial period were mean weight of 415.5 gJ ammean length of 314.5 mm. The
visual measurement of colour gave a mean fleshucalalues of 26.01 on the 20-34
scale (SalmoFan™), and 11.0 with the colotimetrgl@ation of colour (a*). The

heritability results for the IOM strain were 43 %%or weight, 42 + 9% for gutted,

and 28 + 8% for length. The heritability estimaft@sthe visual colour variables were
19 £ 7% and when using the colorimeter, the redmaticity (a*) heritability was 14

*+ 6%. Therefore, the heritability results of theMGstrain indicate that there are
opportunities of substantial and rapid improvenwrihe growth rate and flesh colour
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traits. Also no line effects were observed or iatlmns of non-additive genetic
variation. In contrast to these last results, therall survival of the GIM strain from
the time of the physical tagging with PIT until hast was 52.8%, and survival
heritability was extremely low, 3 £ 2%, hardly sifizant.
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Chapter 1 GENERAL INTRODUCTION

1.1. Rainbow trout

Since naturalists became interested in the rainioowt, the taxonomic classification
of this fish has been an area of confusion. At time or another there have been
more than 30 supposed species described due ttartpe amount of phenotypic
variation observed in natural populations. In 198% American Fisheries Society
Names of Fishes Committee adopted the use of therigename oOncorhynchugor

all Pacific trout and salmon to distinguish theronfrthe Atlantic trout and salmon,
Salmo So the name was changed fr&almo gairdnerito the now internationally
accepteddncorhynchus mykisgherefore the nam@ncorhynchus mykigs now used
to refer to the rainbow trout, in all its forms (801977; Smith and Stearly, 1989;
Gall and Crandell, 1992; Hershberger, 1992).

The rainbow trout is originally from the coastalhiage of North America from
Alaska to Mexico, and lakes and streams west ofcthinental divide in North
America (Behnke, 1979). It has been proposed that rainbow trout natural
populations included two major genetic subdivisjai®se inhabiting coastal water
systems and those inhabiting inland water syste@emetic variability analyses
carried out with allozyme markers indicated tha thajority (92%) of the variability
was expressed within populations and the remair{@és) accounted for by the
genetic separation between inland and coastal fqioter and Allendorf, 1977,

Allendorf and Utter, 1979; Allendorf and Phelps81%
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1.1.1 History of culture: the development of rainbav trout hatcheries

The history, recorded by Wales (1939) and othdast with Mr. J.B. Campbell who
settled near the McCloud River in about 1855. ®ampbell and other settlers shared
the land with the Wyntoon tribe, aboriginal Calii@ people who got along well with
the new residents.

At that time, the US commissioner of Fish and Higsein Washington, DC sent Mr.
Livingston Stone to California. The main objecteeMr. Stone’s work was to find
where the Pacific salmon bred, to create a hat¢clergt then to ship out eggs to
different places around the US and to other coesitriVhen Mr. Stone arrived in
California and was told that the Wyntoon had beatthing ripe fish in a specific
place on the McCloud River. Then the history teliat near the end of 1872 he
managed to ship out about 30,000 Chinook eggs.

Mr. Campbell used to live just some kilometres wgrifrom where Mr. Stone sent the
first salmon eggs. According to historical recorntiseems that Mr. Campbell was the
first person that managed to ship rainbow troutseggt of its native range,
specifically to Caledonia, New York.

After Mr. Stone managed his objective with the @oik salmon he received an order
to develop a Station for rainbow trout, and theril8Y9 the McCloud River Trout
Ponds became the centre for rainbow trout collactad distribution, until 1888
when the ponds closed.

The small quantity of eggs produced at the pongeats the idea that many of the
eggs shipped around the world, although descendadnt4cCloud River fish, were
produced at other hatcheries such as the Fedeteldnges located at Wytheville,

Virginia and Northville, Michigan (Gall and Cran{le1992).
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1.1.2 Present distribution and adaptability

MacCrimmon (1971), who reviewed the world distribatof rainbow trout in their
native and present-day range, reported that theeneinge consisted of the western
coastal drainages of North America, including AmsRritish Columbia, Washington,
Oregon, ldaho, California and Mexico. Between 1&ad 1955, fish and eggs were
shipped from this region to every coterminous siatéhe United States, except
Florida; every province in Canada, except Northweéstritories; and to many
countries throughout the world. Thus, it can bel $laat nowadays populations of this

species can be found in waters on almost all cents

Thus, it could be said that the rainbow trout ighly adaptable to new aquatic
environments like hatcheries (Gall and CrandelDZt%Hershberger, 1992). It is not
fully understood what fraction of this adaptive gutial is due to genetic factors.
However, the maintenance of relatively high levefsgenetic variability within

introduced populations that have undergone sevgeakrations of fairly strong
selection suggests that intrapopulation geneticaldity is a very important factor

(Busack et al., 1979; Guyomard, 1981; Thompson51B@rshberger, 1992).

1.1.3 What is a strain?

In order to be able to talk about strain, a keycept used in this Thesis, it will be
necessary first to define strain and also genete M/oolliams & Toro (2007) in a
recently published book discussed: What is a star8iome of their selected definitions

were:
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(1) Animals that, through selection and breeding, haa®ae to resemble one
another and pass those traits uniformly to thdspsing.

(i) A breed is a group of domestic cats (subspeEielss catu$ that the
governing body of CFA has agreed to recognize ab.sA breed must
have distinguishing features that set it apart fedhother breeds.

(i) A race or variety of men or other animals, perp@bgaits special or
distinctive characteristics by inheritance.

(iv)  Race, stock; strain; a line of descendants perpetuparticular hereditary
gualities.

v) Either a sub-specific group of domestic livestockhwdefinable and
identifiable external characteristics that enabke ibe separated by visual
appraisal from other similarly defined groups witlihe same species, or a
group for which geographical and/or cultural sepana from
phenotypically separate groups has led to acceptaricits separate
identity.

(vi) A breed is a group of domestic animals, termed saychommon consent
of the breeders, a term which arose among breeddirgestock, created
one might say, for their own use, and no one igavaed in assigning to
this word a scientific definition and in callingettbreeders wrong when
they deviate from the formulated definition. It ikeir word and the
breeders' common usage is what we must accepe @strect definition.

(vi) A breed is a breed if enough people say it is.

Continuing definition (v), FAO argue that breedvisry often a cultural term and

should be respected as such, a perspective cladrtylated in definition (vi), and
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succinctly summarised in (vii). This is acknowledgéut if the nature and use of
diversity is being explored, the concept of resembé through common hereditary
descent is a useful addition to the definition dfr@ed (Woolliams, pers. com).
According to Magofke (2007, pers. com.), strains swbpopulations that belong to
the same species that have been differentiatedcamsequence of sampling effect
and the inbreeding caused by genetic drift and Wpigpulations have been adapted
to specific environmental conditions because ofirgtselection. In the domesticated
species the participation of humans through aiifiselection and inbreeding has
made it possible to fix traits that are influendgda few genes as well as to increase
differences in productive trait and the behavidire genetic lines are subpopulations
of individuals belonging to the same strain thavehdeen differentiated by the

isolation and for the selection criteria used mafly or in a natural way.

Kincaid (1980) writing about fish concepts, defingdain as a fish population that
exhibits reproducible physiological, morphologicar cultural performance

characteristics that is significantly different rimoother fish populations of the same
species or a broodstock derived from such a papualaind maintained thereafter as a
pure breeding population. Differences in populatobraracteristics may result from
either evolutionary processes (effects of mutatimrgration, natural selection, and
random drift) or artificial selection by man. Straiare recognized as different after
the total gene pool of two populations has charggalgh to produce performance
differences that are significant and reproduciblee specific time period required to
produce new strains would vary widely, from twodeveral hundred generations,

depending on the evolutionary or selection pressumeolved.
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1.1.4 Domestication: Identified strain differences

Kincaid (1980) defines a domestic broodstock aspulation of fish maintained by

man in a hatchery environment (tank, racewayspadgp) for at least two generations.
The record of egg shipment is incomplete, but abéeé records show that the
McCloud strain (derived from the McCloud River irorthern California) was

distributed throughout the United State betweemla&¥d 1900 and is undoubtedly an
ancestor to many present-day broodstocks. Starting95, steelhead, McCloud, and
other rainbow trout were transferred between hatetieand planted together in the
same waters from 1874 to present; the specifictiiies of the original strains have

generally been lost (MacCrimmon, 1971; Dollar aredZ1964).

Kincaid (1980) also said “Matching the fish type &ospecific environment or
management use has been a problem faced by fisterggers for many years. Field
biologists, hatchery workers, and fishermen hawvegl@bserved that one strain
outperforms another under certain conditions”. TH& Fish and Wildlife Service,
recognizing the broad application of strain setactio fishery management, initiated
a programme in 1974 to characterize rainbow traytufations at the Fish Genetics
Laboratory, Beulah, Wyoming. Each strain was eueldiafor a wide variety of
cultural and non-cultural traits. The primary objee of this program was to develop
information on strain characteristics for use Bhéry resource managers as an aid in

choosing specific strains best adapted to particunagement situations.

The results of this evaluation suggested that fisimeanagers can enhance overall
production by matching fish strains to rearing emwments and management
objectives. They said that “in the future, indivadluhatcheries may need to rear
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several different strains for stocking in specifiaters. As additional information on
strains of rainbow trout and other species becowadadle, strain selection can be

widely practiced as management tool” (Kincaid, 1980

1.2. Rainbow trout as a farm resource in the Unitedingdom

1.2.1 Role and Function of British Trout Associatio (BTA)

Nick Read (2006), Chairman of the BTA, reviewed ithie and function of BTA. He
said that BTA represents 80% of the UK trout prditunc It liaises with European
Union and United Kingdom legislative & regulatorgdies, co-ordinates and funds
Research & Development, manages the Quality TrdUtguality assurance scheme
and handles issues management. It is also a meshB&AP, FEAP and administers
the British Trout Farmers and Restockers Assocgiati®T FRA). Funds for the BTA
are raised from fish food manufacturers, membeesyland subscriptions, and
through Quality Trout UK. The BTA recognizes thealbbnges of the future and
undertakes to:
* Work with regulators to ensure the industry is espnted in decision making
while promoting and safeguarding the industry.
e Meet the current and future production challengesuding a selective
breeding programme and cryopreservation of trolit mi
* Improve fish health and welfare
* Develop best practice
The BTA supported the scientific rationale andftireding of this project by

DEFRA and establishing and encouraging the linke/éen the farms and the
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project. The outputs of the project were regularigsented at the annual BTA

meeting held at Sparsholt College.

1.2.2 Socio Economic Model of the UK Trout Industry

According to Nautilus Consultants the core troutriaag industry can be divided into

three sectors (Winnard, 2003).

Core industry

1. Hatchery producing ova / fry / fingerling. The whadBritish rainbow trout
industry needs approximately 100 million eggs peary Ova imported from
outside mainland Britain meet most of the requiretsieThe ova come mainly
from the Isle of Man, Denmark, South Africa and thern Ireland. Several of
the ova / fry / fingerling producers keep some lbpeoduction for their own
use. Around half of the fingerling demand is mebtiyh sales between farms
and the rest is met by the farms own productiore $hles of ova / fry /
fingerling contribute only 5% of the total farm oroe. Other activities such as

table and restocking are more important sourcaaime.

2. Table trout producer. The table trout productionajgproximately 14,000
tonnes. This is the most important sector for #rgdst farms; those producing
more than 200 tonnes per year and represent o¥ér @&he total income.
The most important way of selling the majority ierh farmer to processors,

and then the processors supply the supermarkets.
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3. Restocking trout producers. The restocking products approximately 2,000

tonnes. These farms are generally smaller thae fabins but can obtain up to
twice the farm gate price of table fish. Sales rage localised and product
volumes lower. Production of restocking trout is stnamportant for small
farms producing less than 50 tonnes trout per yearesenting over 70% of
the total income. Several of these farms produdnogit have their own

recreational fisheries, income from which is alsportant.

Wider industry: upstream and downstream industry

The upstream industries support the core troutifagnmdustry by supplying goods

and

services, including feed manufacture, reseasrtd development and

pharmaceuticals.

Feed manufacture. This is the largest sector anaverage accounts for 35%
of total operational cost. Food production empl@aysund 40 people and
generates turnover of £9.71 million per year.

Research and development. Six research projeces spacifically connected
to the industry running partially or wholly betwe2B00 and 2005 and costing
over £1.1 million.

Pharmaceuticals. On average the trout farms expegadduring 2000/2001
was £4,704. Fish health cost is greatest for fid/@nfingerlings because they

are more susceptible to disease than ova or |&sher

The downstream industries are the part of the imdusupplied by the core trout

farming industry. They include processors, retaiband recreational trout fisheries.
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« The table trout market. Trout processing employsr @60 people, generating
an income of over £ 23 million and added valuewarcE 6.7 million per year.
Five processing companies produce approximately 868t trout processing
in the UK. Four of the five processors supply B major UK supermarkets,
which sell approximately 60% of the trout produd¢edthe table while two of
the five supply a large proportion of the commdrcaering industry.

* Angling. Recreational anglers are the consumerdaohed trout sold for
restocking purposes. They pay for the opporturatgadtch such fish through
fees to angling clubs and fisheries. There are tadb04,000 trout anglers in the
UK spending approximately £ 99 million per yeareTéctivity employs over

700 people.

The United Kingdom has been a moderate size rairtbowt producing country for
many years. Nick Read (2006) said also that thexeapproximately 300 registered
farms in the UK, which are mainly owner operatechsiare specialized, producing
fry and fingerling, fish for restocking, or tablesli. There is approximately 17,000
tonnes of rainbow trout produced annually on fagash producing between 10 and
1000 tonnes. The industry employs approximately &@iOtime staff and upstream
and downstream activities employ another 1,300tfole employees. Ex-farm sales
amount to approximately £32 million with the indystas a whole, including

processing and angling, having an estimated tumaiv&150 million.

As the Table 1-1 shows, the UK industry has a ikedasmall size, occupying the
seventh production place in Europe during 2003:esgnting almost 5.0% of the total

production and 5.4% of the total value.
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Table 1-1. Top 10 rainbow trout producer countitteBurope, production and value during 2003

Country Production (t) * Value (K US$) % Production % Value
Norway 69,128 171,681 23.0 21.0
France 39,365 94,848 13.1 11.6
Italy 38,000 128,957 12.7 15.7
Spain 33,113 72,849 11.0 8.9
Denmark 29,867 68,133 9.9 8.3
Germany 23,275 78,986 7.7 9.6
UK 14,820 44,460 4.9 54
Finland 12,978 44,336 4.3 54
Poland 11,696 21,963 3.9 2.7
Faeroe Islands 9,199 25,573 3.1 3.1
Others 18,927 67,230 6.3 8.2
Total 300,368 819,016 100.0 100.0

Source Fishstat Plus

Figure 1-1 shows that there is a global trend ¢toeiase production and to decrease the
value per unit of production over time, a good egharof supply and demand. As
Britain is an open economy, the rainbow trout indushas been affected by
globalization. This is translated to financial me® on the local UK industry that
wants to remain competitive, cutting cost in akithoperations. McAndrew (2002)
said “ In the UK, and the world generally, rainbtnaut eggs have become a cheap
commodity, as producers continue to try to redws#,so removing any incentive for
the hatcheries to improve the quality and add védudhe seed being produced. The
whole industry would benefit if the few hatchermgpplying eggs could recoup the
cost of improvement by charging a small premiumedggs that would more than be
covered by their subsequent enhanced commerciébrpemce. A feedback loop
between ongrower and hatchery would ensure thaitripeovement was in the traits

chosen by their customers so they could see tketdienefit of this activity”.
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Figure 1-1. World rainbow trout production and tiela value / production during the period 1993 —
2004 (Source Fishstat Plus).

1.3. Quantitative Genetics

1.3.1 Inheritance of economic interest traits in aimal production are
explained by quantitative genetics theory

Most economically important traits in fish, the saas in other domestic animals and
cultivated plants, are quantitative traits. Thisam® that as it is not possible to
establish discrete categories when measuring aaigeghenotypic trait in a
population: individual values comprise a continugesies. These quantitative traits
show a hereditary variation in the population dodhte segregation of several loci,
not necessarily many, each one of which behavea Mendelian manner. The
expression of these traits may be modified by ttt®a of the environment. As each
gene adds a small effect to the phenotype, thitaggthe continuous variation of

these traits in the population (Lépez-Fanjul ando]T @989; Neira et al, 1999).

Some of the economically interesting traits in ftstm be, broadly speaking, the time

needed to achieve commercial weight and the amoumptrice) of the food consumed
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to reach said weight. The first one is replacedh®y weight or length at a set age,

usually market size and the second one by the weighease per time unit until said

age, both of which are easy to assess. Besidesdrthady mentioned traits, it may be
interesting to take into account the following anes

1. Mortality during ongrowing; the low economic valoéthe eggs and fry usually
mean these stages are not considered.

2. Resistance to diseases, a complex trait due tdiveesity of potential pathogens,
and which must be more precisely defined statirgy gpecific pathogens/life
stages involved.

3. Quality of the fillet, particularly important in spies where the value of each
piece is high.

4. Age at sexual maturity, particularly in those spedhat are marketed with high
weights, delaying maturity to obtain the weighlietiquality and the efficiency of
food conversion before maturation diminishes fleghality and mortality

increases (Lopez-Fanjul and Toro, 1989).

The description of quantitative traits is usuallgnd according to the so-called
“infinitesimal model” proposed by Fisher in 1918hiah is based on the variance
analysis techniques developed by this author. Th@etrassumes that the deviation or
variance of the Phenotypic Value (PV) of a certeait in an individual is the addition
of two components, a genetic and an environmemig| which will express itself in a
Genetic Variance (GV) and an Environmental Varia(i€¥). The GV, in its turn, is
composed of an Additive Genetic Variance (AV) andam-additive one (DV +IV
dominance effects and interactions respectively):

PV =GV +EV
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PV = AV + (DV +IV) + EV

AV is the variance of the additive genetic valudstlee individuals, which stems
basically from the value of the genes that affettad, and which an individual may
transmit to its offspring. The value stemming fradtelic combinations (dominant
effect) is not transmitted, as said combinatiors“dismantled” by recombination as

the gametes re formed (Lopez-Fanjul and Toro, 18@%a et al, 1999).

Phenotypic averages and variances are the infamatie may obtain from the
population, but obviously the phenotypic expressbthe trait will not only depend
on its genetic determination, but as has alreadyn beentioned, on environmental
effects. In order to genetically improve a trait waist distinguish and quantify

genetic and environmental effects on the expressidime traits (Neira et al, 1999).

Quantitative phenotypes such as length, weighbihtig fat content and fecundity
are measured in millimetres, grams, inches, poupelsentages, etc. That is to say,
an important consequence of the features descfdreguantitative traits is that they
must be studied through biometric methods whiclrasttarize quantitative genetics.
Quantitative traits are described in terms of plygrio averages and variances at

population level (Tave, 1993; Neira et al, 1999)

Heritability of economically interesting traits in populations

To be able to know the variation fraction thatrsnsmitted to offspring, one must
know the relation between AV and PV, known as tleeitability concept (f).

Heritability is a statistical measurement of thegrée to which the observed
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phenotype of a trait is genetically influenced d@rashsmitted to offspring of the next
generation:

h*=AV/PV

Heritability specifically measures the variabiligf a trait stemming from the
hereditary fraction. Heritability is mainly used determine the probability that a trait
may be modified through selective breeding andhim prediction of the range of
progress that may be expected from a particulaulatipn and environment (Kincaid,

1980, Neira et al, 1999).

The heritability of a production character is ag@may of the population and therefore,
estimates vary around an expected value. It is rtapbto know the heritability value
because it permits us to know whether the phenotygdue of an individual is a good
estimator of its genetic value which may help usatee decisions with respect to the
best selection method to be applied and allowsousstimate the expected genetic
response (Neira et al, 1999). Heritability is a gapon concept that is only
theoretically valid for a specifically assessed yapon and in the assessed
generation because values change over time. Howaser general rule, heritability
estimated in a generation remains relatively unghenduring two or three

generations.

As heritability is the fraction of the phenotypi@anance due to additive genetic
components, heritability values belong within thege 0 to 1. Heritability estimates
may be classified according to three general caiegdow (0 to 0.14), intermediate

(0.15 to 0.49), and high (0.5 to 1). Selection paogs are generally effective when
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based on intermediate and high heritability trhiis are less effective when based on

low heritability traits (Kincaid, 1980).

All methods for estimating heritability are baseadtbe relationship between related
individuals. If the resemblance between relativesclose, there will be a higher
probability that the trait will be heritable. If éhmembers of a family are raised
together, they share a common environment. Wheartligonment changes from one
family to the other, such as the water temperaburéhe culture density, the changes
may induce differences between family members @ater differences between
families. Therefore, it is assumed in heritabiligstimation methods that the
environmental relationship between relatives i® z@rnear zero. If this assumption is
not fulfilled, techniqgues must be used to remowedhvironmental relationship or else

the resulting estimate will be unrealistic (Kincal®80).

There are many methods to estimate heritabilitytbetsix more common ones are:
(1) relationship between parents and offspring, @@)ent-offspring regression, (3)
response to the selection, (4) synthetic selec{®elationship between full-sib, and
(6) relationship between half-sib. Normally, metbad parent-offspring regression or
relationship between half-sib are preferred becabsg imply fewer assumptions
about population and provide clear estimates ofit@eddgenetic effects. Estimates
based on the selection response are very usefldsaribing the selection results, but
are less useful for predicting the response tocsele because the results will not be
available until after the selection program hasegtimough a selection cycle. The

method chosen in a given situation will depend loa kind of relatives available,
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unless studies are designed to provide relatiossthipt will allow for a specific

method for estimating heritability (Kincaid, 1980).

Table 1-2 shows heritability values for sexual migun rainbow trout Q. mykis}
and Atlantic salmon§. sala), data selected by Gjerde (1986). It must be rebezed
that heritability is a property both of the trag well as the population in which it is
assessed, and its value is not necessarily apf@italother populations of the same

species or the same trait in other species (LopeguFand Toro, 1989).

Table 1-2. Estimate of age heritability until sebmmaturity based on half siblings family data.

h?(O. mykiss) h%(S. salar)
Average early maturity 0.05 0.15
Average late maturity 0.26 0.37

Gjerde (1986) with modifications

Assessment of the breeding value of an individual ithh respect to its
population
From the analysis of the previous concepts andirgean mind the work under
development phenotypic assessment of traits inviddals will be important
Phenotypic value (P) is the assessment of an mhaliVis value at a given point. This

value is influenced by a genotypic value (G) an@avironmental deviation (E).

Therefore:

P=G+E.
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Genotypic value (G) is the total genetic capacitym individual with respect of its
population. It is influenced by the additive genetalue (A), also called breeding
value and by dominance effects (D) and interact{®ng herefore:

G=A+D+I

P=A+D+I+E

Breeding value (A) is the value of an animal ageeber, i.e., it is related with the
possible average value of its offspring as devmtimm the population average

(Neira et al, 1999).

1.3.2 Main systems of improvement for animal produson

The main purpose of genetic improvement is to nyodif a desired direction the
relevant economically important traits in the indivals of a population. For this
purpose, Simm (1998) pointed out the principaltsgi@s that have been used to

induce genetic improvement in populations.

» Selection between strains: replacing one straih wartother that is known to
have a better performance under local conditioiss, lenown as migration.

» Selection within the strain: choosing the best parérom a particular strain to
improve performance.

» Crossbreeding: crossing parents from two or moraptementary strains or
the same species that will provide an improvemémnpesformance through

hybrid vigour.
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Selection between strains (Migration)

Migration consists basically of introducing breeder gametes from other stocks.
When there are genetically superior stocks avaldbis is the fastest strategy to
perform an improvement. It has the disadvantagaedting dependence on obtaining
germplasm from the leading producers. An examplaghaf practice could be to
import ova from fish farms where genetic improvemisrdone and later on crossing
the breeders obtained from these ova with the Ipopllation. As fish farming is a
recent activity, there are no genetically improwocks for the majority of farmed

fish species.

Selection within the strain

Basically selection is the differentiated reproduetof those individuals (breeders)
that show genetic superiority for the selected iraa population. These changes are
slow but accumulative through time. In simple tertie assessment of the genetic
value of an individual is based on the trait déieces observed between the
individuals and the average population. Due to,thi® existence of phenotypic
differences or variation of a certain trait in apptation is essential for performing

selection of a trait.

Selection methods within the strain

The phenotypic value of an individual, measured aeviation with respect of the

average (P = Xi - X) of a population comprised e¥eral families, may be divided
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into two main parts: the deviation of the familyeaage with respect of the population
average (Pf) and the individual deviation with edpto the family average (Pi),
where:

P = Pf+ Pi

The selection methods that are applied define tekas according to the importance
one gives to these two components and to the Kindfarmation used to assess the
genetic value of the individual for that trait. Wworking in a genetic program, one
usually must do it with populations whose fish fimstructure is known. In these
conditions there exist different sources of phepiatynformation about the trait that
may be used as criterion to estimate the genetieev@®) and define the selection

method. Selection methods are:

1. Individual or mass selection:
Selection is only made for the individual phenotypalue, expressed as a deviance
with respect to the average population, regardbdégbe family to which it belongs.
As regards the equation P = Pf + Pi, the same deradion is given to the family (Pf)

as to individual components (Pi).

2. Family selection:

All individuals are selected (or in an equal numbandom sample) from the best

families of a population based on the family avertay the trait.
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3. Intra-family selection:
The best individuals of each family are chosenrasders, i.e., those individuals that
have the greatest phenotypic deviances with respdbe average of their respective

families.

4. Combined selection:
This selection method uses more than one avaitahlece of information to estimate
the genetic value (A) of an individual. In other nd®, it takes into account the
individual phenotype, the full-sib or half-sibs’ emages, and individual deviances
between families, among other things. Usually adexis made estimating the
genetic value of an individual (A) which comprigbs available information sources

considered according to their importance (Neiral,€1999).

Crossbreeding

The term crossbreeding is understood as the matimglividuals of different genetic
origin. The most common crosses performed on toadit domestic species (cattle,
sheep, chicken and pigs) are between breeds, dmgvarieties, although they have
also been possible between similar fish species. ude of crossbreeding in animal
production seeks to exploit heterosis, compleméptaand replacement of

populations.

It is a common practice in fish farming to use abmation of at least two methods
for genetic improvement. Usually, the selectionwsstn strains is prior to the

selection within the strain or crossbreeding. Duehie amount of variation existing
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between captive strains and wild populations of ynapecies, all improvement
programs should start with the collection, compmarisand selection of the best

material available (Refstie, 1990; Dunham and RQ03).

Due to the high fecundity of aquatic species, tlethmds used are individual selection
(mass selection), family selection or a combinatainboth (combined selection)
(Gjerde and Rye, 1998). When the heritability of thait is approximately 0.5, both
the family and individual selection are equallyi@ént. Family selection is more
efficient when there is less heritability, and wmdual selection is a more efficient
selection method when there is a higher heritgbikbr binary traits such as the age

of sexual maturity and survival, one should chdasaly selection (Gjedrem, 2000).

1.3.3 Managing an improvement program

Considerations about the base population at the gt of the improvement

program
There is no single recipe with respect on how tddba base population for a
selection program as this will depend on the cistamces surrounding each
particular case. It is well-known that a good bpepulation for a selection program
must have the greatest possible genetic varialikyause the genetic profit obtained
through selection is directly proportional. Howevene has to bear in mind that said
variability must have the attributes desired asgpial product and, as far as possible
it must lack those factors that are considerednatesirable from an economic point

of view.
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Thus, if there is more than one genetic line abélaan evaluation of the stocks is
usually advisable and in some cases, togetherthathof their reciprocal crosses. The
importance of having sufficient genetic variability the base population is generally
recognised and most programmes begin by carryibhgpr@iminary studies verifying
the existence and quantifying the magnitude ofvidmgation in the available strains.
There is often sufficient evidence from the phepmtyariation to predict the results
of direct breeding methods, without the need tovkmo detail the structure of the
genome and its relation with the phenotype (Netia,e1999).

Where and under what environmental conditions nthst stock under genetic
improvement be handled? There are several thetwi@sswer this question before
the varied circumstances that are usually pres#stwill presently mention a series
of recommendations that are generally applicablestablished selection programs
(Neira et al, 1999). As far as possible, stock rgangent must be done by staff with
specific training for it, as the management of ktander selection is different from
normal management for production. This appliedlitstages of the productive cycle.
The fish of the program must be managed under &s possible environmental
conditions, unless there exists evidence of thestemce of important genetic-
environmental interactions. The physical locatiéhe program, during the different
phases of the cycle, must be decided exclusivetprding to the environmental
conditions. These may coincide with the locationfieh for production, although
normally the infrastructure for their managementstrioe necessarily different. The
most important consideration to be taken into antealated to the environmental
conditions is that they must be the same for aividuals being tested. What is most

important is that at the time of comparatively ass®&y the behaviour of the potential
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breeders, the observed phenotypic advantages shmmuld consequence of their

genetic merits and not of advantageous environrheatalitions (Neira et al, 1999).

Constitution and management of families

In culture fish, what is known as a family in a gga improvement program is
generally the full-sib offspring ensuing from thpawning of a single female and
single male. Once the stock or stocks that willsobjected to improvement are
defined, three important aspects must be decidedway of choosing the females
and males that will commence the program, the (simenber of families) the program

must have and the cross system to be used (Neatak99).

Breeders that will commence the program

If one does not have previous averages, varianpbgnotypic and genetic
correlations, heritability estimates, etc. of theduction traits that will have more
economic importance for the chosen stock, thethesj is to choose the breeders that
will commence the program from a random sample haf population. This will
produce a progeny population that will enable adgestimate to be calculated of
these important phenotypic and genetic parametsegential to take the appropriate

decisions for the selection program.

The efficiency of an improvement program will degesm these early decisions and
need to be based on a good dataset. It is impgddame able to predict how direct
changes produced by the selection will produce fizadiion in other correlated traits.

As an improvement program is a long-term activityese parameters should be
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known for all current and potential future econaatlic important traits. One must
take into account that these parameters are ktilewvn in fish and that they are

furthermore a property of the population where tasyassessed.

If one decides to choose the breeders that wiilabei the program, it is advisable to
make said selection between individuals that hewael lunder common environmental
conditions up to the moment when the most importia@iis under study are assessed.
The fish should also come from the largest possibtaber of unrelated families. The
consequences of starting the programme with a smatiber of closely related
individuals will have permanent impact on the sgscef the selection programme
and the inbreeding estimates performed on the jp@selation will be underestimated

(Neira et al, 1999).

Number of families needed to build an improvement pgram

One of the main considerations with respect tosttede of an improvement program
will relate to the number of broodstock needed taintain an adequate Ne to
minimise the level of inbreeding and genetic dwithin the population. This is a
species specific problem and more likely to bessmue with highly fecund species in
which few broodstock are needed to generate theirmygents of a substantial
industry. In less fecund species the process mightiire a multiplying stage to
ensure that there are enough offspring coming frieeimprovement programme to

meet the demand.

There is more than one way to estimate the numbdirapdstock needed for a

selection program, Both the management of inbrgelgivels as well maximizing the
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possible genetic gain need to be considered Ther laill naturally depend on the
principal trait(s) being selected, its variatiorddmeritability. In the case of selecting
for weight increase in salmon, in the genetic imraent program for Coho salmon
from Coyhaique (Neira, 1997), an effective sizenofless than 84 has been defined,
easily obtained with its hierarchical cross desigrwhich 100 females participate
with 30-35 males in each generation. With this namdf males and females an Ne of
90-100 was obtained which produces a inbreedingase (F) between 0.5 - 0.6% per

generation (Neira et al, 1999).

Breeders mating design

Once the scale of the program has been definedhanokeeders that will start it have
been chosen, a mating (or cross) design must bblissied. The objective is to form

families with known genealogical data, i.e. we vwiliow who are the father and

mother of each individual. There are a number ofsna which this can be achieved

but there are two commonly used possibilities. fitst one is to cross a male with a
female, in which case we need an equal number eédars from each sex. The
second one is to cross a male with several femaleghich case we need fewer

males than females. In saying the number of femadesled to cross with a male, one
has to bear in mind that that influences the effectize (Ne) of the population. If one

wishes, for instance, an Ne of 100, it may be olehi with the following

combinations of numbers of males and females (Thtdg
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Table 1-3 Calculation of different Ne index accoglto different proportions of males and females

Number of Males 50 34 29 30
Number of Females 50 100 200 150
Effective size (Ne) 100 101 101 100

As a practical recipe while designing a prograng can note that an effective size
(Ne) equal to the number of females used, for nt&#e@0 or 150, is obtained with a
number of males equal to a third part of the numbkrfemales: 30 and 50

respectively, in this case (Neira et al, 1999).

Identification of the individuals to used in the inprovement program

Unless a mass selection system has been chosee fistnidentification system will
be necessary. Fish can be identified using a nuof®arking systems which permit
an adequate genealogical control, essential inn&tgeimprovement program. It is
useful to know the father and mother of each imtliai (the family to which it
belongs), both to genetically evaluate the indigiduiand families as for an adequate

control of inbreeding.

Two methods that have proved to be very efficientdentification systems may be
used in salmon and trout: family tanks and eledtromarkers (Neira et al, 1999) and
molecular markers (microsatellites). Recent usegehetic markers for family
identification purposes is a milestone in aquapiecses improvement programs. This
technique allows family groups to be bred in a canmpost-fertilization
environment, and the number of families includedha test may be considerably

increased (Gjoen and Bentsen, 1997).
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Electronic markers for each individual

The most commonly used electronic markers systenthes “Passive Integrated
Transponders” (PIT), that are housed in glass dglis one millimetre in diameter and
approximately one centimetre long. These are inited into the fish and may be
read from the outside by readers with differentlswof sophistication. They provide

a code of 8-13 digits.

They have the disadvantage of being expensive thabhgy may be permanently
reused. The advantage is that identification isviddal, that they read without error
and that the information may be directly transférte the computer through an
interface. If one has more sophisticated readleeset may be programmed to receive,
together with the fish identification, the infornmat obtained on each occasion, such
as its weight, length, cage, date, destination,, dtgilding a file that is directly

transferred to the computer or database (Neirg £089).

Population inbreeding

The offspring from matings between individuals thetve a closer relationship
between them than the average random couples gbdpelation from which they

proceed are called consanguineous. Two individarsgelatives when they have one
or more common ancestors (collateral relativesrog is ancestor of the other one
(direct relatives). Inbreeding in a large surveypuylation is a consequence of
deliberate mating between relatives, but it alsoucx as the inevitable product of

random mating if the population under study is além
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Inbreeding is usually a matter of concern for adpaer on account of the
consequences it has when it increases excessimely population. An average
inbreeding increase generally entails an effeckedaéndogamic depression which
lowers the performance of reproductive and produactiaits. In general terms it may
be said that:
« The possibilities of crosses between related iddiais of a population are in
accordance with the population size.
* The main consequence of inbreeding is an increeBemozygosity.
* There exists a higher probability that an individteceives identical alleles
from both parents through common descent.
* Said increase may be measured through the inbiggedia (F) (Lopez-Fanjul

and Toro, 1989; Neira et al, 1999).

1.3.4 Organization systems that have been used img kind of programs

Organization models

The genetic improvement of a stock may be organma#dn a firm, at regional level,
with the participation of several firms and witHfeient degrees of participation of
State or international organizations. These plangombinations of plans, are being
used by the fish production industry in severalntdas, according to the local needs.
In Chile, for example, there coexist programs ahdstic firms specialized in ova and
smolt production, programs that multiply in Chil®cks of fish improved in other
centres, vertically integrated firms that produce their own consumption and a
program jointly organized by a State organizatiomd athe University, with

participation of private firms (Neira, 1997).

50



An effective dissemination of the genetic improveent program could be done
through multipliers

Whatever the plan to be used, it will always beisale to manage the stock
subjected to genetic improvement in an independeyt from the animals destined
for production. This stock subjected to improvemsriknown as the nucleus of a fish
breeding company. Usually a part of the individuggserated by the nucleus will be
needed in order to perpetuate it with a genetiecsein plan. In practically all
production stages, surplus individuals from eaamilfa that will not continue as

breeders must be discarded.

These individuals may be directly destined to dd as improved stock or as breeders
for stock multiplication. This is one of the moshgortant stages in terms of the
economic viability of a genetic improvement prograrich consists in distributing
the genetic material of superior animals to thaugtd/, because improvement is only
valuable if it benefits both the producer and theasumer. High fecundity in salmon
and trout species will guarantee the genetic pafhiieved in the breeding nucleus
will have an extensive and immediate impact oninldeistry. With large family sizes
there is no need to multiply the genetic materal the industry and in this way
genetic improvement is available to producers vaitminimum delay (Neira et al,

1999; Gjerde et al., 2002).

51



Test stations for assessing the stocks produced

The infrastructure of a genetic improvement progfammaintaining and carrying out
performance tests, permitting their genetic evabmafior selection purposes, may not
be representative of the fattening centres to wthiehndividuals that are the product
of the program will be finally destined. Severabgrams from different countries
have implemented test stations which allow fishdpaed by the program to be
assessed in different environments and to checkheh¢he families’ ranking is the
same in all of them. If the ranking is basicallg ttame, i.e. if there are no important
genotype-environmental interactions, it means ttta individuals selected as
breeders in the program are those that producbkdsiefish handled under production

conditions (Neira et al, 1999).

1.3.5 Information management

When starting out with an improvement program onestnctlearly define the traits

that will be improved which must be measured ardneed on an annual basis within
the production cycle. As improvement methods asemdsally based on the statistical
analysis of said traits, an important part of theveers obtained will depend among
other things on the quality or precision of theadatoduced. It is necessary to design

a registration system which meets certain basigireaents:

1. The traits to be assessed must be chosen carefollpe able to do this one

must have previously defined the most relevantstfair the program. Among

them we can name, besides the selection crittiesetthat will provide levels
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of productive efficiency, thus permitting to cldgsihe information in a better
way and avoiding unnecessary additional costs.

Measurements must be precise and reliable. Thigeglire specially trained
staff using good instrumentation and working undenditions that will
minimize assessment errors.

Records must be kept in a standard way, with doghname of the variables
and their form and dimensions throughout time.

. The information must be stored in a safe and oydeay so as to facilitate the
access and efficient management of the data faulbsequent analysis. It is
advisable to keep logbooks for each one of théstassessed and to later on
incorporate them into a database, specially boiltlie improvement program,
and permanently updated.

. The measurements taken must be recorded togethkrtin@ handling or
environmental conditions of the individuals. An eggriate record will allow
the identification and elimination of environmenédlects that may affect the
expression of the trait (for instance, the cagee @& spawning or sampling,
sex, tank, date of sampling, etc.). Thus one witlid, for instance, choosing
individuals that have enjoyed more favourable emmental conditions

instead of choosing them on their genetic meritsirgNet al, 1999).

Database of the information obtained

Generally, improvement programs are long-term ptejelf one also takes into

account the great amount of information obtaineectath stage of the production

cycle, there is a huge amount of data recorded gaah and therefore, one needs

computer tools that will allow the efficient managent of the information, both to
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improve fish handling and data analysis. An adezjdaitabase must be particularly
designed for an improvement program according sadédta schedule, management
and production.

e It must permit receiving information for the systema standardized way,
both as regards the name of the variables as weHlear form and dimension
throughout generations.

* It must have the possibility of easily receiving tinformation taken from fish
that are electronically identified.

* It must allow establishing interrelations betweba tifferent files contained
or built into the database.

e It must be able to produce work files for genetid goroductive analyses,
retrieving information from any file input.

e It must be able to produce a pedigree file oftal individuals contained in the
database.

« It must facilitate building useful user-designedpoads for an efficient
information use.

* It must be easy to use, with data entries desigiwedrding to the number of
samplings carried out during the year with an is@htformat to that of the
spreadsheets used on site.

e It must permit an easy access to the databaseeohigtoric information
collected prior to building the database.

* It must have a User Manual easily accessible taglee (Neira et al., 1999).

54



1.3.6 Rationale that must be used before initiating genetic improvement
program

After all the quantitative theory we have reviewpHilosophy makes its appearance;
there are five key questions that need to be agkgednetic improvement seeks to

improve productive efficiency:

1. What are the traits that need to be improved anat vglthe breeding goal?
Generally, the main goal in applying any improvememethod is to
change or improve all the traits that are econoltyigeportant for the
producer or the industry. At the beginning it i€ gonvenient to include
many traits as the genetic progress obtained frach ene of them will be
smaller. Furthermore, the heritability of any traiust be significantly
greater than zero if it is to be improved.

2. What are the best measurements and selectiveiziiterthese traits? The
cost of measuring or recording the trait must kenanto account. Food
conversion efficiency, for instance, is not usuafigluded in fish goals
because it is difficult and expensive to measure.

3. What are the best selection methods to improver#ies of the breeding
goals?

4. What are the research priorities?

5. How can we make sure that genetic improvement progr are
implemented by the fish farming industry? (Neiraagt1999; Lymbery et

al., 2000; Gjedrem, 2000).

55



1.3.7 Statistical data of global fish farming prodation justify increased
future development of fish breeding programs

Fish farming production during 1948 was approxiryat.6 million Metric Tons
(mMT) and it increased to a preliminary estimatel82.2 mMT in 2003, i.e., in 55
years global production increased 6.7 times. Du20§3 captive fish production
accounted for 41.9 MT. Since 1990 continental fishming production increased
from 11 mMT to a preliminary estimate of 25.2 mMIT4003. China continues being
by far the largest fish farming producer, with @aded production of 27.7m MT
during 2001. These figures confirm that fish farghlmas been the food industry that

has had the largest growth at a global level (FA@M1, 2004).

Wild capture fisheries have attained their maxinsustainable production; therefore,
a greater development of global fish farming induss expected in the future, as
happened with the evolution of agricultural deveh@mt. Given this growth of fish
farming development, domestication of differenhfspecies will continue, becoming
in time increasingly efficient and competitive witraditional agriculture industry.
Fish and shellfish species will generally becomeearimportant as a more efficient
use of food resources will be necessary to proaidefficient amount of high quality
food for the increasing world population. Domedima and application of the theory
of animal breeding to the genetic improvement a@ellis was the principal method
used to increase production of traditional farmnaali populations. Farm poultry
productivity is often 3 to 5 times that of its wifttogenitors. Genetic improvement
has been widely demonstrated in traditional farecsgs. However, despite this great

development of modern farming, until now aquatieses have hardly benefited
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from this progress (Harris and Newman, 1994; Bentsed Gjerde, 1994; Knibb,

2000; Lymbery et al., 2000; Gjedrem, 2000).

1.3.8 Comparison of genetic improvement of differen salmonid and
rationale for a program with rainbow trout

Genetic improvement is the process of selectingnals with greater genetic
advantages than average animals to become parfehis wext generation so that the
average genetic advantage of its offspring willgbeater than the average one of the
parent’s generation. Ova or fry producers are gamthe business to obtain profits,
the same as their customers who buy their fishrédyre food products. The profits
of producers are influenced by the customers’ deimBor their products. The
acquisition of an improved stock implies a costimaty be a positive influence for the
system'’s operation by reducing other expenses arame growth due to production
or both. Genetic improvement programs may entaibisg¢ benefits, most of them
associated with the economic return (Harris and Naw; 1994; Cameron, 1997;

Knibb, 2000).

Until a few years ago selective breeding had beaegly used in fish farming; in 1997
it was estimated that only 2% of fish and shellfigbre genetically improved. This
delay in the development of genetic improvemengmms of aquatic species may be
due to the lack of response to selection in somly studies and created a school of
thought about there being little or no additive gf@variation in fish (Lopez-Fanjul
and Toro, 1990; Gjedrem, 1997; 1998). However, mecent experiments that show
good results have been obtained from different genenprovement programs

performed on different salmon species (Table 1-4).
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Table 1-4. Response to selection for faster graath in different salmon and trout species takemfr
recent publications

Species Mean Gain per No. generations Reference

generation (%)
Coho salmon 250 g 10.1 4 Hershberger et al., (1990)
Rainbow trout 3.3¢g 10.0 3 Kincaid et al. (1977)
Rainbow trout 4.0 Kg 13.0 2 Gjerde (1986)
Atlantic salmon 4.5 Kg 14.4 1 Gjerde (1986)
Atlantic salmon 6.3 Kg 14.0 6 Gjerde & Korsvoll @%
Atlantic salmon 3.5 Kg 12.5 1 O’Flynn et al., (1999

Besides these more recent favourable results, salnd trout species have several
advantages for geneticists over traditional agnical species, mainly due to their
reproductive biology. It is easier to perform quiative genetic analyses on them on
account of their high fecundity and external fezsition. This provides tremendous
flexibility in cross designs because the eggs single female may be separated into
many different groups, each one of them fertilibgda different male. Similarly, the
semen of a single male may be used to fertilize yndifferent females. The
combination of high fecundity with external ferzéition permits using an optimal
combination of family size with number of familieshich minimizes standard errors
of estimate of genetic variance (Lynch and Wal€b08). If we compare different
salmonid species, more is known about the physyologl biology of rainbow trout
than of any other fish species. Rainbow trout & st experimentally manageable
salmon species and therefore they may become #tatd$or the research needed of
the economically important Atlantic salmon and otRacific salmon species and char

(Thorgaard et al., 2002).

A pioneer genetic improvement program for Atlargagmon and Rainbow trout was
commenced more than 28 years ago (Gjedrem, 1983} aras adopted on a national

level by the Norwegian salmon industry and caroatlby AquaGen AS since 1992.
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The Norwegian program focused itself on improvingvgh rate, age of sexual
maturity and later on, resistance to diseases arity traits. Similar breeding
programs are being carried out in Canada (Frieg893), Iceland (Stofnfiskur H/F),
Chile (Gentec SA and Landcatch Chile) and Scotl@ashdcatch). If we analyze the
general history of breeding programs, most of thstarted with growth rate
improvement, defined as the harvest weight as sefecriterion (Knibb, 2000;
Refstie, 1990) and later on other traits were idetliin subsequent generations. The
cost-benefit rate of the Norwegian genetic improgetrprogram of Atlantic salmon
and Rainbow trout is 1:15 (Gjedrem, 1997), an esténsimilar to the ones obtained

from genetic programs of traditional farm animals.

1.4. Molecular Genetics

Molecular markers are molecular, protein or DNA mbitgpes originated by a gene.
They receive this name when they behave accordingdandelian inheritance laws

(Diaz N, 2005).

Comparison between protein and DNA markers

Protein markers have been used since the ‘60’smiou¢ recently use has been made
of variants at mitochondrial and nuclear DNA levall, of them revealed through
electrophoretic analyses. Using proteins or DNAraskers has its advantages and
disadvantages, a key aspect being the level oftigenesolution obtained with one or
the other analysis. The difference between bothregmhes is that protein
electrophoresis detects variations in regions ef genome only if they codify for

functional biochemical products, which is a smediction of it, and is therefore, less
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representative. Instead, DNA analyses will detestegjc variations in their origins:
DNA base sequences. These analyses permit us tmirexaall the nucleotide
sequences of the genome, even those that do ndy podtein products or that have
no known function. Due to this larger coveragehsd genome, these analyses have
greater possibilities of detecting a large pathefgenome’s variation (Diaz N, 2005).

Description of DNA markers

There are two classes of DNA analyses, one of tigethe kind performed with
mitochondrial DNA (mtDNA), while the other one usasclear DNA (nDNA).
Mitochondrial DNA is a small molecule located witlthe mitochondria, which has a
rapid rate of evolution, is haploid and of matenmaleritance. It is mainly composed
of codifying sequences, which cannot be recombiaed are easily isolated. The
small size of mitochondrial genome and its inhecta does not permit developing

many markers.

Nuclear DNA is a larger molecule arranged into anveomes and contains a greater
variation in its type of sequences, among whichcading and non-coding sequences.
Non-coding sequences contain repeat sequencesffefedi lengths and many of
them can be used as markers. Nuclear DNA changesodihe replication during cell
division and also to the recombination during misiogenerating new variant
combinations. Recently a great variety of molecutarkers have been obtained by
studying both classes of DNA (Diaz N, 2005). Feogust al. (1995) published a

comparison between protein genetic markers and DidAcers (Table 1-5).

60



Table 1-5 Advantages and disadvantages of proteth GNA variants as genetic markers (after
Ferguson et al. (1995)

Advantages of proteins Disadvantages of proteins

* Samples can be analysed quickly * Tissue collection and fresh or freshly frozen
* Relatively low cost of chemicals and equipment storage required

* Easy -to- learn technique * Several tissues, and relatively large amount
* Proteins with known function required / killing of specimen

* Some loci subject to selection * Low number of alleles per locus

* Only proteins detectable through histochemical
stain can be examined

* Some loci subject to significant selection

* Analysis of patterns can be difficult especiaily
polyploids

Advantages of DNA Disadvantages of DNA

* Only single tissue and relatively small amountMore difficult to learn

required * Little comparative information available
* PCR amplification allows minute amount of tissu& Relatively high cost of chemicals and equipment
to be used and allows examination of scales and

museum specimens

* Tissue preservation in ethanol or by drying

simplifies collection and storage

* Many thousands of potential markers available

* Some loci are multi-allelic

* Some loci are non-coding and not subject to direc

selection

*Mutations not resulting in protein electrophoretic

mobility changes are detectable

Classification and characteristics of several typeof nuclear DNA markers

Molecular genetic markers can be divided into ty@ad type Il markers. The first
ones are located in coding gene sequences whilesebhend type are based on
anonymous sequences. A second classificationionterould be the method used for
detecting polymorphism, according to which we dfgsBNA markers into three

types: based on probe hybridization, PCR-basedtlamanes based on DNA chips

(Diaz N, 2005).
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1.4.1 Molecular markers based on probe hybridizatio

Restriction Fragment Length Polymorphisms (RFLP)

To detect DNA polymorphisms one can use clones fittengenic targeted regions as
probes for Southern blot after digesting the tard®WA with restriction
endonucleases. Thus, the genomic DNA is isolatetcam by restriction enzymes;
subsequently, the fragments are separated by gieéebtrophoresis, transferred to a
membrane and hybridized with radioactive probemftbe genomic targeted region
(Southern blot). Most RFLP studies use restrictemaonucleases which recognize
sequences of six nucleotides; these enzymes cah aserage once each 4096 pb,
producing DNA fragments that are easily resolvecel®ctrophoresis in agarose gel.
To reveal polymorphisms on a finer scale, the DNAsmbe cut by restriction
enzymes that recognize sequences of four nucleoti&tepresent this type of marker
is less commonly used than in the past becauseheftime required and the

complexity of technique compared with PCR basedkerar(Araneda, 2007).

Variable Number Tandem Repeats (VNTRS)

There are two types of VNTRSs, called minisatelliéesl microsatellites which differ
in the size of the motif that repeats itself (bedawd 5 and 100 pb in minisatellites and
1 and 4 pb in microsatellites). They are preserdlliiypenomes of animals and plants
and are less frequent in microorganisms (Arane@8y7R In the following section
there is a description of minisatellites, and fartton, in the section about PCR

markers will be a full description about microshties.
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Minisatellites

These markers were the first VNTRs to be studidw: flepeated motif is not always
identical and they were initially used in paterniggts. This is a multilocus method,
i.e. many loci which have the minisatellites aréedted at the same time, but one
does not know in what region of the genome they Bine genomic DNA sample of
each individual is digested with restriction enzgméen the fragments are once more
separated by size in an electrophoresis, transféora membrane and hybridised with
a probe which in this case corresponds to the atielige pattern (Southern blot). The
final product is a barcode pattern which is speddir an individual. The barcodes
revealed by this technique have a Mendelian induec pattern, as on average half of
the bands are inherited from each parent. The seméth RFLP, minisatellites have
lost their popularity with respect to microsatelitdue to the technical difficulties in

developing them (Araneda, 2007).

Initial studies using nuclear markers focused ontilnous DNA fingerprinting.
Interpretation and gel comparison difficulties teduse instead of single locus VNTR
markers. J.B. Taggart and colleagues (Queen’s hitye Belfast, UK) and workers
from the Marine Gene Probe Laboratory (Dalhousiavehsity, Halifax, Canada)
were the first ones to develop this technologydlginocus minisatellites) for fishery
uses (Taggart and Ferguson, 1990; Benteteral, 1991; Prodohlet al, 1994;

Fergusoret al, 1995).
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1.4.2 Molecular markers based on Polymerase Chain daction (PCR)
technology

Great technological innovations were made posdiylehe development of PCR.
PCR is a method which basically consists in makin@ vitro replica of DNA so as
to obtain multiple copies of a specific segmenthis molecule, which can be used as
a molecular genetic marker.

The advantage of markers based on polymerase ckaation is that this method
permits generating great amounts of DNA from spesi#gments of the genome of an

individual quickly (Araneda, 2005).

Random Amplification of Polymorphic DNAs (RAPD)

RAPD was an innovative application of the PCR whprmits rapid, low-cost
generation of a battery of molecular genetic markeithout any prior knowledge of
the genome where they will be used. The developroktitis method started during
the 1990’s (Welsh and McClelland, 1990; Williamsakt 1990) reaching its highest
application between 1999 and 2003. It is at preasatl in species for which there is
an insufficient number of other more informative lecular markers, such as

microsatellites or SSR (Liu and Cordes, 2004).

In a RAPD test a single primer of arbitrary seqeerscused to perform a PCR. The
primers are designed to contain 50 to 70 % guacyt@sine. Another important
variation with respect to standard PCR is thattdmperature for annealing of the
primers to the template genomic DNA can be as Is\8%C. Under these conditions,

the primers are hybridised, but not 100%, to comletary sites present in genomic
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DNA under study to generate the greatest amoumossible amplified fragments.
When two primers join in sites present in the DNvopposed and antiparallel form,
within an amplifiable distance, one obtains a copy discreet fragment of DNA.
This may happen in many sites, an average numbbrtof6 fragments per RAPD
primer are amplified, which can then be separateti\asualized in an agarose gel.

(Araneda, 2005).

When a fragment is amplified in an individual, asenot able to tell at first if the
analyzed individual is homozygote or heterozygate the fragment, i.e., if the
individual has in its genome one or two copieshef binding sites of the primers that
amplify the said fragment. Thus, the RAPD markeebdve as dominant markers

(Araneda, 2005).

The molecular base of polymorphism detected by RA®¥Bue to mutations in the
markers’ binding site to the target DNA, and/oren®ns and losses of segments of
several nucleotides in the region between bothibgndites of the primers (Williams
et al., 1990). Due to its nature, the RAPD is atitmalus technique, i.e., several sites
in the genome are amplified at the same time insdmae PCR reaction. However,
each one of them can be treated as a separate docusne can even follow the
Mendelian segregation of each marker in familiesenghthe fragment shows

polymorphism (Araneda, 2005).

Another important feature of the dominant markergeneral and of the RAPD in
particular is that each marker of this type carcbeverted into a SCAR (Sequence

Characterized Amplified Regions) single locus marl€CAR markers are also PCR-
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based and only amplify a genomic fragment (sedaéuron) unlike the RAPD which
amplifies several fragments at the same time. S@#dRkers have more interesting
biotechnological applications when they derive frBYAPD markers associated with

loci that control quantitative traits of econommegortance (Araneda, 2005).

Amplified Fragment Length Polymorphism (AFLP)

This is a method that has been recently developed permits obtaining a great
number of molecular markers, i.e., multiloci, arfte tinheritance pattern of the
developed markers are dominant. This approach dpsicombines the specificity
and resolution of restriction enzymes with the eeamed speed to detect
polymorphisms of PCR (Vos et al., 1995). As with R?s one does not need prior
knowledge about the DNA sequence of the genombekpecies to develop AFLP

markers (Ferreira and Grattapaglia, 1998).

The essential advantages of a AFLP test with rédpee RAPD is the great amount
of amplified fragments, but with a much higher regibility, because of the high
stringency of the PCR conditions used A6fLP markers. However, both techniques
are quite similar, not only in their main featurest with respect to the kind of
problems that they can be used to study. When aqgpthiis method, one has to bear
in mind that the development of AFLP markers ishtecally more expensive,
difficult and complex with respect to RAPD,; it alsequires well-trained personnel.
However, this difficulty is considered as a minareoif one considers the great
amount of information one can obtain in a singleragon.

The polymorphism detected through the AFLP markeesof two general types:
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a) Resulting from specific mutations, insertions admf nucleotides which
produce the loss or gain of a splicing site witlstnietion enzymes
recognized by the enzymes used; and

b) Resulting from the alteration of the sequencesgeized by the selective

primers used in the PCR reaction.

Once again, the same as happens with RAPD markéisP markers may be

converted into a single locus SCAR PCR-based mgAwmneda, 2005).

Sequence Characterized Amplified Regions (SCAR)

Polymorphic fragments previously identified throuBAPD or AFLP tests may be
isolated from the gel, purified, cloned and seqedno design primers to perform a
PCR that will permit the specific amplification tfe targeted fragment. If this is
successfully achieved, the specific sequence fragemaplified by PCR turns into a
SCAR marker. As one knows the total nucleotide eage of this marker, it is
possible on many occasions to identify the natdréhe polymorphism previously
detected by the dominant marker (Param and Mich&mt993). These SCAR
markers have the advantage of being species-spaadi, besides, a part of them may
present a co-dominant inheritance pattern, i.e.i@m@ble to distinguish heterozygous

individuals from homozygotes (Araneda, 2005).

To build a SCAR marker one must know the whole saqga of the RAPD or AFLP

marker one wants to study and therefore, one habtan through molecular cloning
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multiple copies of the dominant marker that willnpé its subsequent sequencing.
Thus, the basic method for building SCAR markersygases the following steps:
isolation and purification, cloning, recovery ofcoenbinant colonies and plasma
purification, sequencing, analysis of the sequenaed primer design, marker

amplification (Araneda, 2005).

Microsatellites

Microsatellites are also known as Simple SequenepeRs or Simple Tandem
Repeats (SSR or STR). These are repeats in therssgjof the genome, from tens to
hundreds of base pairs of DNA, made up of di-, dri-tetranucleotide repeats, e.g.
CA, CAC, or CATA, ordered in tandem, i.e., one aftee other (Wright, 1993;
Wright and Bentzen, 1994; Park and Moran, 1994)crb4atellites can also be
composed of different types of repeats or exhibyptic simplicity in which the
organization of the nucleotide sequence is mixedes€é loci seem to be highly
abundant throughout the genome, considering tlegt dhe to be found approximately
once every 10 kbp in fish species (Jeffrestsal, 1987, 1991; Wright, 1993;

O’Connell and Wright, 1997).

These sequences may turn into a kind of co-domiR&R-based marker which is
highly polymorphic, i.e., these SSR may presentynaieles (Araneda, 2005). In the
PCR amplification of microsatellites, the primers agituated in the genomic regions
that flank the tandem repeat sequences and, thereftese markers are species-
specific as these flanking sequences vary from spexies to the other (Hancock,

1999).
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The polymorphism detected through a SSR markeuestd variations in the number
of repeats of the central motif of the microsate|]lwhich can be revealed after its
PCR amplification by electrophoresis in denatunpodyacrylamide gels. To be able
to visualize the fragments through autoradiograping of the primers is labelled with
3p (Shimizu et al., 2002) although they can be madible with silver staining,

without necessarily having to use radioisotopesaf®da, pers. com.). According to
Shimizu et al. (2002), radioactive labelling hasnghalisadvantages such as: the
amount of time needed to obtain results, the ex@aisrestriction enzymes and
isotopes, possible ambiguous results and safetyesssssociated with the use of

isotopes.

The reliability and accuracy with which the micrtedlite alleles can be routinely
separated has enabled the automation of detectidnlabelling (Edwards et al.,
1991). There are two kinds of available systemsnfarosatellite tests: automated
DNA sequencers (gel and capillary), and fluorescenage apparatus (ABI,
Molecular Dynamic’s Fluorimager™, and Hitachi's FMB“) (O'Reilly and

Wright, 1995). For this, one has to chemically nfiedi primers with a coloured
fluorochrome (red, green, blue or yellow) which d@tger with programs like

Genescdff® will serve to analyze the resulting fragments (feda, 2005).

According to O’'Reilly and Wright (1995), all of the systems offer the following
benefits over conventional methods: display ofleflenithout using radioisotopes,
better performance, labour and laboratory cost ataoly, possibility to use

wavelengths in dual or multiple form and of intdlyparunning standard sizes,
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increased possibility to use multiple loci and aoadically labelling the size of the

allele.

Multiplex PCR reactions are PCR variants in whickotor more loci are
simultaneously amplified in the same reaction (H@mel et al., 1997). When more
than one primer is used per reaction, the totalberrof reactions in an experiment is

reduced. This has significant benefits in termeasts and labour.

The inheritance pattern of microsatellite marksrsa-dominant (homozygotes can be
distinguished from heterozygotes) and it showseanegal a large number of alleles
per locus, as the tandem repeat sequences havaamuttes two to three orders of
magnitude larger than single sequences® (@#€r gametes per generation v's®10

Ellegren 2004).

Disadvantages and limitations of microsatellites

* Development and costs
The isolation and development of microsatellites loa technically very complex and
difficult, when compared with other techniques suah alloenzymes. However,
several loci of polymorphic microsatellites locincde developed in a short time
(months), or else microsatellites developed by otbsearchers for the species may
be tested. In the event that there are no spemiferosatellites available for the
species, one may use heterologous primers isofeded closely related species and
transfer them to the one that is being studied.rdiatellites developed for an
application (e.g., kinship assignment) may provdeouseful for other applications

(e.g. genetic mapping) (O’ Reilly and Wright, 1998)Jany microsatellite loci are
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now available for different salmonid species arglrthmount is constantly increasing

in other species (GenBank).

» Stutter bands
Most alleles from dinucleotide microsatellites argible as stutter bands instead of a
single discreet product and this may cause problehen labelling certain alleles.
Often the stuttering pattern is constant amongviddals, and therefore well

separated alleles may be unequivocally identif@dReilly and Wright, 1995).

* Null alleles
Null alleles are defined as alleles that may noblbserved using standard tests. Non-
identified polymorphism, base substitution or ehation of bases in the primer sites
may cause some microsatellite alleles to amplifgriyoor simply not amplify.
Sometimes the presence of null alleles may be teteas divergences from classic
Mendelian inheritance rules, or heterozygote deficy predicted by the Hardy-

Weinberg rules (O’ Reilly and Wright, 1995).

1.4.3 Molecular markers based on DNA chips

A DNA chip is a thin and flat piece of silicone glass, of a 2 cfor smaller area,
which carries a large number of different oligomatides, ordered in defined
positions on its surface. The DNA to be studiedmarked with a fluorescent
compound and pipetted onto the chip’s surface. idigation is detected by
examining the chip with a microarray scanner (lasanners that detect fluorescence
through adequate filters or confocal microscope).ldw intensity one may use
radioactive marking which is electronically detectavith a phosphor imaging
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equipment. The position from which the fluorescsighal is detected indicates the
oligonucleotide that has hybridized with the DNAden study (Diaz N, 2005). A
large number of Single Nucleotide Polymorphisms RPyNan be studied with this

technology in a single experiment (Brown, 1999).

Single Nucleotide Polymorphism (SNP)

There are a great number of specific mutationdvérgenome, some of which give
rise to RFLP markers, but many of these mutatioag bre in DNA sequences which
are not recognized by restriction endonucleaseSNR corresponds to a position in a
DNA sequence in which there exist two alternatiueleotide bases (two alleles), in a
significant polymorphism (>1% for the less commdlela in a population (Wang et

al., 1998).

To detect SNPs, oligonucleotides (generally less tBO bases long) are used as
probes. In the appropriate positions, the nucleoivl hybridize with another DNA
molecule only if the oligonucleotide joins in aistlly complementary form with the
target DNA molecule. Hybridization conditions arery strict; therefore, the
formation of a stable hybrid molecule is only acki@ if the complementation is
complete. If there is only one base that is not glementary in a position, the

oligonucleotide may discriminate between two SNEles (Diaz N, 2005).

DNA chips, besides searching for SNP, are usedcéonparing RNA populations
from different cells and will potentially be of uge the new sequence methods that
are being developed. The density of the oligonumes or DNA probes on the chips

has been increased from about 6400 in an ordeOx8®@in 18 mrm, which will
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permit identifying half a million SNPs at a timeypposing there are oligonucleotides
for both alleles of each SNP. The aforesaid has beehieved by developing
sophisticated technologies of oligonucleotide sgsih on the chips (Brown, 1999).

At this time large numbers of SNPs are not avaglatlmost farmed fish species.

1.4.4 Comparing different types of genetic markers

Due to the intrinsic nature of each kind of markkere are differential characteristics
in each one of them which one needs to know befeeatually using them. On Table
1-6 these features are compared, giving preferemeearkers using PCR (Diaz N,

2005).

Table 1-6 Comparison of certain distinctive feasunégenetic markers (Diaz 2005)

RFLP-PCR | RAPD SCAR MICROSATELLITE |AFLP
Principle Single locus| PCR  with| PCR with| PCR  with  single| Enzyme
PCR and| arbitrary specific repeat sequences ([L-digestion
digestion primers primers 6pb) and PCR
with fragment
restriction with selected
enzymes primers
Type of | Change off Change off Change of| Length differences due Differences
Polymorphism | bases in| bases in| bases in| to number of units that due to
restriction primer primer repeat 10-50 times inspecific
sites, joining sites,| joining tandem. mutations in
insertions insertions sites, primer
and and insertions joining sites
deletions. deletions and
deletions
Polymorphism | Low Medium Low High High
N° loci | 1 1to 10 1 1 Many
detected
Mode of | Codominant| Dominant Dominant |/Codominant Dominant
Inheritance codominant
Genome Yes No Yes Yes No
knowledge
Technical Low Intermediate| Low Low Intermediate
difficulty
Development | High Low High High Medium
cost
Replicability High Medium High High Medium
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1.4.5 Application of genetic markers in aquaculture

During recent years the development of potentiadlgful DNA molecular markers for
aquaculture has increased, due to the fundingrodrgec projects in several cultivated
species, initiated at the end of the ‘90’s and ta currently furnishing a great
amount of information about genes, DNA sequencesnaw molecular markers that

are deposited in public genomic data banks (GeneBad EMBL).

Great efforts have been focused on developing satedlite markers and AFLPs,
although other markers such as RFLPs, mitochon@f and RAPD have also
been usefully applied in aquaculture. This is maibpécause genomic research in
these species has been focused in building genetjus of molecular markers, in
which microsatellites and AFLPs have provided afahformation (lturra, 2005).
Thus, there are at present a significant numbemiafosatellite loci markers for
several salmonids such as rainbow trout, Chinodkn@a brown trout and other

cultivated species such as catfish, prawn and syste

Among molecular marker applications in aquacultneecan mention comparison of
wild and cultivated stock, genetic identificationdaculture stock discrimination,
monitoring of endogamy and other changes in genedigation, assignation of
progeny to their parents, linkage mapping, Quant#ga Trait Loci (QTL)

identification and their use in selection prografiarker-Assisted Selection MAS),
verification of the success of genetic manipulaiosuch as polyploidy and

gynogenesis, among others (lturra, 2005).
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Characterization of genetic variability within and between stocks

Genetic markers have been used for defining thetsire of the underlying stock of

several wild fish species (O’Connell and Wright9TR As regards aquaculture, the
most frequent genetic analyses are those perfotmedmpare the genetic structure
of cultivated strains with that of native wild pdation, as also the genetic variability
within and between culture strains or stock. Losggenetic variability has been

demonstrated in cultured stock as a result of hffefactors, including the use of a
small effective number of parents or the crossgiesiherefore, cultivated strains
must be monitored to detect genetic changes thgtaffiect these populations and to

avoid or minimize undesired genetic changes irfuhae.

Microsatellites with high polymorphism and codonmihanheritance allow us to make
estimates of reliable genetic population paramet@itse analysis of the allele
frequencies in a set of microsatellite loci has rbegseful for the genetic
characterization of cultivated fish strains. Thffedent strains may possess alleles
that have a different frequency, becoming charetiermarkers for each strain

(Iturra, 2005).

There are several reports in which the genetiatian of native wild fish populations
and farmed strains have been compared. The getiffdcence within and between
different cultures of Japanese floundé&afalichtys olivaceuswas assessed and
compared with native populations using 11 micrdbegeloci and mitochondrial

markers. The results show that these markers ageuseful tools which revealed a
significant genetic differentiation between wild darcultivated populations. The

reduction of the number of alleles per locus of mhierosatellite markers was also
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detected and the variation of the mitochondrial keain cultivated stock, probably
due to the small number of parents used. This aisatyiggested permitted restocking

strategies so as to avoid a negative genetic ingranative populations.

Microsatellite markers have shown to be very infatire in these kinds of studies.
However, the problem is that they must be develdpedach species, which is a
relatively expensive and very laborious processaarhot be applied in species with
littte known genomes. In some cases, it is possitie use heterospecific
microsatellites as the sequences flanking the tapetf of the microsatellite, which
correspond to the primer joining sites for PCR afiggtion, are generally kept in

phylogenetically related species (Iturra, 2005).

Monitoring of genetic changes in stocks

Cultivated populations may be exposed to endogamadyl@ss of genetic variability
due to the population’s reduced size. Endogamy magn be induced in large
populations by breeding behaviour, physiologicatdes and other causes. The loss of
variability may be due to the use of related indiils in stock renewal or to the fact
that few individuals provide the gametes that pgoéite in reproduction when
breeding is done with spermatozoid or ova poolinduselection.

Alloenzyme tests have been successful in detedhieggenetic impact of culture,
revealing retention of high levels of heterozygpsih cultivated rainbow trout,
although in other cases a loss of heterozygostybean detected in this same species.
Microsatellites are also useful for these purpaseshe high number of alleles per

locus in the population and, therefore, the losdltHles is easily detected.
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One example is the recent work on Atlantic salmwairss used by the industry in
British Columbia, Canada. The amount and distrdyutof genetic variation was
assessed using 11 microsatellite loci in 20 groofp®reeders of major Atlantic
salmon industries of this country. The strains thetre studied were Mowi of
Norwegian origin, McConnell from Scotland and an &rman one, including
specimens of this latter strain that have growrdwilhe variability of alleles was
almost 50% less in cultivated strains (10.9 allgdes locus) than in the population
grown wild with 20.3 alleles per locus. Somewhapsiging was the fact that in some
of the domesticated populations there was an exafelssterozygote individuals and
this result may be due to the kinship existing leemvthe parents of the sample under
study and in other cases, to hybridization phen@mestween strains of different
allelic frequencies, which reflect the techniquesly used in the different industries.
The potential use of microsatellites as a tooldsign individuals to their respective
strain or stock was also established. More than %fécess was achieved in

classifying each individual according to its origlistrain and breeder (lturra, 2005).

Parentage assignment

The highly variable nature of the microsatelliteilmakes these markers particularly
convenient for investigating kinship (O’Connell awtight, 1997). In a program of
genetic improvement it is essential to know theskip relationship (parents and
offspring). Fish farmers may use microsatellitesestablish the pedigree of mixed
family groups cultivated in communal environmeritsis generally not possible to
discover mixed family groups cultivated in communahvironments without
molecular markers because a physical tag cannappked to newborn fish. In the

past, progeny groups had to be bred in differenkgauntil physical tagging was
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possible. Selection experiments were restrictddloratories with specialized culture

infrastructure with no commercial conditions (O’'@aH and Wright, 1997).

Microsatellite loci are the markers that are maosédufor establishing kinship in
various cultivated species supported by statisacallysis tools. The analysis of a set
of microsatellite loci practically provides a sdexalleles pattern for each individual.
Simulation studies aimed at proving the power okkip assignation have proved that
it is necessary to use a minimum of four informatmicrosatellite loci to assign at
least 99% of the progeny to their parents, considea cross of 100 couples. The
number of loci studied will also depend on thelallgariability they present in the
population under study. When there exists sufficiariability in the microsatellite
loci, family and parent identification is possibleyven if there is no genetic
information about the parents. The assumptionsi@dph simulation studies suggest
that they must be ratified with empirical data,hmieal pedigree and variability data

to confirm the practical power of these estimaftitgra, 2005).

Several studies have proven the usefulness of kimg of markers in the
reconstruction of pedigrees in fish populationshsas salmon, trout, turbot, Japanese
flounder and tilapia, among others. Microsatelli{&S) were used in Atlantic salmon
to determine the genotype of 200 specimens, ansisesowere also performed in
which parents and progeny from 10 families were otygred for control. The
feasibility of correctly assigning kinship in 98% the progeny was shown by this
study and with a larger number of families thisgeetage is slightly lower. It has to
be pointed out that only 8 microsatellites weredus® these calculations. From a

practical point of view, a balance must be readmsttheen the acceptable percentage
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of non-assigned individuals and the cost and timgplied in establishing the
progenies’ genotype with these markers. It is algoortant to estimate the minimum
number of informative microsatellites needed toigms&inship in each production
plan before routinely applying this method in imggment programs, particularly
when the linkage map of the loci to be evaluated specific species is not known

(Iturra, 2005).

Genetic manipulation assessment

The success of genetic manipulation methods appglediquaculture, such as
polyploidy or gynogenesis production may be asskgsig molecular markers.

Microsatellite markers are a useful tool due toirtp®lymorphism, i.e., the high
number of allelic variations present in each miateHite locus. For instance, triploid
individuals may be identified through the preserafethree alleles of certain
microsatellite loci in their genome and in gynogenerogeny the presence of only

maternal alleles may be detected in microsatetidekers.

Identification of turbot gynogenetic progeny wasrfpemed using a set of
microsatellite loci to ensure the offspring onlypeassed maternal alleles. The genetic
variability shown by these markers permitted a lighfidence level for the paternity
test, the exclusion probability being 99.897% wlwetly the progeny genotype is
known and reaching 99.999% if the genotype of dnthe parents is known (Iturra,

2005).

The identification of genetic sex in monosex progproduced is possible using sex-

specific molecular markers. These markers are abailfor some species such as
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Chinook salmon and Coho salmon. In the first smea@eY chromosome-specific
repeat sequence has been characterized which pedaittifying sex using PCR, as
an amplification of this sequence is only obseruedjenetically male specimens.
Several sex-linked microsatellite loci have beescdbed in the different sex related
salmonid species, which may also become useful ensffior identifying genetic sex
in this species (Iturra, 2005). The availability s&x-linked markers in a species can
dramatically reduce the time taken to develop sirsglx lines as it removes the need
to progeny test all of the putative (e.g. homogameX) broodstock to assess their

ability to generated the required sex-ratio indffepring.

QTLs Association: Genetic maps, mapping and QTLsetection

One of the most important uses of molecular mat&ehniques is the possibility of
building genetic maps of a species, i.e., establistthe chromosome order and
location of DNA sequences, genes or molecular markehere are several kinds of
maps that provide different information, built wilfferent techniques. It is important
and interesting to point out that the genetic imfation that each one of them
provides can be integrated to constitute the Hasithe knowledge of the architecture
and functioning of the genome of a species. Knogdeabout the location and order
of the genes or genetic markers in the chromosarhes species permits mapping
new genes or target markers, and also identifyiepegrelated groups in a
chromosome in homologous chromosome regions of afhecies (synteny). Genetic
maps of major aquaculture species, such as Atlaaimon, rainbow trout, brown
trout, catfish and oysters, are in different stagkeslevelopment, all of them begun
with the development of molecular markers such &FPs and microsatellites, in

particular. To these we can add RAPDs and Typerkena or protein-coding genes.
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Microsatellite loci are the most used markers bseathey are codominant,
hypervariable and are distributed in a relativehffarm way along chromosomes.
Despite the efforts of several research groupsethreaps are in a partial state of
development, a higher level of coverage or sawmmatwith markers in the

chromosomes of different species is still neededré, 2005).

Young et al. (1998) published the first genetikéige map of rainbow trout, mainly
using AFLP markers. Sakamoto et al. (2000) madevkn@ map of this same species
using microsatellites. Nichols et al. (2003) rebemresented a consolidated map
which included Type | markers, and alloenzymesainbow trout in which markers
are mapped in all the chromosomes of this spegissaller number of markers have
been mapped in the chromosomes of Atlantic salrGabdy et al., 2004; Moen et al.,
2004). Despite these efforts, the number of dewslomarkers is far behind that of
other model fish such as zebrafish and medaka. netgemap of high density and
complete sequence of the genome would be an exirameful resource for genetic

improvement programs (lturra, 2005).

Many traits of economic importance have a contisudistribution in an observed

scale. These traits (quantitative traits) are gdhemodelled as being controlled by
many genes of small additive effects (Falconer,1198enetic markers may be used
to identify specific regions of chromosomes wheeeas affecting quantitative traits
are located, known as Quantitative Trait Loci (QTRQTL have been detected in
experimental and commercial populations of cafigs and sheep. We can find a
number of QTL examples detected in cattle poputation literature (Davis and

DeNise, 1998).
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That is the reason why a great part of the effort@inbow trout have been targeted
to QTL loci mapping using markers of genetic linkagaps (Sakamoto et al., 1999,
Ozaki et al., 2001; Perry et al., 2001; Robinsoalgt2001). A detailed linkage map
is required for mapping a QTL, with variable masketistributed throughout the
genome. The linkage between a molecular markeraa@d L segregator allele may
only be reliably detected at a distance equal @wrefothan 20 centimorgans (cM)

(Soller et al., 1976).

There are several processes that may be used tieatidg the genes that control a
guantitative trait, assess its effects and detezrmgichromosome location. The basis
of the use of molecular markers for this purpos#&ipresume that said marker is
located near to the QTL in the chromosome. An intgrdrfeature is that this marker
must present variability. That is why the use odet of microsatellites has proved
successful on many occasions. The cosegregatidinecdlleles of each locus or the
combined form of several loci is assessed withptiogluctive target traits. The correct
definition of the trait or phenotype under studyésy important, i.e. its measurement,
if it is necessary, or the unambiguous identifmatof the trait. Among the traits
which deserve to be studied are those that areuliffor expensive to measure, or
which can only be noticed once the fish is deadrerof low heritability. Knowledge
of associations between molecular markers and Qiiag be included in a genetic
improvement program. This information may be usdtul increasing the genetic

response which affects the selection intensityitneffectiveness (lturra, 2005).
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1.5. Aim of the project

1.5.1 Main objective

* To estimate the potential for a breeding programtiie UK rainbow trout

industry.

1.5.2 Specific objectives

* To assess the molecular genetic variation preser number of different
rainbow trout strains utilized by the UK industoyitientify suitable candidate
strains to establish a breeding programme.

* In the absence of a large scale family unit. ttizatipublished microsatellite
markers and semi automated (ABI 377 sequencer)tgang protocols to
show the feasibility of using this technology tafpem parentage assignment
in fish held under commercial conditions.

» To establish a breeding design to enable the dloul of genetic parameters
from fish grown under commercial conditions.

 To manage the experimental offspring rainbow tmarhmunally, in the same
environments over the production cycle.

* To measure the progeny for a range of commercialgvant traits including
growth, flesh colour and survival.

* To obtain estimates of heritability for growth raflesh colour and survival

under commercial conditions.
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Chapter 2/ GENERAL MATERIALS AND
METHODS

The link aquaculture program

The LINK Aquaculture project on the genetic improwent of the UK rainbow trout
was a collaborative project between the BritishutrAssociation and some of its
member farms, the Institute of Aquaculture (Uniitgref Stirling), and the Roslin

Institute (Edinburgh).

Broodstock over the reproduction season became tliiase population

The artificial reproduction at the 3 different Hagcies (Isle of Man, Houghton Spring,
and Trafalgar) were done over 3 different datesndutheir reproductive season. A
total of 130 neomales and 175 females were selemtedrding to their maturity

availability at those days when the artificial reguction took place. Table 2-1 shows
weight and length data of the broodstock seleabedhfe study on the spawning date
when they were selected. The Trafalgar informat®mcluded as background but

none of the data was eventually utilised.

Table 2-1 Measurement of Base Population weighti@mgth

Hatchery Spawning Neomale Female Neomale  Neomale Female Female
date N° N° weight (g) length (cm) weight (cm) length (cm)

Isle of Man 13 Nov 2002 40 40 1731 (763) 50 (7) 2853 (618) B8 (

Houghton 5 Dec 2002 50 95 1640 (498) 50 (5) 1189 (193) 36 (3

Spring

Trafalgar 6 Dec 2002 40 40 757 (183) 38 (3) 3064 (905) 56 (4)

Overall 130 175 1396 (682) 46 (8) 1998 (1037) 51 (6)

* parenthesis shows the standard deviation.
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My role in the project was to undertake all bregdexperiments previously designed
in conjunction with the Roslin Institute in Glenwsl Trout Farm in the Isle of Man,
Houghton Spring Fish Farm in Dorset, and Trafalgaheries in Wiltshire. After the
breeding and ongrowing a single component of #igd trial, the Glenwyllin Isle of
Man (IOM) / Test Valley Trout (TVT) fish were usexb the data set for my PhD

project (Figure 2-1).
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Figure 2-1 Design of the breeding programme andelaionships between the hatcheries, fingerling

producers and growers
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Offspring over the main trial at TVT

Eyed eggs and fingerling were transported to thenrtreal at Test Valley Trout as
described in Figure 2-1. The main growth trial wasbe carried out using the
facilities of Test Valley Trout (TVT).

TVT is a production unit that buys in 5 g fingedsfor ongrowing. The Glenwyllin
eyed eggs were supplied to lwerne Spring fingentireducers, and all the eggs from
the communal batch were grown under normal Iwepren§ conditions.

The Houghton Spring farm is one of the preferreddrling producers for TVT. The
families at Houghton Spring were combined and grae@mmunally using standard
fingerling production.

The Iwerne Spring fingerlings from Glenwyllin, amtbughton Spring fingerlings,
were supplied to TVT. Then, the strains were helghsately, into circular tanks prior
to PIT tagging for identification in the communaigrowing at TVT Great Bridge
site.

On the &' of June of 2003 in TVT, 3000 fingerling were Pidgged; 1500 from
Houghton Spring and 1500 from the Isle of Man.

The growth rate calculation of these fish was nesgs as this was one of the
objectives of the study. In order to achieve tHigeotive, it was necessary to record
the weight and lengths over their production lifele over 3 times, this data were
taken as shown in Table 2-2. The initial measurdnsedone at the PIT tagging time

and the final measurement is done at the harvest ti
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Table 2-2 Weight and length recording time from Odil OIM trout since the stripping time.

INITIAL TIME INTERMEDIAL  TIME FINAL TIME
OHS OIM OHS OIM OHS OIM
Weeks from stripping 26 29 52 55 64 67

Silver Trout processing plant: processing route ath data gathering

Before transferring the fish they may be anaestbdtwith CQ, then the trout may be
sacrificed in the water centres or else arriveeativ the storage centres to then enter
the slaughter centres. Next they are transferreithégprocessing plant, in this case
Silver Trout; only the sacrificed trout are proagssnd not those who have died of a
natural death. If the fish are transported dead generally done inside isothermal
bins with ice flakes at a temperature below 4° @Ge Tost important factor to
consider is that the least time possible must eldygtween the fish’'s death and its
processing.

At the plant two processing lines were set up, @aahned by a team of five people,
plus another person working for both lines. Expearkers filleted the fish using
knives specially designed for this work and experesl personnel took the quality
measurement. The room temperature at the plantbeésv 10° C. Figure 2-2
represents an aerial view of the lines and theibligton of work in order to get all the

processing data.
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Figure 2-2 Distribution of the work at the procesgsiplant:a. - Recording data in the laptop. -
Measure weight, length and identification throudfh Bgs (PTR = Pit Tag Readear)& e. - Filleting
the trout.d. - Flesh colour Chroma metdr.- Flesh colour Roche Fan (both lines).

In general terms, trout processing begins by réogithe raw material in the plant.
The dead trout arrived from the farm in two largevest bins and in less than an hour
they were taken out of the water.

After having been received in the plant, they eadethe processing line and were
processed in ordered batches of 10 and the PIhuatgbers were directly read into
the laptop next to person b. Length and weight werbally given for each fish to the
data logger a. The fish was then gutted and reweigind this weight was given
verbally to the data logger a. The fish was théetéd and a single fillet was laid on a
tray in ordered batches of 10. The ordered filleése cleaned with tissue, then read
by the Minolta Chroma Meter and this data was dyegrinted onto a till roll and
was later manually transferred to the laptop. Agure 2-3 explains the layout of the

information gathering in the two processing lines.
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Line 1

PIT tag - Length - Guited - Flesh colour - Flesh colour
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Figure 2-3 Information layout and people (a, bnd § involved in collecting data on the fish

The ordered tray of fillets was then passed toRbehe fan reader and the fan score
called to the respective data logger, dependinglugther the tray was from Line 1 or
Line 2. The trout processing lasted 4 days, theeefioe following data was recorded
for every day of work and every fish: day of praieg, PIT tag number, ungutted
weight and length, gutted weight, Minolta ChromaengL*, a* and b*), and Roche

fan score.

2.1. Fish breeding general procedure

Artificial reproduction: production of high qualit y ova and fry

The method of ova production has been describedeureral works by different
authors. The breeding work was undertaken on laogemercial farms and utilised
standard procedures and does not need to be descirssletail. If more details are
required the broodstock management and maturigsassent is based on the works
of Springate and Bromage (1984), and Ureta (200D)e spawning and stripping
process has been described by Stevenson (1980Mhewdnbryonic development and
ova handling by Estay et al. (1994; 1995); finatlye eclosion and fry rearing have
been described by Edwards (1978) and Stickney (199dly areas unique to this
project will be described in more detail in theldaling sections. The UK industry is
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now almost totally based on the production of aefiile rainbow trout. This requires
the production of sex-reversed females called nelesn Neomale rainbow trout
usually have incomplete sperm ducts and need tkilleel and the testes removed

before the milt can be extracted and used forif@ng eggs.

2.1.1 Fish strains and mating design

The LINK trial at Test Valley Trout (TVT) was desigd to compare two fish strains,
under identical commercial conditions. The rainbbaut strains were from two
different hatchery origins. The first came from @ig/llin hatchery in the Isle of Man
(IOM) and the other from Houghton Springs (HS) haty in Dorset.
The Glenwyllin rainbow trout stock has been geradiyc isolated without
introductions for over 26 years. The hatchery ismajor eyed egg producer,
approximately 20 million eggs all female per raarative season, supplying United
Kingdom and European trout industry. In the farraréhwere two nominal lines, A
and B, being both originally from the same straBpawning selection over
generations has resulted in Line A spawning adthi@n Line B but at this stage there
is still some overlap between the groups enabilsiy from both lines to be bred and
assessed at the same time. This resulted in teetisel of four groups of parents:

1. AFI =Line A, Female, Isle of Man.

2. ANI = Line A, Neomale, Isle of Man.

3. BFI = Line B, Female, Isle of Man.

4. BNI = Line B, Neomale, Isle of Man.

Houghton Springs Fish Farm is situated in Dorsel ia borehole supplied from the

aquifer supplying the Winterbourne at Winterbourk®ughton. No water is
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abstracted from the Winterbourne and as such tpplyus protected. The farm has
evolved on a site originally developed for Watessrecultivation. Originally
established as a mixed farm for restocking of wathbows and brown trout, it is now
producing 12.500/day, 6.5 g all female rainbow trbongerlings for ongrowing at

other farms and destined for the processor anchalély the supermarkets.

The supply of ova is from their own stock, somevbich are held under photoperiod
conditions, offering an out of season supply. Tatehing and early rearing is carried
out on borehole water. For faster growth and tonope the water usage, the
ongrowing takes place in 90% recirculated water,pleming two fluid bed
bioreactors, after the removal of suspended sahds conveyer belt filter. A final
adjustment to the oxygen content is made by a alhedesigned computer controlled

oxygen injection unit.

The Parent Houghton Springs (PHS) strain, theree welected two different groups

of parents:

1. NHS = Neomale, Houghton Spring.

2. FHS = Female, Houghton Spring.

The offspring from the crosses of IOM parents el called OIM (Offspring Isle of
Man) and the offspring from HS parents will be edllOHS (Offspring Houghton
Spring). The following design was created usindfieidl stripping reproductive

methods.
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The Isle of Man crosses

The crosses are a partial factorial mating desi@msthe 18 of November 2002, 20
neomales and 20 females from both Lines A & B wahresen, 80 fish in total. The
design required each neomale to be crossed tadftiarent females, two of the same
line and two of the other line. Similarly each fédenavould be crossed to four
different males, two of the same Line and two frtdme other (Figure 2-4). The
complete design would result in a total of 160atiint families.

To achieve this design each egg batch was dividedlly into four different bowls
and 1 ml of milt from the appropriate neomale wddeal from a syringe in line with

the design.
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Dams A Dams B
1 2 3 4 5 6 7T 8 9 10 11 12 13 14 15 16 17 18 19 20 1 2 3 4 &5 &6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

P uno==0
Lo-loMhkWN—=

munae=—0

Figure 2-4 Isle of Man (IOM) breeding design inding the pure bred crosses with the yellow & whitdours (AFI x ANI & BFI x BNI) and the hybrid cress with the
pink & orange colours (AFI x BNI & BFI x ANI). Thgrey squares means allowed crosses.
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Each egg batch was then rinsed and water hardeszfedebbeing transferred to an
individual egg tray. Each family was reared semdyalip to the eyed stage at which
point the eggs were mechanically shocked, in cwleeparate the mortality, and then

counted, as it was explained above.

The eggs from each family were then split into ®egmal batches and assigned to the
two communal test groups. The first Glenwyllin (IQKbr broodstock replacement
and the second was sent to Iwerne Spring a spesiafingerling production farm to
supply TVT. At this point we knew the relative nuenlof eggs in each family in each

of the communal groups.

The Houghton spring crosses

On the 8 of December 2002, 50 neomales and 100 females efeysen from a
single strain within the Houghton Spring hatchdrge design required each neomale
to be crossed to eight different females (2 ye#dsfish) and each female would be
crossed to four different neomales. Problems wethdle size and egg numbers and
quality resulted in a number of exceptions, thuwals impossible to undertake all
possible eight neomale crosses. Table 2-3 showtha@lheomales with less than 8

crosses, eggs from two females were pooled befrgllivided and fertilized.

Table 2-3 Neomales that produced less than theegl8rfamilies in breeding design

Neomale NHS 01 NHS 16 NHS 17 NHS 18 NHS 32 NHS 33 NHS 34 NHS 48 NHS 49 NHS 50

Families 6 7 6 6 7 6 6 7 5 4
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The design is shown in Figure 2-5. The eventualgdesesulted in a total of 380
different families (Table 2-4). To achieve this idgeseach egg batch was divided
equally into 4 different bowls and 1 ml of milt frothe appropriate neomale was
added from a syringe in line with the design; aste4 ml of milt from each neomale
was required. Each egg batch was then rinsed andr viiardened before being
transferred to an individual egg tray. Each familgs reared separately up to eyed

stage at which point the eggs were shocked andiedun

Table 2-4 Description of the quantity of sires, daand families utilized in the crossing design tred
relation that were created

Crosses Sires Dams Families Relations

FHS X NHS 50 95 380 * Full sibs

* Paternal Half sibs

* Maternal Half sibs
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Dams Pure bred Houghton Spring PHS x PHS

1 2 34 56 7 8 210111213 1415161718 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

1
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< 4
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Dams Pure bred Houghton Spring PHS x PHS
515253545556 57585960 616263646566 6768 697071 72 7374 75 76 77 76 79 80 81 82 83 84 65 66 67 88 89 90 91 92 93 94 95 96 97 98 99 100
1
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Figure 2-5 Houghton Spring cross design indicaiingrey colour the allowed crosses and in whitertbieallowed crosses.
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2.1.2 Measurement data collection

Statistical analysis

Statistical methods and software (programs)

Details of the different methodologies are desctilve detail in every Chapter.
Nevertheless, the analyses of the Genetic Diversitdy (Chapter 3) used the
programs: GENEPOP (Raymond, M. and Rousset, F95)19STAT version 1.2
(Goudet, 1995), GENETIX (Belkhir et al., 1996), Ekadd-in Microsatellite Toolkit
(Park S., 2001), PHYLIP (Felsenstein, 1993). Theem@l assignment (Chapter 4)
was analysed utilising Family Analysis Program (fFA®rsion 3.5 (Taggart, 2007)
and Package for the Analysis of Parental AllocafieAPA) (Duchesne et al., 2002).
Finally, the Phenotypic and Genetic parameters {@hapas analysed utilising the
Minitab and GENSTAT version 5.0 software (NumericAlgorithms group,

Wilkinson House, Jordan Hill road, Oxford).

Correlation analysis

In certain occasions in biology is possible to fimery often situations that are
apparently associated or that are interdependemt.ekample we could have a
situation in witch an increase of the X variableatccompanied with a correspondent
increase in the Y variable, or a decrease of theaXable is accompanied with a
correspondent decrease in the Y variable. Wherossiple to demonstrate that the
variable is in some degree associated with theatran of another, then it could be

said that both variables are correlated.
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This correlation is expressed by a coefficienttfiat can take values from -1 to +1. A
coefficient of 1, being positive or negative, inates a perfect correlation between
two variables. By contrast, a coefficient of O sesfg a complete lack of relation. If
the researcher hopes to show a strong associ#tiem,an R value close to 1 will be

considered optimum.

The determination coefficient gRcould be used as an estimation of association
intensity between the two variables that seems dorddated. Specifically, the
determination coefficient estimates the percent@fgX variation that is associated
with the Y variation, or vice versa. For examplethe sample correlation between
two variables such as a chlorophyll and biomas® is 0.5, the square of this
coefficient gives a determination coefficient o2®. This suggests that the 25% of the

variation of one of the two variables is associatét, or is the variation of the other.

Regression analysis

The regression analysis consist in the measurepdritience degree of a Y dependent
variable over an X independent variable, the refearis able to manipulate the

independent variable. In other words, the researdbeides which values will take

the independent variable, while the values of tpetident variable are determined
by the relation that exists, if there are, betwéled dependent and independent
variable. For example, if a researcher measuresdéiyggee of dependence of the
cardiac rhythm in alligator, subjecting them to gfies temperatures, such as 10°,
15°, 20°, 25°, etc., while measuring the cardigthrh to those specifics temperatures,
the situation requires a regression analysis. i ¢hse, the temperature it is not a

random variable because the defined values of teanpe were established by the
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researcher. The cardiac rhythm, on the other hamlindeed a random variable, and
it is not under the researcher control. The regwassnalysis could be used to predict

the Y value that will result from the applicatiohaspecific X value.

REML analyses

Restriction maximum likelihood (REML) has the atyilito attribute variance
components to individual sources. This ability cobé used in a situation when there
are confounding variables or the design of the expnt is unbalanced. REML is
based on the general lineal model with both fixed aandom effects. The fixed
effects are related to the treatment being testedrandom effects to the sources of
random error in the data. If the data is unbalaneed/ald statistic is used to assess
the fixed effects; this statistic is based on tine-<guare distribution (Harville, 1977).
In this study REML analysis was used to analysegtientitative genetic results such

as the heritability estimation of different commiaft@roduction traits (Chapter 5).

2.2. Sample collection: Tissue sampling, preservati, and PIT
tagging procedure

The study utilized Rainbow trout tissue samplesnfrdifferent strains, broodstock

(base population) and offspring. The broodstockthedffspring were PIT tagged.

2.2.1 Different Strain Tissue Sample Collection an@reservation

Fingerling rainbow trout samples were collectedrfrihree different culture facilities
around the United Kingdom. The facilities were Glgtin Trout Farm in the Isle of

Man, Seven Springs Trout in Larne (Northern Ire)arahd Trafalgar Fisheries in
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Wiltshire. At each site, fingerlings samples weollected from a number of tanks to
maximize the chance of sampling from the widest Inemmof families in each putative
strain. Three strains were collected from Trafalgaheries. One of them, specifically
the Glenwyllin Trafalgar, GIT, was imported fronetksle of Man a number of years
earlier. There are three different groups direfithyn the Isle of Man, the Glenwyllin
strain; GIM1, GIM2, and GIM3.

All those whole fingerling samples were immediatgigserved and stored in several
45 ml screw cap tubes containing 100% ethanol aadsported back to the

laboratory, at the Institute of Aquaculture.

2.2.2 Broodstock tissue sampling, preservation aréT tagging.

A tissue sample from the different broodstock cauda was collected using a
scalpel, after been anaesthetised, stripped, agd egality checked. The females
were kept alive at the trout farms. Thus, in ordebeing able to recover the females
in the future at the farms they were PIT taggedigethe anaesthetic recovery. The
PIT tag used was a 10 mm glass-coated alphanurtesg supplied by Trovan

(http://www.trovan.comand inserted by injection next to the pelvic(figure 2-6).
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Figure 2-6 Detail of the PIT tagging procedure ratite female was striped.

This has been followed by the neomale broodstoaklaafin clips sample collection,
after been anaesthetised, sacrificed, and milityuaiecked.
All the base population (broodstock) samples wereed and preserved in individual

screw-cap microcentrifuge tubes containing abdoiinfl. 100% ethanol.

2.2.3 Preparation for fingerling PIT tagging and tssue sampling in the
laboratory

The PIT tags (Trovan) are recorded in sequence thghPIT tag reader and placed
into the ordered and numbered microfuge tubes. Tiemicrofuge tubes were stored
in a polystyrene storage insert, which has the agpaf 50 tubes each. When
completed, the PIT tag codes recorded with thetBdjTreader were downloaded into
a laptop utilizing the Trovan Toolbox software. Ttag codes were transferred into an
Excel spreadsheet and the column containing thescas laser printed onto paper.

Each printed code was cut out and placed in the tamtaining the correct PIT tag.
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Laser print is stable in alcohol, so the label salh be read after a long time. Then,
the lid of each Eppendorf tube was also labelleth vai permanent marker with a
running 1-50 number to ensure the correct usagags during sampling. 3000 PIT

tags were prepared in batches of 50 in this wadiwrance of the field sampling.

2.2.4 PIT tagging and fin clipping in the field

Fingerlings rainbow trout were kept in a tank (%, near the working facility. The
facility has a big table allowing several workewsatork at the same time. Before the
animal handling the table was fully disinfected.tdbes of 10 rainbow trout were
added to a 20 L bucket containing benzocaine (@t1X), The number of fish added
could be varied depending on the number of pe@ggihg. Fish were anaesthetized
to a point were they lost equilibrium and were calhen handled but had not stopped
breathing. Figure 2-7 represent an aerial viewhefRIT tagging procedure.

After that, the fish handler measure the weight &myth and communicate the
information to the data imputer, he record the ditactly into a spreadsheet against
the appropriate tag number. The trout were passeahé or other of the tagging

operators.

e e = =
[ ] [ ]
Weight Length

) I |

) 59 &

Figure 2-7 Work distribution at TVT fish farm dugrPIT tagging time: a) Fish handler b), c), & dYPI

taggers e) Data imputer.

Laptop
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Then, the PIT tag was implanted with the injectide the abdomen, a scalpel was
utilized to cut a small piece of the caudal firstis (10 mrf), the trout was then
placed into a 20 L aerated tank containing cleatemfar recovery. The tissue sample
was placed inside the appropriate microfuge tulhb Wd0% ethanol. The microfuge
tube was sealed and placed back into the polystyiresert, when full the insert was
sealed, marked and packed in a self-sealing plasticfor a subsequent laboratory

DNA extraction.

If an operator had a problem or was worried abdwat order of the fish being
measured they could call a “stop” and the tagsse could be checked using the

Trovan reader and any problem solved against tinéeprtag order.

The PIT tagging would take several days on ea@) gie fin clips were stored in a
cool place before being returned to the laboratoryDNA extraction. A team of 5
people; 3 tagging, 1 data inputer, and 1 fish hemas the representation in Figure 2-7

could tag between 700-800 fingerlings in an 8 haag

2.3. DNA extraction from the different Rainbow trout samples

2.3.1 Phenol-chloroform DNA extraction

The protocol utilized was a modification from Tagget al. (1992). This protocol was
devised to enable the rapid extraction of salm®@MA from fresh, frozen or ethanol
preserved tissue samples. The main differencetivélprevious protocol was the use of

Proteinase K instead of Pronase, different incobatmperatures and times.

104



A piece of the finclip is cut 5SmMm(50 mg) and the rest is kept in the same Eppendorf
tube with ethanol as a backup, in the case theepioe fails. The tissue is squeezed
between two layers of paper towel to remove exe#isanol, and then each sample is
placed into a sterile microcentrifuge tube (Thelafe Sciences). To the tube is added
375 pl of 0.2M EDTA (ethylenediamine-tetraacetiad®c0.5% SDS (Sodium Dodecyl
Sulfate), and 10 ul Proteinase K (ABgene, 20mg/ifihe tube is then mixed briefly
and after overnight incubation (15 hours) in atrotpoven at 55°C (the rotation helps
the digestion by constant mixing of the samplepul®NAase (RNAase free; 2mg/ml)
is added to the solution and again incubated indteging oven at 37°C for 60 minutes.
Then 400 ul of phenol is added into the solutidrgken vigorously for 10 seconds by
hand, followed by a more gentle mixing on a slowdyolving rotary mixer for 20
minutes. After that 400 pl of chloroform : isoamgtzhol (24:1) is added to each tube,
and again shaken vigorously for 10 seconds, foltbise mix in the rotary mixer for 20
minutes, before spinning the tubes in a microckrge (10,000 g) for 5 minutes. After
this step, the final solution is separated intdedént layers and 300 pl of the top
aqueous layer (transparent) is removed to a nesestricrocentrifuge tube, using a
wide bore pipette tip, being carefully not to distuissue debris at the interface.
Followed by the addition of 900 ul (3 volumes) 92%ianol, and then mixed by rapid
and abrupt inversion of the tubes six times. The ADBhould precipitate out
immediately, carefully decant off most of the etblanThen add 1ml 70% ethanol,
followed by gentle overend mixing turning for aa$e 30 minutes, preferably overnight
at room temperature, after that decant off mosthef ethanol wash, removing any
remaining ethanol (50-100 pl) with a micropipetidhe DNA pellet is allowed to

partially dry at room temperature for 10 minutest(over dry), then the pellet is
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resuspended in 100 pl TE buffer (10mM Tris, ImM EDPH 8.0), allowing the DNA

at least 48 hours to dissolve fully. Quantificatioh DNA was achieved in all the
samples by using spectrophotometry (GENEQUANT, Rlaara Biotech), most of the
time the yield resulted in a wide variation. Thak the samples were standardized to a
final 100 pg/ml stock concentration with the aduhtiof TE buffer (0.25X), and then
they could be stored at minus 20°C for long-teronagfe. Finally a sub sample of each

DNA tube was used to created the 50 pg/ml workmngcentration.

2.3.2 Chelex DNA extraction

The protocol was modified from Estoup et al. (1996¢ main differences are the first
incubation temperature and the fact that the Rrasei K in this protocol was added in
the second step.

A 10% Chelex solution was prepared (20g Chelex r&8ih/100-200 mesh (Biorad),
in 20 ml TE buffer (10mM Tris, 1ImM EDTA pH 8.0; @ SDS)) prepared in sterile
deionized water; The Chelex beads do not dissotwaptetely. Prior to use the
Chelex solution is warmed to 8D while mixing it up with a stir bar in a beakeo, t
aid the even suspension of beads in the solutitiis Pprocedure was done in a
‘Duran’ bottle with a cap to avoid evaporation. &de wide bore 1000 pl tip was
used to pipette 10Ql 10% Chelex (warm) solution into a 96-well mictcai plates,
already containing |8 of Proteinase K (10 mg/ml) added to each wellteAthat, a
biopsy tissue punch (3 mm diameter) is used to givedentical sized piece of fin
tissue sample to each well respectively, and tldeptealed with an adhesive film
(Hybaid tape) before being centrifuged at 200@mylf minute. The plate was then

incubated at 5% in a rotating oven for at least 3 hours or owginhdigestion (The
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tissue should be fully digested before proceediity the next step). After that, the
plate has to be centrifuged at 3000 g for 1 miraune then incubated at 95 for 15
minutes, in order to denature the protease enzyme frocedure is best done in a
thermocycler using a heated lid). The plate is tbentrifuged again at 2000g for 1
minute.

The Chelex extractions will yield the best resimplification) if used soon after
extraction, ideally within one or two weeks. Sanspieay be stored at —20°C if to be

used after this time, but PCR success may be rdduce

Comparison of the different DNA extraction methoddogies

The two different DNA extraction methodologies iagd in this study, the Phenol-
Chloroform DNA extraction and the Chelex DNA extran, were both successful in
obtaining DNA suitable for use in PCR reaction (&figation). Nevertheless, both
methodologies have difference in their result amndcgss, Table 2-5 highlights the

advantages and disadvantages of each technique.

The most significant difference between the twohuodoblogies is the time spent and
labour needed in the laboratory. In these ternes,Ghelex was by far the most useful
technique; being potentially easy to automate. &bsts per reaction are reasonably
similar to Phenol-Chloroform which requires muchrenbazardous chemicals.

While DNA extracted by the Chelex method cannotrbkably quantified, if an
instrument like the puncher is utilized it is pddsito standardize the amount of tissue
use for each PCR reaction and thus reduce potemati@bility in DNA yield.

In this study all the parental rainbow trout DNA svextracted utilizing both Phenol-

Chloroform and Chelex DNA extraction protocols wigknotypes being determined
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from both types of samples. This ensured partibulabust scoring for the parental
samples. The offspring rainbow trout DNA was exidcutilizing the Chelex DNA
extraction protocol. The reason of utilize this heique was the better PCR
amplification resolution, and the ease and speedNA extraction for the large

number of offspring samples used.

Table 2-5 Advantages / disadvantages of the two @Xtaction methods

Phenol-Chloroform advantages Chelex advantages
DNA very stable (long term storage / years) DNAragtion requires less than 5 hours
DNA quantifiable by spectrophotometer Higher PCRphincation resolution
Phenol-Chloroform disadvantages Chelex disadvantages
DNA extraction requires 2 days work Poor long tetorage (weeks/months)
Lower PCR amplification resolution DNA not quardlile by spectrophotometer
Uses hazardous chemicals Requires the cost of Chebals
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2.4. PCR techniques

Genotypic data collection has become efficientulgiothe development of automated
DNA sizing technology using fluorescently labellBdNA and co-amplification of

multiple loci (multiplexing) in a single polymeraskain reaction (PCR).

2.4.1 Reactions and sequencer availability

The multiplex reactions utilized in this study weredified from Fishbaclet al.

(1999), the researchers developed two multiplexti@as, hexaplex and octaplex,
containing 14 loci in total. Their work was desigrfer the ABI 377 sequencer and
also for rainbow trout. The modifications led tootwlifferent reactions, multiplex1
(MP1) and multiplex2 (MP2), both hexaplex (6 loeich) reactions, containing 12
loci in total. The loci Ssa20.19UCG and OmyFGT10TWweére eliminated because

Fishbacket al. (1999) had found null alleles.

2.4.2 Multiplex reactions

The PCR amplification was performed in a volumelbful containing 100 ng of
genomic DNA template if it was Phenol-Chloroforntraxted DNA or il of Chelex
DNA extraction solution, 28@M of each dNTP (dGTP, dTTP, dATP, dCTP), 2X
reaction buffer (20 mM Tris, 100 mM KCI; ABgene)niv MgCl2 (ABgene), 2 units
Taq polymerase (ABgene), forward and reverse psnsencentrations are specified

in Table 2-6 & 2-7
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Table 2-6 List of MP1 forward & reverse concentrat for a single PCR reaction and their sequence

Locus Tm Dye Number Allele size Ho Sequence (5'-3) PC (M)
(°C) label of alleles range (bp)

OmyFGT14TUF F-70 4 204-210 0.66  TGA GAC TCA ACA GTG ACC GC 0.016
OmyFGT14TUF R-70 R-Tet AGA GGG TTA CAC ATG CAC CC 0.016
Omy325U0G F-70 9 122152 0.75  GAACTT TGA CTC CTC ATT GTG AG 0.059
Omy325UoG R-72 R-Hex CGG AGT CCG TAT CCT TCC C 0.059
Ssa439NCVM F-68 F-Fam 8 114-142 978  AGT CAG GGG GGA GTG TAA AGG TT 0.101
Ssa439NCVM R-68 TGC TGC TGG CAC TAA GTG GAG AT 0.101
Onel8ASC F-65 5 168-184 0.64  ATG GCT GCA TCT AAT GGA GAG TAA 0.059
Onel8ASC R-67 R-Hex AAA CCA CAC ACA CTG TAC GCC AA 0.059
Omy27DU F-63 5 99-111 0.69  TTT ATG TCA TGT CAG CCA GTG 0.146
Omy27DU R-65 R-Hex TTT ATG GCT GGC AAC TAA TGT 0.146
OmyFGT23TUF F-68 6 99-121 0.78  ATT CGT GCG TGT GTA CGT GT 0.325
OmyFGT23TUF R-69 R-Tet CTATTG GGG GTT GTG TTC TCA 0.325
F: Forward R: Reverse PC: Primer Concentration

Number of alleles, allele size ranges, and obsenederozygosity (Ho) were determined using geneotypita derived from 180 rainbow trout sampled feolocal
commercial hatchery (Fishback et al, 1999).
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Table 2-7 List of MP2 forward & reverse concentrast for a single PCR reaction and their sequence

Locus Tm Dye Number Allele size Ho Sequence (5’-3") PC (uMm)

(°C) label of alleles range (bp)

OmyFGT5TUF F-66 4 164-184 0.66 TCC AGC CAG ACA CAC ACG 0.033
OmyFGT5TUF R-63  R-Tet TCCTTTTCTTCCCTTTCTTTCC 0.033
OmyFGT15TUF F-68 4 161-167 0.61 ATA GTT TCC ACT GCC GAT GC 0.033
OmyFGT15TUF R-69 R-Hex GGT ACA CAC AGC TTG ATT GCA 0.033
Omy77DU F-62 7 98-142 0.88 CGT TCT CTA CTG AGT CAT 0.033
Omy77DU R-58  R-Tet GTC TTT AAG GCT TCA CTG CA 0.033
Omy207UoG F-70 F-Fam 6 105-127 0.69 ACC CTA GTC ATT CAG TCA GG 0.057
Omy207UoG R-66 GAT CAC TGT GAT AGA CAT CG 0.057
Ots1BML F-61 F-Fam 10 161-247 0.95 GGA AAG AGC AGATGTTGTT 0.061
Ots1BML R-61 TGA AGC AGC AGA TAA AGC A 0.061
Omy301UoG F-63 11 75-123 0.85 ACT TAA GAC TGG CAACCT T 0.114
Omy301UoG R-68  H-Hex CTA CAC GGC CTT CGG GTG AGA 0.114
F: Forward R: Reverse PC: Primer Concentration

Number of alleles, allele size ranges, and obsehatdrozygosiy (Ho) were determined using genotyta derived from 180 rainbow trout sampled frantocal
commercial hatchery (Fishback et al, 1999).
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2.4.3 PCR program

Samples were amplified in a Whatman Biometra® Tel@nat PCR using touchdown
reactions cycling protocols. The PCR program ferMP1 reaction is shown in Table

2-8.

Table 2-8 PCR program for the MP1 reaction

Step Time (Sec) Temperature (°C) PCR step Number af/cles
1 180 95 Denature 1
2 30 95 Denature 10
3 60 65 (-0.5 per cycle) Annealing 10
4 240 72 Extension 10
5 30 95 Denature 30
6 60 60 Annealing 30
7 240 72 Extension 30
8 1200 72 Extension 1

The step 3 corresponds to the touchdown, this aliowoci of varying optimal
annealing temperature to be amplified simultangoushile suppressing the
production of artifact bands. In this step the afing temperature will decrease 0.5°C
in every cycle, thus starting at a temperature58C6and finishing at 60°C at the end
of all the 10th cycle. The different annealing temgiures (I) can be calculated from
Table 2-8, using the formula, & T, 0.5°C; the annealing temperatures of those
primers are in the range 65-60°C.

Step 8 is a final extension at 72°C for 20 minutespromote non-templated
adenylation 3’ end of the amplified sequence by Ppatymerase. The final PCR
reaction will take 4 hours 23 minutes. Table 2-&vgh the PCR programs for the

MP2 reaction.
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Table 2-9 PCR program for the MP2 reaction

Step Time (Sec) Temperature (°C) PCR step Number afycle

1 180 95 Denature 1

2 30 95 Denature 12

3 60 60 (-0.5 per cycle) Annealing 12

4 240 72 Extension 12

5 30 95 Denature 28

6 60 54 Annealing 28

7 240 72 Extension 28

8 1200 72 Extension 1

Again step 3 corresponds to the touchdown. In shép the annealing temperature
will decrease 0.5°C in every cycle, thus starting temperature of 60°C and finishing
at 54°C at the end of all the 12 cycle. The diffié@nnealing temperatures;(tan be
calculated from Table 2-9, using the formula ¥ T, 0.5°C; the annealing
temperatures of those primers are in the range48G-5

Step 8 is a final extension at 72°C for 20 minutest promotes non-templated
adenylation 3’ end of the amplified sequence by Ppatymerase. The final PCR

reaction will take 4 hours 27 minutes.

2.4.4 PCR product results analysis

The PCR products were sized by electrophoresigjuki@ ABl PRISM® 377 DNA
sequencer utilising the proprietary Genescan® aenoGper® software to extract all
the information from the gel image.

Samples were separated through a standard 4.8%udeimey polyacrylamide gel.
Gel plates were washed thoroughly in hot waterueng that all the remaining
acrylamide from the last gel was removed completeid then rinsed 3 x under
running deionised water. After drying the platesravassembled into the ABI gel

cassette. First the plain back plate was loadeal timt cassette and the two spacer
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strips (0.2 mm, notched ends to the top of the attess slightly dampened with
deionised water were carefully laid along the ledges of the back plate. Finally the
top ‘rabbit-eared’ plate was laid on top and thatgd aligned to ensure the bottom
edges were flush. The eight clamp screws were d@pphed. Finally the gel injection
device was clamped to the bottom of the assemlalssktte.

The gel mix was prepared by adding 14.4 g Ureamd.@age-plus Amresco Inc.), 23
ml dH,O, 1 g mixed bed resin to a 250 ml beaker contgimirmagnetic stirrer, and
leaving the solution to stir at slow speed for al®@minutes in order to deionise the
gel solution. This solution was then put throug@.22 um filter (Whatman) into a
250 mL side arm flask and 4 mL of similarly filterdOx TBE added. The solution
was then de-gassed for 4 minutes (with occasionalisg of the mixture).he next
step is to filter and de-gas the gel mix. To spatymerisation 20Qul of freshly made
APS (Ammonium Persuphate solution; 0.1 g in 1 mj@Hand 25ul TEMED were
added and the solution gently swirled to mix. Fbkition was immediately taken up
in a 50 ml syringe and the polymerising solutiomebally injected between the gel
plates. Tapping the upper plate along the leaddgge of the injected solution while
slowly injecting the remaining solution helped t@yent air bubble formation. When
completely filled the reverse edge of the comb wa®fully inserted along the top
edge of the plates, again ensuring no airbubbles weesent, and the system left for
two hours at room temperature to allow gel polyzsgion to complete.

After the gel is set, the injector block can beefaty removed and the bottom of the
plate carefully wiped clean of leaked polyacrylaeidt is particularly important to
ensure that the part of the glass plate that isrexh by the lasers free of debris. The
laser shield on the cassette is then folded dowmptace. The spacer comb is then

removed from the top edge of the gel and any leajeld cleaned away. An
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appropriate shark tooth comb is then carefully ritegk, the points of the teeth being
pressed no more than 0.5 mm into the gel surface.

The gel rig can then be secured in place ito thé8&AB and secured by the four corner
clamps. The check plate module of the softwarersto confirm that the read region
is free from there are scratches on the glass ahtegidues, as this would influence
the results of the run. If necessary remove ardeae the scan area. When
satisfactory, the top two clamps are releasedltavahe upper buffer chamber to be
installed, and the clamps reapplied. Make up 130@0of 1x TBE. Filler the top
buffer chamber with buffer to just above the mrthtane numbers on the comb. Pour
the remaining buffer into the lower chamber. Rsdedhe 6 middle clamps on
cassette, install the hotplate into the cassattra-apply the clamps. Plug in hotplate
inlet and outlet hoses, place lid on top buffekiaand close the main apparatus door.
Start the pre run module of the software and rumafmut 10 minutes, until the gel
reach the working temperature of 42°C. The progsathen paused. Before and after
the pre-run of the ABI machine, the 48 well combflished with buffer solution
using a 5 ml pipette, in order to remove excessl flair bubbles and crystals of urea
from the wells. During the pre-run the samples ¢odmalysed are denatured for 3
minutes at 90C and after kept on ice until the samples are Idaggng a multi-
channel pipette, with loaded every second lanedingaof the gel is done in two
stages. Fisrts lanes 1, 3,5 etc are loaded, anonde of pre-run activated (by realing
the pause) the program paused again and the a#dames (2, 4, 6 etc.) loaded. The
sample mixture consisted of @l PCR product (dilution from Phenol-Chloroform
DNA extraction 1/5 or without dilution from CheldNA extraction), 1.55u 100%
de-ionised formamide (Amresco), 0.80Perkin-Elmer / Applied Biosystems (PE /

ABI) 350 Tamra internal lane standard and OuB®lue Dextran loading dye. From
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this mixture 1.2ul is taken by the 8 multi-channel pipette and thadked into the
wells. Finally, the gel is run (run module) for twaours at 3000 volts, 50 mA, with a

gel temperature of 51°C and 1200 laser scans perusing filter set C.

2.5. Assigning paternity to the offspring from the different
crosses

2.5.1 How does Family Assignment Program (FAP) wofk

The resolving power of a DNA profiling method idfdiult to forecast when more
than a few families and / or a few loci are invalvEor example, in a single family up
to four progeny genotypes are possible at any loceisAB x CD = AC, AD, BC,
BD. At six loci 4096 (4 and for ten loci 1,048,576 3 progeny combination
genotypes are possible. Comparing potential geestympetween several different

families soon becomes a logistical dilemma bestezhout by computer.

The Family Assignment Program (FAP) version 3.5deaty (2007), was utilized to
perform the parental assignment. Parentage isrdeted by simply comparing alleles
at a given locus from each offspring, with allefesm each of the potential parental

crosses; using the exclusion principle.

The FAP programme was designed to perform twoeeltsks:
Predict the resolving power of specific parentalggpe data sets for unambiguously
discriminating among families / groups of familiésd assign progeny to the family

of origin from genotypic data.
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The predictive analysis assumes that all indivislaaé the progeny of known parental
combinations for which full genotypic data is aaale, in others words the analyses
assumes a closed environment. Two levels of hieyalre supported; the first
involves resolution to individual family and thecsad involves resolution to groups
of families. The assignment mode also assumes sedal@nvironment and was
designed to answer the question; Which possibléyéhdoes this individual belong

to?

The latter mode also allows two further variable®¢ explored: allele size tolerance
and allele mismatch tolerance. The first, alleleedblerance, compensates for allele
measurement error, this variable was not utilizedhe present study. The second
variable, allele mismatch tolerance, allows imperfaatches to be identified in cases
where ‘no match’ is found for the full selectedusaata set, e.g. to allow for scoring
error / mutation among progeny genotypes, whetgfolgeny genotypic data are not
available, to identify possible null alleles oritientify possible mistyping of parental

samples.

As an example, say an analysis consists of sixeandbci and an allele mismatch
tolerance of 2 is entered. For each progeny amatt is made to assign family of
origin from the full six loci (12 alleles) data sahd if successful the program records
match (es) to file and moves on to the next progddgwever, if ‘no match’ is found
then the progeny genotype data are reanalyzedrigd&r a match at any 11 of the 12
alleles. If a match or matches are found the fa(silpf origin are printed to file -
followed by the locus number where the mismatcHedeawas found within square

brackets [ ]. A reduced tolerance match is alsgga ‘1’ in the allele mismatch
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column of output file. Having found a match the gnaam then moves on to the next
progeny (starting the search with zero allele tolee). However, if no match is found
at 11 alleles then the progeny genotypes are ngsathlagain, this time looking for a
match at any 10 of the 12 alleles. If match (e®) faund the families are printed
together with the number(s) of the loci where the mismatch alleles were found in
[ ] square brackets and flagged ‘2’ in the allelsnmrmatch column (Figure 2-8). If no
match is found the program outputs a ‘No matcly fiar that progeny and moves on

to the next progeny (starting the search with t@cas tolerance).

P I il g R T L B i
1_4__§AI|EIE size tolerance = 0 bp

15

jﬁ_]Ma}{imum no. of mismatch alleles tolerated = 2

17 |

|18 |Record | Composite Mismatch Families sharing

19 1.0 genotype Alleles composite genotype

20 | Sample-03 107109 107107 103103 105107 103103 103103 0 Family-12 | Family-22

21 |Sample-10 000000 101102 103105 103108 101104 102104 2 Family-25 [1 1]

22 |Sample-11 107109 102107 103103 107108 103103 103103 0 |Family-14 Family-25

| 23 | Sample-12 102109 107107 103107 102108 101101 103105, 0 Family-16

| 24 Sample-16 107109 102107 103107 103104 101103 103103, 0 Family-03 |Family-06 | Family-47
25 | Sample-17 109109 102109 106107 108108 103103 103104 O Family-08

26 Sample-24 109112 102102 103103 104107 103103 103104 1 Family-55 [2]

| 27 | Sample-31 101103 101102 103105 103108 101104000102 1 Family-26 [5]

28 | Sample-32 109113 102109 106107 108103 103103 103104 0 |Family-03

23 |Sample-32 109113 102109 124124 108108 103103 103104 2 Family-08 [3 3]
30 | Sample-32 109113 102109 124124 108108 124124 103104 |NO MATCH

Figure 2-8 Example output for assignment with all@lismatch tolerance set at two

Prediction analyses showed that it was probablasgign a trout to a single family
using less than eleven loci; seven or eight logiewesually enough. In the present
study, where occasional mistyping is likely, all@egsmatch tolerance was set to a
high value (10) to force an assignment for eadbpoihg and thus indicate where

problematic/missagnments occurred
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2.5.2 How can we utilize the Package for the Analis of Parental
Allocation (PAPA) software?

The Package for the Analysis of Parental Alloca(iBAPA) (Duchesne et al., 2002)
is a computer program that performs parental diloceased on breeding likelihood
methods and also contains simulators that allowsstal assessments of allocation
accuracy. The parental allocation method used irPAAs based on breeding
likelihood (Sancristobal & Chevalet 1997). Given @affspring genotype, the
likelihood of a parental pair of genotypes is definas the probability of this pair
breeding the offspring genotype among all of itsgilole descents. Contrary to
exclusion methods, likelihood based parental ationamethods allow for some
degree of transmission errors due to genotype madsmg or mutation (e.g.
Sancristobal & Chevalet 1997; Marshall et al. 1998)e relaxed nature of the latter
condition means that likelihood methods generaiyl éor much less extensive

genetic information than exclusion-based ones.

PAPA provides a Monte-Carlo simulator that may ksedito obtain empirical
distributions of many relevant random variableshsag rates of successful allocations
and allocation failures. The embedded simulatarvadl modelling of all allocation
conditions (allele transmission error, missing p&sge etc.). Parental simulations,
which involve already known parental genotypes,dpoe empirical distributions

from which the accuracy of the allocation of refispring may be assessed.

Allocation method: To allocate an offspring, iteéding likelihood is computed for
each potential parental pair, the one with the ésglikelihood is assigned parental.

Offspring are not allocated when either all parest®w zero likelihood (‘null
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likelihood’) or where two or more parental-pairashthe highest positive likelihood

(an *‘ambiguity’). In the advent of a null-likelihdoor an ambiguity, the offspring is

not allocated and the procedure is said to havedfai he allocation parameters are (i)
choice of loci; (ii) global level of transmissionrrer; and (iii) distribution of

transmission error over alleles.

Simulation conditions: Simulations may be run untlgo distinct conditions: (i)
preparental; and (ii) parental. The parental sitmutaprocedure uses real collected
parental genotypes. This study uses the sexed tphig@mulations mode, its main
purpose is to build empirical distributions of rand variables, given the real
collected parental genotypes. Such distributionsewsed to assess the accuracy level
of a specific allocation process. The program retpumformation such as: estimated
number of uncollected parents, name of loci, maleotype dataset, female genotype
dataset, number of iterations, number of pseudspdffig generated at each iteration,

uniform error, and number of subset of loci.

In both cases simulation and the allocation modetegree of transmission error (i.e.
allele mistyping and/or genetic mutation) can beoatmodated. This transmission
error rate can be either uniform (all errors asslinte be equally likely), or non-
uniform (to reflect greater mis-scoring betweenelad of similar mobility).
Simulations run using the chosen error model/vahrebe used to evaluate the likely
power of the allocation and provides a computedsmeaof ‘correctness’, i.e. the

level of confidence/accuracy that can be expectad fctual assignments.
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Chapter 3/ GENETIC VARIATION BETWEEN
AND WITHIN SOME SELECTED RAINBOW
TROUT STRAINS CULTIVATED IN THE UK

3.1. Introduction

Kincaid (1980) emphasized that genetic variability traits between individuals,
families, broodstock, and strains existed and ttheé should be the primary
population characteristic to be used in applied agament programs. In deciding
how a specific broodstock or fishery is to be maahaghe fishery manager also

determines how the genetic variability will be mged (Kincaid, 1980).

To a large extent, fishery management is the manage of genetic variability,

balancing the need for immediate specific perforceacharacteristics and long-term
ability to adapt to a broad range of environmemahditions. Genetic variability

arises in a population because of the diversityaltdles and allele combinations
carried by individuals making up that populationprovides a population with the
plasticity to adapt to changing environmental ctiods and is the basis for both
natural and artificial selection. Low values orKawf genetic variation is a primary
cause for population or species extinction and maimpromise the capacity of a
population to adapt to new or changing environmesrt$o more immediate challenge
like diseases (Kincaid, 1980; Soulé 1980; Reed.eR@03). It could be said that the
views of authors like Kincaid, Soulé, and Reediletis a bit radical, as they are
conservationist and are dealing with natural emritent. Loss of genetic variability
in farmed fishes will generally result in loss afaptive potential, but the impact on

commercial culture is not known (Allendorf and Rym&987; Perez et al., 2001).
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Changes in genetic variability in captive salmobrdodstock populations have been
shown in a number of different studies when these Were compared to their wild
progenitor populations (Ryman and Stahl, 1980; €m%d King, 1983; Stahl, 1983;
Verspoor, 1988; Koljonen, 1989; Jones et al., 199@nsen et al., 2000). Such
changes have been associated with domesticatiocegses (Kallio-Nyberg and

Koljonen, 1997).

Waples (1999) differentiates between domesticabod domestication selection;
defining the former as “a state or condition of @ylation” and can be contrasted
with the term domestication selection, which reféssa process that leads to
domestication. He defines domestication selectiorfamy change in the selection
regime of a cultured population relative to thatpemsenced by the natural
population”. When working with a natural populatidmight be possible to eliminate
intentional selection from hatchery programs, buwnejic change in cultured
populations can not be avoided entirely becausk factors as selections resulting
from non-random sampling of broodstock and tempoiralaxation during the culture

phase that otherwise would occur in the wild (Wapk999).

Different examples could be mentioned that migheepbally change or result in a
lost of genetic variability. In salmonid farmind,i$ not always necessary to have a
large number of parents due to the fact that theafes have a high fecundity. This
increases the possibility of allele frequency clesn@y genetic drift and also the
reduction of genetic variability by inbreeding; tpetential founder effect (Gjedrem,
1979; Allendorf and Phelps, 1980; Ryman and Sta880; Doyle, 1983). On fish

farms, some selective breeding programs breed &aosmall number of “superior”
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families that may be related and others operateassmelection approach with high
selection intensity. Thus, unless there is pedignémmation, there is potential for
inbreeding depression (Norris at al., 1999). Expernits in Atlantic salmon from the
fourth generation of the national Norwegian bregdimogram compared to a wild
stock showed that growth of the selected fish tol8ng time was twice that of the
wild fish, suggesting that the genetic improvemprdgram has contributed to the
efficiency of fish farming, and thereby the genetiake up of the original wild
population (Gjoen and Bentsen, 1997). Furthermdiere is the possibility of
inadvertent selection e.g. Higher growth hormonelkin selected fish farm escapees
changing the behaviour of a species (Fleming et24102). Improved freshwater
growth of a domesticated Atlantic salmon straimtiee to its principal wild founder
population is associated with decreased antipredatponse, including behaviour

and heart rate (Fleming and Einum, 1997; Johnsisah, 2001).

In a selectively bred population, one objectivéoismprove performance by culling
poor performers. By restricting the phenotypes reebers, genetic diversity should
decline (Falconer and Mackay, 1996). Norris et(2899) working with Atlantic
salmon demonstrated that artificial breeding pcachoth family and mass selection,
resulted in a decrease in genetic variability. T¥tedy of genetic diversity in
selectively bred captive populations has differgoeils than in natural populations or

conservation hatcheries.

Rainbow trout have been farmed for much longer tAdantic salmon in many

different and often much smaller units. Thus, tlueeptial for deleterious genetic
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change is likely to be greater. UK farms have haditilize stocks that have been
isolated for a long time and undergone a wide rarfigifferent management regimes
(Thompson, 1985). In this chapter assaying mi¢etiga variability within key UK
rainbow trout strains was undertaken to providenapshot of the level of genetic
variation that exists and to provide baseline datafuture tracking of directed

changes over generations.

3.2. Materials and methods

3.2.1 Fish samples collection

Samples were collected from three different culttaeilities around the United
Kingdom, encompassing seven presumed differentlpbpns / ‘strains’ of rainbow
trout (Table 3-1). The facilities were Glenwyllimout Farm in the Isle of Man, Seven
Springs Trout in Larne (Northern Ireland), and atgéar Fisheries in Wiltshire
(Figure 3-1). All sites are major egg suppliers tbe industry or for their own

production.

Table 3-1 Code name description, number of samgaled, date of collection for the 7 different
commercial strains in UK

Code name Code name description Number of Collection date
samples (dd/mml/yyyy)
H7S Seven Spring Hatchery, Larne, North Ireland. 70 08-10-2001
TRT Trafalgar Rainbow Trout, Wiltshire. 55 19-02620
GIT Glenwyllin Isle of Man Trafalgar, Wiltshire 27 19-02-2002
(import).
GTR Golden Trout Trafalgar, Wiltshire. 49 19-02-200
GIM1 Glenwyllin 1, Isle of Man, (Strain A?) 50 22002
GIM2 Glenwyllin 2, Isle of Man, (Strain B?) 50 2-2002
GIM3 Glenwyllin 3, Isle of Man, (Strain AxB?) 49 2202-2002
> 350
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At each site, fingerlings samples were collecteunfia number of tanks to maximize
the chance of sampling from the widest number dfilias in each putative strain.
Samples were immediately stored in 45 ml screwto@ps and preserved in 100%
ethanol. Three strains (GIM1, GIM2, and GIM3) we@lected from Glenwyllin
(nominally A, B and a mixture between these) andfdlgar Fisheries (Glenwyllin
Trafalgar, GIT, was supposedly imported from thie isf Man a number of years
earlier, a golden trout strain and their commeredt-type strain. Although not
known at the time of sample collection the Glenmylktrains were used for the
Breeding Program described later in this thesis.

DNA extraction and genotyping methodology is ddssliin detail in Chapter 2
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Figure 3-1 Rainbow trout sampling collections sdesund the United Kingdom

3.2.2Statistical analysis

Excel add-in Microsatellite Toolkit (Park S., 2004¢re utilized to organize data and
to produce input file formats for the various amsaédyprograms. Basic genetic
statistics, i.e. number of alleles per loci (Na)mber of unique alleles (U), allele size
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range (R), size (S), frequencies (Fmax & Fmin)h&f most and less common allele,
were determined for each strain (population) athe#mcus using Excel and
GENEPOP (Raymond and Rousset, 1995). Hardy-Weinkeagt tests and genic &
genetic differentiation were calculated using thhegpamme GENEPOP. A Markov
chain method was used to estimate without biagxiaetP-value of this test. Default
analysis values were used in all cases i.e. Demeation number (1000); Number of
batches (100); Number of iterations per batch (J.OAGlobal test (Fisher's method)

across loci or across sample was also utilized.

Expected heterozygosity unbiased (He, Nei 1978)absrved heterozygosity (Ho),
were calculated using the program GENETIX (Belldtial., 1996). Effective number
of alleles (@ allows the comparison of allele counts acrosspdasnof different sizes.
It was calculated using the formula from Fergusd@®8(0). Where values were
computed with SEMs, comparisons were consideredetsignificantly different if

95% Confidence Interval (Cl) did not overlap. 95%=Ct/- ty os X SEM.

Three different genetic distance measures were gtaddor each farm sample using
PHYLIP (Felsenstein, 1993): i) Cavalli-Sforza chalidtance, a geometric distance
measure with no underlying biological assumptioiijsReynolds distance, which
assumes a primary role for drift and is an infiatieles model; iii) Nei's distance,
again an infinite- allele model, in which it issasned that all loci have the same rate
of neutral mutation, genetic variability is at dduium between mutation and genetic
drift, and the effective population size of eachpgation remains constant. The
unweighted pair group method using arithmetic ayerdJPGMA) was used (as

implemented in PHYLIP) to generate trees, and twvige confidence estimates on
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the nodes bootstrap values were obtained from &plcates (Felsenstein, 1993).

Tree files generated were visualized in TreeVieagd 1996).

3.3. Results

The total number of individuals over all samplessv@0, but not all the loci were
successfully amplified in all individuals. As shownTable 3-2 the locus Ots1BML
had the highest number of samples amplified (349)enxOmy77DU had the lowest
value (293). Considering the number of alleleslper over all strain, Ots1BML had
the highest number of alleles (29) over all locilOmyFGT14TUF had the lowest
number of alleles (7). Furthermore, the loci OtsIBKL0O bp range) presents the
highest allele range over all strains while OmyF&TUF (14 bp range) presents the

lowest allele range value.
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Table 3-2Allelic variability at 12 loci in the first survesainbow trout strains

Variable  GIM1 GIM2 GIM3 H7S TRT GIT GTR
Locus
Omy207UoG __ n 49 47 45 69 40 27 26
Na 9 11 12 8 11 9 7
8 4.67 4.69 6.09 2.19 3.08 6.10 2.11
R 107-135 103-135 103-135 103-133 103-135 103-131 -1B15
U (S) 0 0 0 0 0 0 1(131)
Fmax (S) 0.357(117) 0.319(117) 0.256(107) 0.652(115) 0.525)1 0.241(115) 0.673(115)
Fmin (S)  0.010(131;135) 0.011(103;135) 0.011(113;127) 0.003{125;133)  0.013(111;131;133;135)  0.019(103;113).019(107)
He 0.794 0.795 0.845 0.547 0.684 0.852 0.536
Ho 0.510 0.532 0.400 0.377 0.650 0.704 0.308
Omy27DU n 49 49 49 69 55 27 49
Na 7 6 5 4 5 5 4
8% 3.77 2.57 2.88 2.98 3.04 2.85 3.03
R 98-110 100-110 100-108 102-108 92-110 98-110 1®-11
U (S) 0 0 0 0 1(92) 0 0
Fmax (S) 0.398(106) 0.541(106) 0.469(106) 0.420(104) 0.40a)1 0.481(106) 0.357(106)
Fmin (S)  0.010(102) 0.010(100;102) 0.010(100) 0.101(102) 55(008) 0.019(98) 0.010(110)
He 0.742 0.617 0.660 0.670 0.677 0.661 0.677
Ho 0.653 0.612 0.571 0.754 0.491 0.741 0.714
Omy301UoG  n 47 43 47 66 55 25 49
Na 11 11 13 11 16 8 8
8% 4.56 4.98 5.97 6.91 8.27 4.28 2.92
R 60-122 72-124 64-124 66-122 70-120 72-106 72-114
U (S) 1(60) 0 1(64) 1(66) 3(94;98;108) 1(90) 0
Fmax (S) 0.309(74) 0.314(88) 0.266(84) 0.242(84) 0.200(84) .340(74) 0.541(74)
Fmin (S) 0.011(60;110;114;120;122)  0.012(102;110;124)  0.004(110;124)  0.015(76;122) 0.009(70;76;102;108)  20(88;90) 0.020(106;114)
He 0.789 0.809 0.842 0.862 0.887 0.782 0.665
Ho 0.340 0.395 0.340 0.318 0.473 0.360 0.163
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(continued)

Variable  GIM1 GIM2 GIM3 H7S TRT GIT GTR
Locus
Omy325U0G n 48 33 38 64 54 27 48
Na 18 14 13 12 12 8 6
a 8.03 9.64 5.44 5.78 2.84 4.15 1.68
R 113-153 115-151 117-149 113-151 113-143 117-143 -1UB7
U (S) 1(153) 0 0 1(125) 0 0 0
Fmax (S) 0.260(121) 0.182(141) 0.329(121) 0.305(121) 0.585)(1 0.407(121)  0.740(121)
Fmin (S)  0.010(127;133;149)  0.015(115;137)  0.013(117;127148)  0.008(113;125)  0.009(113;119;137;139)  0.038(1  0.010(117;127;141;143)
He 0.885 0.910 0.827 0.833 0.654 0.774 0.409
Ho 0.792 0.788 0.816 0.797 0.426 0.741 0.396
Omy77DU n 46 45 46 61 31 16 48
Na 9 7 12 7 7 5 7
% 2.15 2.44 3.08 2.97 2.89 3.85 2.69
R 99-131 99-131 97-129 97-129 97-129 97-129 91-121
U (S) 0 0 2(119;127) 0 0 0 2(91;121)
Fmax (S) 0.663(101) 0.611(101) 0.543(101) 0.524(99) 0.53p(99 0.406(99) 0.521(99)
Fmin(S)  0.011(107;117) 0.011(131) 0.011(109;127) 0.008(1D8)  0.016(109) 0.094(103)  0.010(91;109;121)
He 0.541 0.597 0.682 0.669 0.665 0.764 0.634
Ho 0.283 0.267 0.326 0.393 0.516 0.438 0.542
OmyFGT14TUF n 49 48 49 62 41 27 49
Na 7 7 5 4 4 4 3
% 5.29 2.97 2.87 2.23 1.95 2.24 1.73
R 200-214 200-214 204-212 204-210 204-210 204-210 -2
U (S) 0 0 0 0 0 0 0
Fmax (S)  0.245(208) 0.500(204) 0.418(208) 0.532(204) 0.604)2 0.574(204)  0.704(208)
Fmin(S)  0.020(214) 0.010(200;214)  0.020(212) 0.008(206) 24(P10) 0.019(210)  0.010(210)
He 0.820 0.670 0.659 0.555 0.492 0.564 0.427
Ho 0.571 0.542 0.531 0.645 0.585 0.704 0.449
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(continued)

Variable GIM1 GIM2 GIM3 H7S TRT GIT GTR
Locus
OmyFGT15TUF n 45 40 45 70 41 26 49
Na 9 9 8 4 6 6 7
a 3.87 5.79 3.92 2.15 2.28 3.19 1.55
R 158-174 158-174 160-174 160-166 160-170 158-170 -11/80
U (S) 0 0 0 0 0 0 0
Fmax (S) 0.367(164) 0.225(166) 0.411(164) 0.621(160) 0.684@)1 0.442(160) 0.796(160)
Fmin (S) 0.011(158;172) 0.013(158) 0.011(162;174) 0.043(1649.024(168) 0.019(158;170) 0.010(166;168)
He 0.750 0.838 0.753 0.538 0.569 0.700 0.359
Ho 0.622 0.675 0.489 0.429 0.342 0.346 0.204
OmyFGT23TUF n 48 45 49 67 45 23 46
Na 14 13 10 8 13 8 7
& 7.63 6.48 6.03 3.96 6.93 5.63 2.53
R 94-126 98-124 96-122 98-120 98-128 98-120 98-120
U (S) 1(94) 0 0 0 1(128) 0 0
Fmax (S) 0.208(116) 0.289(116) 0.224(114) 0.403(116) 0.28p(9 0.239(116) 0.576(116)
Fmin (S) 0.010(96;108;120;126) 0.011(98;104;120) 0.020(9B;112) 0.015(104) 0.011(104;122;124;128) 0.022(108) 0.011(112;120)
He 0.878 0.855 0.843 0.753 0.865 0.841 0.611
Ho 0.729 0.800 0.592 0.702 0.800 0.870 0.478
OmyFGT5TUF n 36 45 45 69 43 24 48
Na 11 10 11 4 10 5 9
& 4.10 4,52 5.96 1.63 3.60 2.39 4.72
R 162-188 164-188 164-188 164-184 160-188 158-184 -1830
U (S) 1(162) 0 0 0 0 1(158) 0
Fmax (S) 0.403(174) 0.411(174) 0.278(178) 0.768(174) 0.485)1 0.604(174) 0.344(174)
Fmin (S) 0.014(164;180) 0.022(168;188) 0.011(164) 0.014(182p.012(188) 0.021(158) 0.010(160;164)
He 0.767 0.787 0.842 0.388 0.731 0.594 0.797
Ho 0.556 0.600 0.689 0.449 0.535 0.625 0.938
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(continued)

Variable GIM1 GIM2 GIM3 H7S TRT GIT GTR
Locus
Onel8ASC N 49 49 49 68 52 27 47
Na 9 8 8 7 9 6 5
3 5.12 3.33 3.48 2.88 4.25 3.61 3.15
R 169-187 171-187 171-185 163-187 157-183 163-183 -1B3
U (S) 1(169) 0 0 0 3(157;159;167) 0 0
Fmax (S) 0.296(177) 0.490(173) 0.469(173) 0.522(173) 0.383)1 0.389(173) 0.415(177)
Fmin (S) 0.020(175;185) 0.010(171) 0.010(181;185) 0.007(1879.010(157;171) 0.019(171) 0.021(183)
He 0.813 0.707 0.720 0.657 0.772 0.737 0.690
Ho 0.735 0.551 0.776 0.647 0.635 0.815 0.702
Ots1BML N 50 50 48 70 55 27 49
Na 14 13 11 9 20 8 8
3 7.23 6.13 4.81 4.90 6.44 5.72 2.46
R 160-256 160-254 160-254 160-250 156-250 158-172 -2B80
U (S) 1(256) 0 0 0 11(156-228)** 1(158) 1(190)
Fmax (S) 0.280(170) 0.300(170) 0.323(170) 0.336(170) 0.262)1 0.259(160) 0.582(170)
Fmin (S) 0.010(182;256) 0.010(162;182;184) 0.010(160;178;1840.007(160) 0.009(156;174;200;206;226;250) 0.038)1 0.010(168;250)
He 0.870 0.845 0.800 0.802 0.852 0.841 0.600
Ho 0.740 0.640 0.563 0.771 0.800 0.926 0.674
Ssa439NCVM N 49 49 49 70 53 27 49
Na 15 12 12 13 12 9 7
3 8.38 9.29 7.73 9.00 8.15 6.69 1.71
R 106-144 112-140 114-142 112-146 114-146 114-140 -1470
U (S) 3(106;108;144) 0 0 0 0 0 0
Fmax (S) 0.214(116) 0.184(134) 0.153(114;118;120) 0.186(122).217(130) 0.204(124) 0.755(130)
Fmin (S) 0.010(140) 0.020(112) 0.010(130;140;142) 0.007(136).028(138;146) 0.019(114) 0.010(122)
He 0.890 0.902 0.880 0.895 0.886 0.867 0.421
Ho 0.347 0.408 0.490 0.486 0.585 0.704 0.204

For each strain and locus:

heterozygosity.
**(156;200;202;206;210;214;216;218;222;226;228)

Number of samples usgdNUmber of alleles per loci (Na), Effective nuentof alleles per loci @& Allelic size range in bp (R), Number of uniquiekes [U
(S= size in bp)], Frequency of the most commone&l(lEmax (S= size in bp)], Frequency of the lessicmn allele [Fmin (S= size in bp)], Expected hetggwmsity (Nei, 1978), and Observed
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3.3.1 Comparison of basic genetic variability measeas.

Comparisons of mean observed heterozygosity (Hodeapected heterozygosity (He)
for each of the seven samples are depicted in &i@. In all cases Ho was
significantly lower than He for each sample. TheRG8ample had both the lowest Ho

& He of all samples.

Mean Ho and He comparison over the first survey strains
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Figure 3-2 Mean Observed Heterozygosity (Ho) andExpected Heterozygosity (He) comparison,

Bars represent standard error.

Individual tests for HWE equilibrium at each locuseach sample are presented in
Table 3-3. Most loci in most populations showeghly significant departure from
HWE. Individual Fis values in all these cases wawsitive, indicating an excess of
homozygotes (deficit of heterozygotes) which canéd the results from pooled loci

depicted in Fig 3-2.
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Table 3-3 Exact P-value for Hardy Weinberg Equilibr (HWE) estimation for the 7 different rainbowuat samples

GIM1

GIM2

GIM3

H7S

TRT

GIT

GTR

Omy207UoG
Omy301UoG
Omy77DU
OmyFGT15TUF
OmyFGT5TUF
Ots1BML
Omy27DU
Omy325U0G
OmyFGT14TUF
OmyFGT23TUF
Onel8ASC

Ssa439NCV

<0.0005 (<0.0005)*
<0.0005 (<0.0005)*
<0.0005 (<0.0005)*
0.227 (0.008)
<0.0005 (<0.0005)*
0.014 (0.002)*
0.005 (0.001)*
0.001 (<0.0005)*
<0.0005 (<0.0005)*
0.012 (0.008)*
0.001 (<0.0005)*

<0.0005 (<0.0005)*

<0.0005 (<0.0005)*
<0.0005 (<0.0005)*
<0.0005 (<0.0005)*
0.006 (0.001)
<0.0005 (<0.0005)*
0.001 (0.001)*
0.157 (0.005)
<0.0005 (<0.0005)*
<0.0005 (<0.0005)*
0.013 (0.005)*

<0.0005 (<0.0005)*

<0.0005 (<0.0005)*
<0.0005 (<0.0005)*

<0.0005 (<0.0005)*

<0.0005 (<0.0005)*
€005 (<0.0005)*
0.001 (<0.®)0
0.130 (0.003)
0.002 (0.001)*
0.001 (0.000)*
<0.00050(0005)*

0.014 (0.002)*

<0.0005 (<0.0005)* <0.0005 (<0.0005)*

<0.0005 (<0.0005)*
<0.0005 (<0.0005)*
<0.0005 (<0.0005)*
0.112 (0.002)
0.796 (0.000)
0.088 (0.004)
0.217 (0.003)
0.004 (0.001)*
0.431 (0.004)
0.021 (0.004)

0.937 (0.003)

<0.0005 (<0.0005)*

0.299 (0.013)
<0.0005 (<0.0005)*
0.047 (0.003)*
<0.0005 (<0.0005)*
<0.0005 (<0.0005)*
<0.0005 (<0.0005)*
<0.0005 (<0.0005)*

<0.0005 (<0.0005)*
0.414 (0.004)
0.002 (0.002)*
<0.0005 (<0.0005)*

<0.0005 (<MB)*

<0.0005 (<0.0005)*

<0.0005 (<0.0005)*

<0.0005 (<0.0005)* <0.0005 (<0.0005)*

0.029 (0.001)*
<0.0005 (<0.0005)*
0.205 (0.009)
0.160 (0.005)
0.759 (0.003)
0.469 (0.008)

0.427 (0.003)
0.642 (0.013)
0.695 (0.005)

<0.0005 (<0.0005)*

0.008 (0.002)*
<0.0005 (<0.0005)*
0.436 (0.021)
0.004 (0.001)*

0.701 (0.003)
0.034 (0.003)*
0.33808)
<0.0005 (<0.0005)*
0.668 (0.004)

<0.0005 (<0.0005)*

*and bolded means significant deviations from HWE (P < 0.08ndard error are in parenthesis.
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Comparison of mean number of alleles per locusnaean effective number of alleles
(Figure 3-3) shows that the GTR sample also hasothest values for these metrics.
The Glenwyllin and Trafalgar samples have highenbers of alleles compared to
the rest, though these are not statistically sicgift (based on Confidence Interval

analysis).

Mna and Mae comparison over the first survey strains

14

12 T

1¢ -

& - |
¢ - H Mna
l Mae
. o . .
2 L -
G T T T T T 1
GIM2

Mna & Mae

GIM1 GIM3 TRT aIT H75 GTR

First survey strains

Figure 3-3 Mean number of alleles per loci (Mna)l &hean effective number of alleles per loci ¢Ma

comparison. Bars represent the Standard Error.
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3.3.2 Genetic differentiation among strains

Two related tests were performed, allelic (genm) genotypic differentiation. Table

3-4 shows the pairwise results using both methaieso over all 12 loci. All

comparisons (even among the three GIM samples3igréficant at both allelic and

genotype levels for all strains.

Table 3-4 Differentiation probability using alle{f@bove diagonal) and genotype (below diagonal)
frequency by Fisher's methodology

GIM1 GIM2 GIM3 H7S TRT GIT GTR
GIM1 -- HS HS HS HS HS HS
GIM2 < 0.0005 - < 0.0005 HS HS HS HS
GIM3 HS HS -- HS HS HS HS
H7S HS HS HS -- HS HS HS
TRT HS HS HS HS -- HS HS
GIT HS HS HS HS < 0.0005 -- HS
GTR HS HS HS HS HS HS --

HS = Highly Significant < 0.001

In order to more clearly resolve the pattern ofegendifferentiation among the seven
samples three different genetic distance measusrs womputed and graphically
clustered (UPGMA, Fig.3-4). Included in the anadysiere allele data from a further
two samples (PIMAA & PIMBB; Parent Isle of Man Line & Parent Isle of Man
Line B) from Glenwyllin Isle of Man that were used the breeding program
described in Chapter 4. The analysis was basedhensix loci (Omy77DU,
OmyFGT15TUF, Omy27DU, Omy325U0G, OmyFGT14TUF andeTBASC) that
gave consistently robust amplification across athples. The three different genetic
distance measures gave very similar / consistentitee All showed the same major
branching point; one branch containing the Glenwylsle of Man IOM initial
samples and the parents Glenwyllin Isle of Man IPNMAA & PIMBB) used in the

breeding programme. The other branch includes GIRT, GIT, and H7S; and
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showed consistency with the Golden Trout Trafal(falfR) being most different

among the four samples in this branch. It is irging to note that the Glenwyllin

isolate at Trafalgar (GIT) consistently groupedvit7S and not with Glenwyllin Isle

of Man samples.
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Figure 3-4A UPGMA dendrogram based on Nei's genetic dista®¢#PGMA dendrogram based on

Cavalli-Sforza’s chord distanc€. UPGMA dendrogram based on Reynold’s genetic digtanc
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3.4. Discussion

This population genetic survey of different straofigainbow trout was undertaken to
give a general overview of the extent of variatpyasent within the UK aquaculture
industry. The different statistics computed didicate different levels of variability
within and between farm samples with highly stat#ly significant differentiation

being apparent between samples.

3.4.1Genetic variation within the different UK strains

It must be recognized that the population analyseertaken were primarily devised
for describing genetic variation in wild populatorand not in highly managed
aquaculture stocks, so results must be interpresieefully. This particularly evident
from the Hardy-Weinberg analyses undertaken. Therfeakes several assumption
such as: the organism is diploid, reproduction éxual, generations are non
overlapping, the alleles frequencies are identinamales and female, mating is
random, population size is very large, migrationnegligible, mutation can be
ignored, and natural selection does not affectalledes under consideration (Hartl
and Clark, 1997). Clearly many of these assumptttmaot apply in this case as the
rainbow trout strains will have been exposed tofed#nt management and
replacement regimes. The major reason that mone fiadf the loci in all stocks
showed highly significant deviations from HWE exiadions is that many of the
HWE were not met in these farm population. In nues there was an excess of
homozgous individuals (heterozygote deficiency),clvhis a general indicator of
inbreeding and / or population subdivision / mixigither of which is likely to have

occurred on all farms sampled. Possible genotypimgrs cannot be excluded from
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contributing in part to the observed results. O@nsource of genotyping error is the
wrong scoring of heterozygotes as homozygotesatieetpresence of null alleles and

large allele dropout.

While the data are clearly not approriate for aatied analysis of population / stock
structure, they do provide useful information foamagement purposes. Expected
heterozygosites were relatively high and simila68- 0.79) among six of the seven
samples (Fig. 3-2). Only one sample (GTR, GoldesufTrafalgar) was noticeably
lower (0.56), suggesting reduced variability. Whilghly variable loci, heterozygosity
can be an insensitive indicator of extent of valilgbespecially where founder effects
or bottlenecks are being investigated (Chakrab&rtiei, 1977). In many cases a
better indicator is the number of alleles presera stock. Looking at these data (Fig
3-3) there appears to be two distinct groups witlernt mean number of alleles per
loci; i.e GIM1-3 & TRT (10-11 alleles) and GIT, H7& GTR (6.5-7.5 alleles).
However, as this index of diversity is strongly degant on sample size it is better to
consider the effective number of alleles @Mdn this case there was less dramatic
differences between samples. The three GIM sanmaldghe highest values, with the
only anomalous result being GTR, which was sigaifity lower (2.5) compared to
the other samples (5.4 — 3.9). In general the alsmggest that six of the seven
samples have similar levels of variation, with Gb&ng lower. This observation is
likely explained by founder effect bottlenecking.domparison to the other strains the
Golden Trout were founded from a relatively smalintber of fish that possessed the
unique phenotype, and it remains necessary to mate relatives in order to

maintain the phenotype.
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It is difficult to perform meaningful comparisontlevels of variability between other

strains of rainbow trout unless the same panelesfetic markers is used. This is
particularly the case for microsatellites, where éxtent of polymorphism at different
loci can vary widely. With numerous loci availalfler use it is not common for

different researchers to use the same loci séts plssible however to compare the
data generated in this study with those of Fishlecll. (1999) who used the same
loci to characterize rainbow trout from one singleain sampled from a commercial
hatchery in Canada (n = 180). Table 3-5 shows dhgparison between Fishback et al
(1999) strain and the 7 different strains detailedhis thesis. Note that the total
number of samples was 350 but there is a range #6rto 70 samples over the 7

strains in the present study.

Table 3-5 Locus comparison between Fishback €tL8P9) strain and the seven strain from the first
survey in the present study

Locus Allele range Allele range No. of alleles No. of alleles Ho Ho range
size size range

Fishback et al. Presentstudy Fishback etal. Present study Fishback etal. Present study
OmyFGT14TUF 204-210 200-214 4 3-7 0.66 0.45-0.70
Onel8ASC 168-184 157-187 5 5-9 0.64 0.55-0.81
Omy325Uo0G 122-152 113-157 9 6-18 0.75 0.40-0.82
Ssa439NCVM 114-142 106-150 8 7-15 0.78 0.20-0.70
Omy27DU 099-111 092-110 5 4-7 0.69 0.49-0.75
OmyFGT15TUF 161-167 144-180 4 4-9 0.61 0.20-0.68
Omy77DU 098-142 091-141 7 5-12 0.88 0.27-0.54
Omy207UoG 105-127 101-157 6 7-12 0.69 0.31-0.70
OmyFGT23TUF 99-121 94-128 6 7-14 0.78 0.48-0.87
OmyFGT5TUF 164-184 158-188 4 4-11 0.66 0.45-0.94
Ots1BML 161-247 156-256 10 8-20 0.95 0.56-0.93
Omy301UoG 075-123 060-126 11 8-16 0.85 0.16-0.47

The mean allele range size per loci utilized byhbak et al. (1999) was 28.3 bp,
compared to 43.5 bp in the present study, a 65¥ease. This most likely reflects
the larger number of strains examined in the presery. The number of alleles at

each locus reported by Fishback et al. (1999)HerGanadian strain were within the
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range seen for the UK strains. However, despiteestng a much larger sample the
values for the Canadian strain were generally atlttwer end of the UK range.
However, surprisingly, the observed heterozygosdy each locus reported by
Fishback et al. (1999) was generally at the higivet of the range observed in the
current UK study, and sometimes in excess (e.g. 3iyoG). Two possible
explanations for this may be 1) a greater numbenuwf alleles detected in UK
samples and / or 2) non representative samplindjiostrains. While effort was made
to try to get representative samples by taking fiesm different tanks, this may not
have happened in some cases, as stock movemehis faitms were not recorded in
detail. Simply in terms of numbers the much laggnple screened by Fishback et al.
(1999) (n = 180 vs 27-70 for UK ) is likely to beora representative, all other factors

being considered equal.

3.4.2 Genetic variation among the different UK strans

The pairwise genetic differentiation analyses ssgdeat there is highly significant
allelic and genotypic differentiation between th#edent strains / samples (Table 3-
4). While statistically significant and showing atalifferences between samples, it is
difficult to assess the extent of biological or ragement significance of these results.
The performance of these indices can be unevefdgtatl by both the high number
of alleles present among loci and the occurrencaafy unique alleles, even if at low
frequency. As noted earlier the different straisaniples were characterised by
possession of a number of unique alleles. These wgenerally found at low
frequency. While they are likely to be indicatwidifferent imported stocks, it could
be argued that the observed distribution could hengen from founder effects of

subdivision of a single strain originally importedo the UK. As details regarding the
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origins and subsequent management of most straamed in the UK are sparse or do
not exist it is not possible to comment with corfide. Nevertheless the phylogenetic
representations (dendrograms) do show two majarchies, suggesting two different
groups within the seven samples, i.e. samples tlwnisle of Man and all others.
Surprisingly the supposed Glenwyllin isolate atfélgar (GIT) did not group with
any samples taken from Isle of Man. It may be that stock has been misassigned
and has not actually been derived from Glenwylkte of Man. A number of strains
(including Seven Springs and Glenwyllin) were intpdronto the Trafalgar site to
replace broodstock that had been culled becausa disease outbreak and it is

possible that these had been mixed.

3.4.3 General Comments on Genetic Variability in Rabow Trout
Hatchery Stocks

With the obvious exception of the Golden Trout (G Hample there is no indication
that any of the UK strains examined were showirdjcations of reduced levels of
genetic variability. However this remains a potaintioncern. Genetic deterioration
effects like inbreeding can be prevented by thesepration of large number of
boodstock (large Ne) and no selection procedurdsleatchery practice is widely
thought to lead to the reduction of genetic vafighithis may not be the case. Busack
et al (1979) and Guyomard (1981) have found higlewan higher levels of genetic
variability in farmed rainbow trout stock comparednatural populations. Busack et
al (1979) suggested that the conservation of hidéeels of genetic variation in
domestic rainbow trout was the result of historicaiking of strains or due to
balancing selection following population bottlenecnd artificial selection;

Guyomard (1981) suggested that it was due to thenmiof different natural
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populations to form or supplement the strain orspgmg that the hatchery fish
examined were descendents of a particularly higtdyymorphic natural strain.
Thompson (1985) also found high levels of genedigability in various domesticated
rainbow trout strains in the UK; he believes theg simplest explanation for this was
that the strains originated from different natupapulations, each with different

genetic characteristics.

There used to be a wide genetic and environmemtahtion in wild rainbow trout
spawning season. In many cases these large wilatioais have been lost by the past
practice of hatchery managers that tend to setecedrly spawners. Since then, for
commercial reasons linked to year round producgoals, there is now impetus to
expand the spawning period in farmed strains. Duehe high spawning date
heritability for this salmonid species, it has bgmssible to create new artificial
strains from the natural populations. As an extrexample, it is possible to mention
the Rainbow Spring Hatchery (Thamesford, Ontarian&tia) created in 1975 with
just 25 pairs of parent founders. The constantafsartificial phenotypic selection
over spawning date led to the expansion of the speaseason from initially 2
weeks to 8 months, from August to April. This expan has resulted in four
overlapping spawning seasons: summer, fall, wirded spring (Fishback et al.,

2000).

The farms are not in an environment where the ¢mmdi are changing constantly,
and as Meffe (1987) argued, “low amount of gengfidation are not necessarily
deleterious in an aquaculture operation if straiamge the combination of genes suited

to the farm environment”. However it may well beathif the sampling for
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replacement parents is poor then there is a rigkis$ing genes not only fitting the
fish to the farm environment but also conferringf@enance benefits. Losing some
genetic variation during the founding developmenstocks cannot be avoided, but
the extent of loss can be minimised by appropmadelifications to applied breeding

designs.

One practical methodology that might help to comseyenetic variability is to collect
enough milt from the males or neomales chosenftgrelnt time intervals during the
entire reproductive season of the particular streineck the quality parameters and
freeze suitable samples in liquid nitrogen. Crossdke subsequent season should be
done with female induced to spawn utilizing photogee manipulation. The
Glenwyllin IOM farm has the facility for the photepod technique, thus it would be
wise to utilize this methodology as an alternatwfehormonal or water temperature
inductions. This procedure is also increasing generiability by utilizing the
advantages of sexual reproduction i.e. segregadiwh recombination (Guillespie,

1998).
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3.5 Conclusions

The panel of 10 loci screened was highly polymarphiall samples screened.
DNA profiling for parentage analysis could be réadipplied to any of these
stocks with a high expectation of success.

There appears to be substantial genetic variabilityhin the commercial
United Kingdom rainbow trout strains surveyed irs tstudy. This appears to
be the case despite very different managementri@stand levels of record
keeping.

The strains appear to be genetically distinct (@hase population genetic
analyses), though the reasons for this remain ancl@nd possibly
unanswerable given the poor records kept by tterdiit companies).
Possibly, the Glenwyllin stock maintained by Trgtalis misidentified. It did
not show genetic similarity with samples taken digefrom the Isle of Man
farm.

A set of baseline data for commercial UK rainbowutr strains has been

established.
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Chapter4/ PARENTAL ASSIGNMENT IN
RAINBOW TROUT

4.1. Introduction

In the past, the only way to be able to developrailiy based genetic improvement
program in fish was to keep fry populations frone ttame family for a time in
separate compartments until the fish reached anmoimi size which allowed them to
be marked or tagged. In developed countries, bngefdimilies in separate tanks has a
high cost because it requires a complex infrastrectand specialized intensive
labour. Besides, if the families are kept separtite, selection efficiency could be
reduced and it could raise heritability estimatesdar some designs but will
frequently reduce heritabilities due to the intrcilon of environmental effects with
genetic effects. Genetic markers called microstsllare highly polymorphic
markers. This technology could be used for assgs#ie parental relation, for
instance, assessing parent-offspring relationsghgome time of their life cycle. Using
this method allows different families to be kepgether in a common environment,
such as raising fry in a single tank or racewaypidging the confusion of
environmental with genetic effects. Mixing familiesside the same tanks also
maximizes the number of families available for assgent and it is not necessary to
have a large and complex infrastructure, as it tmaylone in a normal commercial
hatchery without modifying it (Gjoen and Bentser§97; Estoup et al, 1998;
Ferguson and Danzmann, 1998; Cunningham, 1999;iNetral, 2000; Hara and

Sekino, 2003; Sekino et al, 2003).
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Recently a number of questions have arisen witpe@sto parental analysis, the
number of microsatellite loci required, the optimiewel of variability in each locus
and dealing with genotyping errors (Castro etZ4lQ4; Pompanon et al., 2005).

A genotyping error occurs when the scored genotypan individual does not
correspond to the true genotype. An error can béegp if the experimental genotype
is incompatible with other reliable independentdevice, such as pedigree data.
Thompson (1976) was one of the first to note thistmatches in pedigree data could
result from laboratory errors. A bibliographic seyvindicates that an increasing
number of researchers are aware of this difficblly that the effect of genotyping

errors still remains neglected (Pompanon et aD520

Pompanon et al. (2005) proposed to group the gpeogyror into four categories:
errors that are linked to the DNA sequence itglors that are due to the low quality
or quantity of the DNA, biochemical artefacts andrfan factors. Genotyping errors
have an effect on parental analysis, as they carergee incorrect paternity or
maternity exclusion. Therefore, it is importanttéie into account the possibility of
genotyping errors when designing an experimentalopgol. Control procedures are
costly and time consuming. Therefore, the effortreducing the error rate must be
adapted to the predictable effect of the genotygingrs. Because genotyping errors
can be generated even with high-quality standaadd, because they cannot all be
detected, efforts must be directed towards limitbaih their production and their
subsequent effect. Theoretical studies and sinomstiare needed to quantify the
robustness to genotyping error of population gesadstimates such as Fst, migration

rate, linkage disequilibrium, probability of idetytiand effective population size.

147



A further possibility is to use tests that, becanistheir statistical power, are robust to
the occurrence of genotyping error. Errors can hésdealt with by allowing a certain
number of inconsistencies to occur between gensetyfieis also valuable to use
methods that calculate the likelihood of obtaineshajypes or pedigrees using a
model of error occurrence, such as a uniform orieoa distribution of errors

(Pompanon et al., 2005).

The main parental analysis methods are those baseexclusion and likelihood
approaches (Jones and Ardren, 2003). The exclysimtiple solely depends on
Mendelian genotype incompatibilities between theeptal parents and offspring. In
many cases, experimental designs allow all thenpate be sampled, maximizing the
power of assignment. In this situation, assignmbased on simple exclusion
compared with likelihood approaches may be oftertessfully used. Furthermore,
when more than one non-excluded set of parentsimemelihood approaches may
be used to choose the most probable parent (e.gqgéfleand Thompson, 1986;

Sancristobal and Chevalet, 1997; Vandeputte @08)5).

The use of a number of different programs witheteght strengths and weaknesses
may probably enhance an assignment project (Hetlal., 2007). Assignments based
on exclusion within close-related family groups npgvide a powerful method for
identifying and possibly quantifying errors/mutaisofor a given set of loci and
condition. This type of information is considereskential for analysis reports based
on likelihood methods (Morrissey & Wilson 2005). this study, the parental

assignment generated by two programmes, PAPA @unzhet al., 2002) and FAP
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free software (Taggart, 2007) are compared usiagydnotypes derived from eleven

microsatellite loci.

4.2. Materials and methods

4.2.1 Fish samples collection

The study used Rainbow trout tissue samples fromr80dstock parents and 1500 of
their offspring. The broodstock (20 females anch2dmales each from Strain A and
Strain B) came from Glenwyllin trout farm on thdelsof Man farm. The 1500

offspring came from 160 potential families; the ddimg design (Fig. 2-4 in the

materials and methods), within and between thedifferent lines.

At the Glenwyllin Isle of Man Trout farm, the brogidck (parents) who became the
Base Population were selected according to thearability, which means that the
female and neomales selected were mature and riEadgtripping or gamete
extraction the day before fertilization. A fin ties sample was taken from all
broodstock used in the breeding design. Finclippdasnwere stored inside a 1.5 ml
microfuge tube and preserved in 100% ethanol. Phecedure was followed by
gamete fertilization, in this way, females and natas from two different lines (A &
B) were crossed according to a programmed desigur@ 2-4), producing two pure

breed lines and one hybrid cross; a total of 16@mga@l families.

The eggs were incubated and at the eyed stageuthbean of eggs in each family
were counted and the families were split into fdiferent groups. All families in

each group were combined and sent to differentcweprs. The fish used in the
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commercial performance testing in this project weeat to the specialist fingerling
producer Company lwerne Spring; all the familiesravengrow in a communal
environment. When the fingerlings had reached aedage weight of 5 g they were
transported to the ongrowing farm at Itchen Abb@assed by the Test Valley Trout
Company (TVT), where the final communal ongrowirapk place. In TVT, the
Glenwyllin strain was combined with the Houghtonri8g strain for communal
ongrowing. Before being combined, the strains weslel separately, in circular tanks
prior to PIT tagging. On the™of June 2003, 3000 fingerling were PIT tagged famd
clipped; 1500 from Houghton Spring and 1500 fronmer®yllin were randomly
selected for the communal rearing trial. Nevertsgl¢his study only used the samples

from the Glenwyllin strain.

The sampling procedure used was first to anaegthdie fingerlings, then a PIT tag
was implanted with an injector into the abdomiraity. A clean scalpel blade was
used to cut a 5mm finclip, from the lower part bétcaudal fin. Then the finclip

samples were placed in a previously labelled (laseted PIT tag number on a slip
of paper inside the tube) 1.5 ml microfuge tube preserved in 100% ethanol. Table
4-1 shows all the families produced and the caodliion for each family group. All the

samples were transported back to the laboratorypfocessing at the Institute of

Aquaculture.

150



Table 4-1 Code name description, number of samples,date of collection for the 4 different groups
of Glenwyllin IOM Base Population and Offspring $tiGeneration

Code Code name description Number  Collection date
name of (dd/mmlyyyy)
samples

AFI Line A, Female, Glenwyllin Isle of Man, Base Raation 20 13-11-2002
ANI Line A, Neomale, Glenwyllin Isle of Man, Bas®pulation 20 13-11-2002
BFI Line B, Female, Glenwyllin Isle of Man, Basepftation 20 13-11-2002
BNI Line B, Neomale, Glenwyllin Isle of Man, Baseglation 20 13-11-2002
OIM Offspring Glenwyllin Isle of Man, First Genera (F1). 1500 04-06-2003
> 1580

The DNA extraction, multiplex PCR reactions, and geeparation are explained in

more detail in the General Material and Methodsa(giér 2).

4.2.2 Parental analysis

Family Analysis Program (FAP) (Taggart, 2007)

The package specifically addresses the issue digbnee assignment at family level,
while also providing useful aids to identify proimatic loci/miss-scoring during
actual assignment. Based on exclusion principles assuming all parental genotypes
are known, FAP (current version 3.5) performs twlated tasks — predictive and

actual assignment. In this current study, the assent mode will be used.

Assignment mode: The family database can be quenigd specific progeny
genotypes for family assignment. This mode mayurewith or without computing
predictive statistics. Progeny genotypes are raeddom a tab-delimited text file and
the resultant output file gives each progeny anitbgomposite genotype and lists all
potential matching families. Two tolerance aids iaorporated to explore potential
genotyping problems ‘Allele Mismatch Tolerance’ (AM and ‘Allele Size

Tolerance’ (AST). In this study, the AMT aid wilekexplored.
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AMT allows imperfect matches to be identified irsea where no match is found for
the full selected locus data set (i.e. to allowdooring error/mutation among progeny
or parental samples). If AMT is enabled and no m&dound for the full locus data
set, the progeny genotype is reanalysed with se@ligrncreasing tolerance (n-1, n-
2, etc. alleles matching) until a match is foundha entered AMT value is exceeded.
Reduced tolerance matches are flagged and thecagdi locus (or loci) is identified

in the output file.

Three classes of assignment are possible: ‘singkeith— where the offspring is
assigned to a single family; ‘multi-match’ — whehe offspring is assigned to more
than one family (all are listed); and ‘no-match’ where all potential parental-pairs

are excluded, thus the offspring is not matcheahtpfamily.

Package for the Analysis of Parental Allocation (RPA) (Duchesne et al., 2002)

PAPA is a computer program that performs parentatation based on breeding
likelihood methods (Sancristobal & Chevalet 199h)d also comprises simulators
that allow statistical assessments of allocatiamuery. Given an offspring genotype,
the likelihood of a parental pair of genotypes é$irted as the probability of this pair
producing the offspring genotype among all of thpaissible descendents. Contrary to
exclusion methods, likelihood based parental ationamethods allow for some
degree of transmission errors due to genotype madsmg or mutation (e.g.
Sancristobal & Chevalet 1997; Marshall et al. 1998)e relaxed nature of the latter
condition means that likelihood methods generaiyl éor much less extensive

genetic information than exclusion-based ones.
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PAPA provides a Monte-Carlo simulator that may ksedito obtain empirical
distributions of many relevant random variableshsas rates of successful allocations
and allocation failures. The embodied simulatoovai modelling of all allocation
conditions (allele transmission error, missing p&sge etc.). Parental simulations,
which involve already known parental genotypes,dpoe empirical distributions

from which the accuracy of the allocation of refispring may be assessed.

Simulation conditions: Simulations may be run untlgo distinct conditions: (i)
preparental; and (ii) parental. The parental sitmutaprocedure use real collected
parental genotypes. This study uses the sexed tphim@mulations mode, its main
purpose is to build empirical distributions of rand variables, given the real
collected parental genotypes. Such distributionswsed to assess the accuracy level
of a specific allocation process. The program retpeeto provide information such
as: estimated number of uncollected parents, naimecp male genotype dataset,
female genotype dataset, number of iteration, nurmbpseudo offspring generated at

each iteration, uniform error, and number of sub$é&tci.

Allocation method: To assign an offspring to a &néamily (parental-pair), its

breeding likelihood is computed for each potenf@ahily, the one with the highest
likelihood is assigned as family. Offspring are massigned to a single family when
either two or more families share the highest pasitikelihood, in this case the
program said there is an ‘ambiguous’ or all farsilghow zero likelihood, in this case

the program said there is a ‘null’ likelihood. Takocation parameters are (i) choice
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of loci; (ii) global level of transmission errorna (iii) distribution of transmission

error over alleles.

In both cases simulation and the allocation modetegree of transmission error (i.e.
allele mistyping and/or genetic mutation) can beoatmodated. This transmission
error rate can be either uniform (all errors asslinte be equally likely), or non-

uniform (to reflect greater miss-scoring betweeleles of similar mobility). This

study utilizes the uniform transmission error. Siaions run using the chosen error
model/value can be used to evaluate the likely paf¢he allocation and provides a
computed measure of ‘correctness’, i.e. the leYeonfidence/accuracy that can be

expected from actual assignments.

Strategy

In order to assess assigned correctness with PAfage it was necessary to run
simulation studies using the following conditiorl: the male and female genotypes
were known, thus the uncollected parents varialdieevget to 0. In this particular case
the use of structured parental files was used Isecad the crossing design. The
uniform error variable was explored using two val@e02 and 0. Furthermore, values
of 300 iterations and 1500 pseudo-offspring peaiten were used. The simulation
determines a critical value of minimum loci with st offspring may be analysed.
Then all the offspring are analysed with FAP toeassthe effectiveness of the
exclusion method: first, using O mismatch and tHéh mismatch to force the
assignment, revealing those loci with problems. nThée offspring with a single

family may be separated from those with multiplaifees.
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Mismatches may be eliminated from single familyspfing and reanalysed to see
whether the same family assignment results arer@atacomparing them then with
the PAPA results. The families should be the sanmenwusing both programs.
Finally, the resulting offspring with multiple fah@s from FAP software are analysed
with PAPA, which will determine a single family. iBhlast identified family should

be within the multiple families identified using PA

4.3. Results

4.3.1 Glenwyllin strain parental genotyping

All the Glenwyllin parents and offspring genotypiwgs done using 12 loci (Table 4-
2). However, the locus OmyFGT5TUF was eliminatedaose of its poor PCR
amplification so subsequent analysis was based Jorodi. All the Glenwyllin
parental groups AFI, ANI, BFI and BNI, 80 adult maow trout in total, were
successfully genotyped at 11 loci. In order to gmdd genotype dataset at all loci it
was necessary to repeat PCR reactions and extestt DNA from the original tissue
samples. Table 4-2 is a detailed description ofall/alleles involved in the genotype

of the four different Glenwyllin parental groups.
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Table 4-2 Allele sizes and NA observed in 11 lacithe different Glenwyllin IOM parental groups.

Loci microsatellite ~ Group Allele size NA Loci Group Allele size range NA
range microsatellite
Omy207UoG AFI 107-157 11 OmyFGT14TUF  BFI 204-210 3
ANI 107-157 10 BNI 204-210 4
BFI 107-157 10 OmyFGT15TUF  AFI 154-166 5
BNI 107-157 10 ANI 154-166 5
Omy27DU AFI 104-108 3 BFI 154-166 5
ANI 104-108 3 BNI 144-166 6
BFI 104-108 3 OmyFGT23 AFI 099-121 7
BNI 104-108 3 ANI 099-121 8
Omy301UoG AFI 064-100 6 BFI 099-121 8
ANI 064-122 12 BNI 099-121 7
BFI 064-122 9 Onel8ASC AFI 167-183 5
BNI 070-122 10 ANI 163-183 5
Omy325U0G AFI 117-143 6 BFI 167-183 5
ANI 117-151 7 BNI 173-183 4
BFI 117-143 7 Ots1BML AFI 160-250 7
BNI 117-143 6 ANI 160-250 8
Omy77DU AFI 099-129 6 BFI 160-250 7
ANI 099-125 6 BNI 160-178 7
BFI 099-129 5 Ssa439NCVM AFI 114-140 10
BNI 099-129 6 ANI 114-146 10
OmyFGT14TUF AFI 204-210 3 BFI 114-150 10
ANI 204-210 4 BNI 114-140 9

NA = Number of alleles

Table 4-3 shows the results obtained for the vleglmean number of alleles MNA,

and expected and observed heterozygosity in tierelift Glenwyllin parental groups.

Table 4-3 Mean number of alleles, expected andrebdeheterozygosity over all different groups of

parents.

Group N # Loci MNA MNA SD He He SD Ho Ho SD
AFI 20 11 6.27 2.49 0.738 0.035 0.650 0.032
BFI 20 11 6.55 2.54 0.731 0.039 0.705 0.031
ANI 20 11 7.09 2.81 0.731 0.039 0.682 0.031
BNI 20 11 6.55 2.38 0.731 0.032 0.695 0.031

N = number of samples

Ho = observed heterozygosity

MNA = Mean number of allele$le = expected heterozygosity

The results in Table 4-3 show that there is nced#ffice in the mean number of alleles

and also the expected heterozygosity and thatlikereed heterozygosity in the BFI

group is significantly higher than that in the otfemale group AFI.
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4.3.2Glenwyllin offspring genotyping

1500 offspring rainbow trout PIT tagged at TVT wegenotyped at 11 loci. However,
not all the individuals were successfully genotypéedll 11 loci because of imperfect
amplification due to different factors. Furthermotbe offspring were genotyped
without replication. Figure 4-1 shows all the ofigg genotyped with different

combinations of more than 6 loci amplified altogath

Offspring with 6 or more loci genotyped

Number of offspring

- I
0 -
8 9 10 11

6 7

Number of succesfully genotyped loci

Figure 4-1 Detail of the performance of the offagriGlenwyllin IOM genotype procedure. Offspring
with 6 or more loci successfully genotyped are sidav= 1490).

Figure 4-1 shows the performance of the offspriemafype procedure. The raw
genotype dataset shows that 834 (55.6%) offspriegesuccessfully genotyped with
11 loci, then decreasing the values; 390 (26.6%spdhg with 10 loci, 175 (11.6%)

offspring with 9 loci, 62 (4.1%) offspring with &¢i, 20 (1.3%) offspring with 7 loci,
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and finally 9 offspring with 6 loci. The final sunation is 1490 (99.3%) offspring

with more than 6 genotyped loci.

Number of missing genotype per locus

Omy27DU
Ssa439NCVM
Ots1BML
Onel8ASC
OmyFGT14TUF
Omy77DU
Omy325Uo0G
OmyFGT15TUF
Omy207UoG
Omy301UoG
OmyFGT23TUF

0 50 100 150 200 250

Number of mising genotype per locus overall the offspring data

Figure 4-2 Detail of the total offspring genotyperformance. The total number of missing genotypes

is presented for every locus for the whole popatath = 1500).

From Figure 4-2 it is possible to appreciate thaltoumber of missing genotypes per
locus over all the offspring dataset. Thus, it ssgble to appreciate that locus
OmyFGT23TUF has the highest amount of missing d248), followed by
Omy301UoG (228), then Omy207Uo0G (158), and fin@inyFGT15TUF (129). The
summation of these 4 loci resulted in 763 missiegagypes data (67.1%). Thus, there
are a total of 1,136 missing genotypes data otih@f16,500 potential genotype data

from all the 1500 offspring.
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The next step was to proceed with the predictiisguPAPA software simulation
mode, the procedure used 300 iterations and 158@dpsoffspring. Table 4-4 shows
the simulation results over different nhumbers awdnlinations of loci and two
different uniform transmission errors. The diffearenmbinatory analysis started with
[11, 6] loci and finished with [11, 11] loci, i.&1 loci were used for the parents and
the offspring are going to be analysed with différ®ci combinations: starting with
different combination of 6 loci, then 7 loci, folling by 8 loci, 9 loci, 10 loci, and
finishing with all 11 loci. The different uniformmansmission errors utilized were 0.02

and 0.

Table 4-4 Simulation results over different comitimas of loci and two uniform errors indicating in

each case the mean allocating results and the cmgeattness for each combinatory group

Type of decisions

Mean correctness among
allocated pseudo-offspring

Uniform Combinatory Mean Mean Mean Pair Male Female
error Allocation ~ Ambiguous Nulls

0.02 [11,11]= 1 0.999 0.001 0 0.999  0.999 0.999
0 [11,11]= 1 0.999 0.001 0 0.999  0.999 0.999
0.02 [11,10]= 11 0.999 0.001 0 0.999  0.999 0.999
0 [11,10]= 11 0.999 0.001 0 0.999  0.999 0.999
0.02 [11, 9]= 55 0.999 0.001 0 0.999  0.999 9.99
0 [11, 9]= 55 0.999 0.001 0 0.999  0.999 0.999
0.02 [11, 8]= 165 0.999 0.001 0 0.996  0.996 6.99
0 [11, 8]= 165 0.999 0.001 0 0.998  0.998 0.998
0.02 [11, 7]=330 0.997 0.003 0 0.991  0.991 D.99
0 [11, 7]=330 0.996 0.004 0 0.996  0.996 0.996
0.02 [11, 6]= 462 0.990 0.010 0 0.977  0.977 0.97
0 [11, 6]= 462 0.988 0.012 0 0.987  0.987 0.987

Table 4-4 shows that the best simulation resuitdeims of mean correctness, were
obtained using a uniform transmission error of 8raall the different combinations of
loci, i.e. without error. Using this procedure there no null assignments and just a

minimal amount of ambiguity assignment. From tliswation it was decided that all
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further analyses from PAPA were going to be analy@éhout error when possible,
because the errors could be eliminated but it ispossible to do it in the case of

multiple family assignments per offspring.

Table 4-5 shows the analysis using FAP software. drmlysis utilize all 11 loci and
all the 1500 offspring, first allowing O allele matches, and then compared with
another analysis allowing up to 10 allele mismaschiéhe reason for this approach

was to force an assignment for each of the offgprin

Table 4-5 Parental analysis of all 1500 offspritijzing FAP software, first using the dataset aling
0 mismatches and then the same dataset allowimgsi@atches

Dataset allowing Dataset allowing
0 mismatch 10 mismatch
Total number of offspring used (%) 1500 (100) 1500 (100)
Number (%) of offspring assigned to a single 104 (6.9) 1290 (86)
family.
Number (%) of offspring assigned to more 5(0.3) 210 (14)
than one family
Number (%) of offspring not matched to a 1391 (92.7) 0 (0)

family

The new parental allocation dataset, allowing ugl@omismatches, was corrected
utilizing FAP software and afterwards reanalyzedizing FAP software again and
then PAPA software. The results of the assignedliissnfrom both programs were
compared, to see whether the assigned families wWeresame. The simulation
showed that when there is no transmission erroer(0r) the parental assignment

based on 6 loci gives a probability of assignméitL.887.
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4.3.3 Parental assignment of offspring using diffent combinations and
numbers of loci.

Using the group of offspring assigned to a singleify (n = 1290: 86 %) from the
dataset of offspring allowing up to 10 mismatch&sble 4-5), it is possible to
identify and quantify all the errors and then ehate them, i.e. the mismatches are
changed to zero, after this procedure the errdrbeilconsidered as missing loci. This
resulted again in the identification of a groupfish with subsets of less than 6 loci.
In order to follow the initial simulation from PAPgoftware, those offspring need to
be removed from the dataset. So, from the 129Qowoiffg, 1242 offspring have a
minimum of 6 loci and 48 offspring have less tharlo6i, these last ones are
discarded. In this way, a new dataset without mishes is created. Table 4-6 shows
the comparison of the family assignment resultagu$tAP software of these 1242
offspring, between the old dataset without mismatotrection (allowing up to 10

mismatches) and the new dataset with mismatchaare(allowing O mismatches).

Table 4-6 Comparison of parental assignment ressitsg FAP software with the 1242 offspring with
a single family between a database without cowaaind another one with correction

Without Correction With Correction

(10 mismatch) (0O mismatch)
Total number of offspring used (%) 1242 (100) 1242 (100)
Number (%) of offspring assigned to a 1242 (100) 1220 (98.2)
single family.
Number (%) of offspring assigned to 0 (0) 22 (1.8)
more than one family
Number (%) of offspring not matched to 0 (0) 0 (0)
a family
Ratio (%) of families that concur between 1220/1242 (98.2)
the dataset Without Correction & With
Correction
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When the 22 offspring assigned to multiple familiesm the dataset group with
correction were compared with the same 22 offspwith a single family from the
dataset group without correction, it was possibleliserve that the single families of
the offspring were always included within the mplii families. The 22 offspring with
multiple families have on average 2.3 families eaghth a minimum of 2 and a
maximum of 6 families. Table 4-6 shows the efficigf concurence of this method
as there exists 98.2% consistency of results betilee databases with and without
correction. To be able to assess the efficienayooturence between FAP and PAPA
software, the same procedure has to be done wiAPRollowing this idea, Table 4-
7 shows the comparison of the family assignmentlt®sising PAPA software of
these 1242 offspring, between the old dataset withusmatch correction (allowing
up to 10 mismatches) and the new dataset with miedmeorrection (allowing O
mismatches). On this occasion PAPA analysis utijza transmission error 0.

Table 4-7 Comparison of the results of parentalgassent using PAPA software with the 1242
offspring previously selected between the datagiowt correction and with correction.

Without Correction With Correction
(10 mismatch) (0O mismatch)

Total number of offspring used (%) 1242 (100) 1242 (100)
Number (%) of offspring assigned to a single 103 (8.3) 1236 (99.5)
family.
Number (%) of offspring assigned to more 0 (0) 6 (0.5)
than one family
Number (%) of offspring not matched to a 1139 (91.7) 0 (0)
family
Ratio (%) of families that concur between the 103/1242 (8.3)
dataset Without Correction &  With
Correction.

These family assignments that concur between the tiferent dataset are

significantly lower (8.3%) than the results obtainesing FAP software (98.2%)
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(Table 4-6). The reason of these results is becthigsdataset that contained error (10
mismatches) was analysed with transmission errdn @he case of assignment to
multiple families, PAPA software does not indicathich ones are the multiple

families; meaning that the results are ambiguous.

A comparison of their respective parental assigrimesults was performed in order
to be able to quantify the efficacy of using bo#PFand PAPA software. Table 4-8
shows the comparison of the parental assignmenttseshen utilizing the database

with correction (O mismatches).

Table 4-8 Comparison of the results of parentaigassent between FAP and PAPA with the 1242
offspring previously selected using the dataset witrrection.

FAP With Correction PAPA With Correction
(0O mismatch) (0O mismatch)

Total number of offspring used (%) 1242 (100) 1242 (100)
Number (%) of offspring assigned to a single 1220 (98.2) 1236 (99.5)
family.
Number (%) of offspring assigned to more 22 (1.8) 6 (0.5)
than one family
Number (%) of offspring not matched to a 0 (0) 0 (0)
family
Ratio (%) of families that concur between the 1220/1236 (98.7)

different software

The number of families that concur between FAP BAPA software are 1220

(98.7%).
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4.3.4 Comparison of the offspring that have multigg¢ family assignments
with the different methodologies

It is possible to differentiate between two differgroups of offspring with multiple
families, one that has a dataset without mismatahdsanother with mismatches. The
dataset with mismatches cannot be fixed using F#ffvare. The dataset are going to
be analyzed separately, first the one with coroesti(Table 4-9) and then the one

without corrections (Table 4-10).

Table 4-9 Comparison of the results of parentaigassent between the 22 offspring with multiple
families using FAP software with the results ob¢giusing PAPA software.

FAP With Correction PAPA With Correction

(0 mismatch) (0O mismatch)
Total number of offspring used (%) 22 (100) 22 (100)
Number (%) of offspring assigned to a single
family. 0 (0) 16 (72.7)
Number (%) of offspring assigned to more 22 (100) 6 (27.3)
than one family
Number (%) of offspring not matched to a 0 (0) 0 (0)
family
Ratio (%) of families that concur between the 16/22 (72.7)

multiples family assignment with FAP and
single assignment from PAPA

When one observe Table 4-9 it is possible to redtmt the effectiveness of PAPA
software in assigning to just one family is in thase 72.7%. From the 210 offspring
assigned to multiple families from the dataset wuthcorrection utilizing FAP (Table

4-5), there are 93 offspring with more than 6 |ddi7 offspring assigned to multiple
families were discarded for not having the minimaomber of loci (6). Thus, in

order to be able to determine the real parentagasent of these 93 offspring, Table
4-10 compares the multiple family assignment frdra tlataset without correction

obtained with FAP software and the results obtaifimin the dataset without
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correction with PAPA software. When using PAPA, tlreform transmission error

was set up at 0.02, because the errors could natrbamated.

Table 4-10 Comparison of the results of parentaigasnent between the 93 offspring with multiple
families using FAP software with the results ob¢giusing PAPA software.

FAP Without Correction PAPA Without Correction

(10 mismatch) (10 mismatch)
Total number of offspring used (%) 93 (100) 93 (100)
Number (%) of offspring assigned to a single
family. 0 (0) 92 (98.9)
Number (%) of offspring assigned to more 93 (100) 1(1.1)
than one family
Number (%) of offspring not matched to a 0 (0) 0 (0)
family
Ratio (%) of families that concur between the 92/93 (98.9)

multiples family assignment with FAP and
single assignment from PAPA

From the results obtained with FAP it can be natiteat the 93 offspring have an
average number of 2.6 families each, with an offfgpwith a minimum of 2 families
and another offspring with a maximum of 9 familiékhe efficiency of PAPA
software to discriminate between different familoesild be seen from Table 4-10, as
there are 98.9% families that concur between FAPRAPA software, i.e. only one

offspring’s family could not be identified.

Thus, from the different tables it can be apprecdahat the total number of offspring
with a single family would be 1220 from Table 448us 16 from Table 4-9 and
finally plus the 92 offspring from Table 4-10, whigave us a total of 1328, with an
efficiency of parental assignment of 88.5%. Newddhs, there is a range of
correctness between 0.91 and 0.99. If we look at Rlgure 4-3 is possible to

appreciate the efficiency of allocation with di#et values of correctness.
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Figure 4-3 Allocation efficiency according to PARAftware utilizing different values of correctness

From the Figure 4-3 is possible to appreciate idt correctness higher than 0.95
there is an allocation efficiency of 87.3%, alstéhagorrectness higher than 0.98 there
is an allocation efficiency of 80.7%, and finallyitkv correctness higher than 0.99

there is an allocation efficiency of 74.9%.

4.4. Discussion

The fact of having genotyped the 4 different groop&lenwyllin Isle of Man parents

several times each to determine their complete Imatenotype provides great
certainty about the exactness of the results. Hewealue to the large number of fish
used and small budget, it was decided that thewiffg would be genotyped without
replication. The offspring genotyping had an atlglroduction efficiency of 93.2% on
overall 1500 offspring, 1490 (99.3%) offspring geme have amplified more than 6
loci. The results show that the loci mainly invalva this lack of amplification were

Omy207Uo0G, Omy301UoG, OmyFGT23TUF, and OmyFGT15TUkese four loci
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accounted for 67.1% of the missing genotypes. Thei 10my301UoG,
OmyFGT23TUF, and OmyFGT15TUF had a particularly @R amplification
when comparing the graphic image of the ABI sofewvaiith all the other different
loci. When one observes the number of missing locthe population of 1500
offspring one may feels that these results do movige a good dataset for parental
assignment. However, this is not true, as 149(pafig, i.e., 99.3%, had more than 6
loci, and the simulation of parental assignmentiedrout with the PAPA software
shows that with a uniform transmission error of fd@an correctness of 0.987 may be

obtained with a mean allocation power of 0.988.

FAP is based in exclusion methodology and the pwognas the possibility to use the
mismatches tolerance mode to get a family assighmenthe present study, this
mode was used allowing up to 10 allele mismatcagsn analytical tool to identify
problematic loci that did not amplify and also todf out the alleles (loci) that had a
mismatch. It was therefore possible to recognieedtifispring with problematic alleles
(loci). Thus, 1290 offspring with parental assigminéo a single family and 210
offspring with parental assignment to multiple faes could be separated. In both
cases, the new dataset obtained specifies in emehthe offspring with the details of
the mismatches and the missing data in each camdspy loci. In this way, a
subgroup of 1242 from the 1290 offspring, with animum of 6 amplified loci were
separated. However, the group (database) contamedhatches. To be able to
analyse the dataset, it was decided to create adataset, but on this occasion
without mismatches and then compare the resultgofi@ct the errors of the dataset,
one has to change the mismatching loci, both alldéle zero. As an example, let’s

suppose that in the offspring OIM1022 there is $mdtch in the alleles “122 124"
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that belongs to the locus Omy27DU. Thus, in ordercorrect the error, the
mismatching alleles “122 124" are changed to “000"0 Then the program may be
re-run, getting a new family assignment without nmasches. Non compatible loci
were eliminated. Thus, the 1242 offspring datastt more than 6 loci amplified had
an initial locus amplification production of 95% darfinished with 79.1% after
eliminating the problematic loci. The efficiency this method may be seen in Table
4-6, where the comparisons of the parental assighmesults between the databases,
with and without correction, were analysed with FARre 98.2%. This result
suggests that the elimination of mismatches (leoduld be a good method for
parental assignment, provided there are a suffiammber of loci (information)
permitting this operation, as in this case.

Apart from that, Table 4-10 shows the results @sthtwo joint FAP and PAPA
programs methodology, i.e., when they use the sapreected database. The
consistencies of the results in terms of the patedsignment of the offspring with
this corrected database were 98.7%, suggestinga gompatibility and efficiency

using these two programs together.

O’Reilly et al (1998) in a study of parental asgigmt analysis, performed a specific
analysis with replicas to be able to study the tgpd rate of errors of microsatellite
marker genotyping. Their results varied considgrabétween dinucleotide and
tetranucleotide microsatellites. However, the dieatde microsatellite was the one
that generated a larger number of errors, speltifiearors in assessing the size of the
allele and the stutter band. Overall, approximatetyo of their offspring surveyed
during preliminary analyses were incorrectly typgtdone or more alleles. Of the

approximately 5400 alleles typed in their analy@s3% were scored incorrectly,
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based on subsequent typing and re-analysis. Thacingb mutations on the accuracy
of parental assignment in their study was mininfést, mutation rates at the loci
they used were quite low, between®1and 10". Second, approximately 90% of
mutations should be detected using compatibiliglyses, and hence, accommodated.
Third, of those that were not detected, few (0484). could lead to incorrect

determinations of parentage (O’Reilly et al, 1998)

The fact of not having performed replicate genatgpamong the progeny did not
allow us to make an analysis of the kind with m@afterrors. However, the experience
developed over the GIM sample genotyping, gave uew of the possible kind of
errors produced during the procedure. The resuimwvsthat two of the most
polymorphic loci (Table 4-2), Omy207UoG and Omy3@%.,) are also the loci with
the higher numbers of not amplified or missing lalle suggesting that highly
polymorphic dinucleotide loci (all the microsatedliused in the present study were
dinucleotide) with many closely spaced alleles mo¢ good markers for parental
assignment. Maybe this was due to the large gyaotistutter band, or it could be
also the difficulty of separating between alleleze gbinning). In most cases alleles
need to be binned, with fragment assigned to alteliegories according to their
lengths. These binning processes include fittingeoked alleles lengths to bins
defined by the repeat unit of the locus being atergd by simply rounding fragment
lengths to the nearest base. Binning errors mage an many ways, but the most
important and often overlooked problem is that Di#gment mobility depends both
on length and on the sequence (Rosenblum et af; 188nz et al. 1998; Amos et al.
2007). According to Pompanon et al. (2005), scorergors might also be an

important issue in the automated and semi-autonsteding of fluorescence profiles.
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For example, human subjectivity during manual sapriepresented the main source
of discrepancy between AFLP data sets that werergéed by independent scorers

who were using the same electropherograms.

The locus Omy207UoG had an overlapping allele ramigie the locus Ots1BML in
the range 155-160 bp causing confusion in theedlalithin the size range at the two
loci. This problem could be solved by changing dye of one of the loci involved.
Fishback et al. (1999) did not have this problemalbse their strain did not have
alleles in the range 155-160 bp. Finally, the locesa439NCVM had allele
differential amplification, meaning a preferentathplification of smaller alleles over
the larger alleles in heterozygotes. This probleas wecognized by Fishback et al.

(1999).

Pompanon et al. (2005) in an extensive survey ef literature and their own
experience explained that genotyping errors reduftem diverse, complex and
sometimes cryptic origins. They grouped the geredygrrors into four categories. (1)
Variation in DNA sequenceéAn error that is linked to the DNA sequence can b
generated by a mutation close to a marker, ifftaitking sequence is involved in the
marker-detection process. In microsatellite stuthesmost common error of this type
is the occurrence of null alleles. (2w quantity or quality of DNAA low number of
target DNA molecules in an extract results fronheitextreme dilution of the DNA
or from degradation, which leaves only a few intactiecules. Both these conditions
favour allelic dropouts and false alleles. Bpchemical artefactAt the end of the
elongation step of a PCR, the Taq polymerase hesdency to add a non-templated

nucleotide to the 3’end of the newly synthesizethnst (4) Human error
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Unexpectedly, in the few studies designed to amathie precise cause of genotyping
error, the main cause was related to human fachora.parental exclusion study of
Antarctic fur seal, Hoffman and Amos (2005) atttémi180%, 10.7%, and 6.7% of the
errors to scoring, data input and allelic drop @#pectively. This means that human

factors were responsible for about 93% of the srotheir study.

To be able to limit errors during genotyping, itshlbeen suggested that the best
solution would be to try to minimize human erros, this variable represents the
higher error percentage. To achieve this, one whalee to use only highly qualified
staff, with only validated procedures and a maxam@itomation in the process.
Besides, one must always use positive and negatimgols. Replicas for real-time
error detection and error rate estimation shoukb de made. In this study, the
samples were not sent to a specialized laboratmuy,were instead the result of
applying a protocol developed by other researchétts certain modifications done
for us. The quality of the results improved towé#nd end of the laboratory process.
Also, the process was automated as far as possifileg multiple channel pipettes
and programs and systems that helped us to autdimateandling of the samples.
Positive controls were also used and no replicas wiene, due to the additional
associated cost. Pompanon et al. (2005) suggdstlitleato the associated cost of the
systematic use of replicas, which is significanany efforts have been made to
reduce this amount using Maximum Likelihood Approachor even discarding
replicas if the error rate is sufficiently low toe bmonitored with alternative
approaches. Other researchers have stated thaimenao trend appears to be
recommending the screening of a minimum number arkers, in order to limit cost

(Castro et al., 2004; Pompanon et al., 2005; Hetlial. 2007). However, when Herlin
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et al. (2007) discussed their results, they redlidat by using just 5 loci for their

parental analysis, they obtained different restitts parent determination when
comparing the results with different software fargntal analysis such as FAP,
PAPA, and CERVUS. They reached the conclusion th&aen more DNA

microsatellite marker types were developed for #pecies in which they were
working, the process should improve. This situatv@uld increase the cost due to the
expense of the markers, but it would improve th&ulte and processes. Besides,

science tends to reduce costs of technologicalegs®s in time.

One of the purposes of the preset investigation besn to create daximum
Likelihood Approactcombining FAP and PAPA and skipping replicas. Tdsults in
Tables 4-9 and 4-10 show the efficiency of the PA$bRware in discriminating
multiple families when its results are comparedhwiite results of multiple families
identified with FAP using the database with andhaitt correction, as Herlin et al.
(2007), found in their study of parental assignmé&hie family matches in this study
were 72.3% with dataset correction and 98.9% wvhth dataset without correction,
suggesting that likelihood and exclusion combined both a good methods for

parentage assignment.

The present study gave 88.5% single family assigmnmatilizing different
combination of more than 6 loci (6 to 11) with age of correctness between 0.91
and 0.99. Thus, the allocation results varies wiith level of correctness; with
correctness higher than 0.95 there is an allocagfbiciency of 87.3%, and with
correctness higher than 0.99 there is an allocafbaiency of 74.9%. The crossing

design applied in this study involved the productod 160 families. These results are
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similar to those found by Ferguson and Danzmanf&) vhere they obtained a 90%
correct assignment rate to 135 possible famili@sgus4 microsatellite loci. O’ Reilly
et al (1998), observed 99.5% correct assignmeettoal 2 full sib groups [12 (1 x 1)]
using 4 loci microsatellite, but then this rate rdased to 81.6% single family
assignments when the number of crosses increasetfittamilies (12 x 12). Finally,
Villanueva et al (2002), in a simulation study ob&al 99% single family assignment

using nine 5-allele loci or six 10-allele loci irl@ x 10 crossing design.

One may conclude that using DNA microsatellite reeskwith multiplex PCR

reactions systems, combined with parental assighs@hware based on exclusion
and likelihood are essential for obtaining goodepéal assignment results. In view of
these advantages, the use of these systems ingdgoerblems is particularly useful
and they prove to be a versatile and reliable togbarental assignment. Greater
efforts should be made to develop multiple reastiowith tetranucleotide

microsatellites as these can overcome the problhstutter and mismatching of

alleles with small 1-2 base size differences.
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Chapter5/ PHENOTYPIC AND GENETIC
PARAMETERS

5.1. Introduction

To develop a breeding program it is necessary fostinderstand the sources of
variations within and between the rainbow troutiss or lines involved in the
project. The majority of economically important itsain fish, as also in other
organisms, are quantitative traits; this implieatths it is not possible to establish
discrete categories when measuring a certain pyeicotrait of a population,

individual values form a continuous series (Nelral£1999).

These quantitative traits are determined by mamegsdloci), each one of which
behaves in a Mendelian manner, and their effeatuimulative, which implies a

quantitative inheritance. As each gene adds a sef@ct to the genotype, and
environmental factors also contribute to phenotypariance this explains the
continuous variation of these traits in the popata{Neira et al, 1999).

The value observed when the trait is measured omdimidual is the phenotypic

value of that individual, e.g. weight or length. @oalyse the genetic properties, it is
necessary to divide the phenotype into its compobparts attributable to different

causes. The first division is into components lattable to the influence of genotype
and environment. The amount of variation in the yajoon is measured and
expressed as the variance. The total varianceeiplienotypic variance (Vp) is the
sum of separate components; the genotypic (Vg)eamaronmental variance (Ve).

This genotypic variance (Vg) could be defined as $sum of additive (Va),

dominance (Vd), interaction (Vi), thus:
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 Vp=Vg+Ve

e Vp=Va+Vd+Vi+ Ve
This partitioning allows us to estimate the relatimportance of each determinant in
the phenotype, in particular heredity versus emvirent. The ratio Va / Vp value
which expresses the extent to which the phenotgpeetermined by the genes
transmitted from the parents, is called tieritability in the narrow senser just
heritability. The heritability (h?) determines the degree of resemblance between
relatives (Falconer, 1981). Environmental effeotdude a variety of different factors
including climatic (e.g. temperature, salinity, .gtawutritional, maternal effects and

others such as age.

Thus, in order to optimise a breeding programme pratdlict selection response,
components of phenotypic variance must be pargtiomto additive genetic, non-
additive genetic, maternal, common environment emmlom residual effects. The
additive genetic effects are the most important poments of the phenotypic
variation, since it is the main cause of resemldapetween relatives, therefore the
determinant of the observable genetic propertiestha response to selection of the
strain. In the absence of additive genetic vanmatlere can be no selection progress

(Falconer, 1981).

In order to determine the resemblance betweerelaéves it was necessary to assign
each of the offspring produced to a single pargpaal. The background molecular
analysis of genetic variation in the various UKutrgtrains showed that there was
enough variation present in most strains, partiutiie Glenwyllin strain, to assign

individual offspring to a single strain using beéme6-12 microsatellite loci. The
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protocols used and the analysis of the offspriagogype data are described in detail
in Chapters 2, 3 and 4. The genotyping study assid.242 Glenwyllin offspring to
single families and it is these fish that wereeduo estimate the genetic parameters
for this strain. Although the Houghton Spring fislere treated in the same way as
those of the Glenwyllin strain it was only possibdeundertake the genotyping of the
Glenwyllin fish as part of my PhD because of tinemstraints. The production data
collected during the processing of both strainpressented for comparison but only

genetic parameters are presented for the Glenwyllin

5.1.1 Traits to be studied in the present project

Growth rate

Commercial farmers are paid differentially depegdim individual characteristics of
their products, in the present case the whole cantoout or the fillets. Body weight
and length can be recorded easily and directly smdgelection for these traits at a
specific age is the most commonly used method farone growth rate. Therefore,
improvement in growth-related traits is likely te la selection goal common to all

breeding programmes.

The growth rate improvement could involve the clen§ two variables: time and

size, e.g. improving growth rate means that it Wwel possible to produce the same
sized fish in a shorter time, or produce a largen fn the same production period
(Gjedrem, 1997). The trout market size is well lelsshed, were produced between

400 to 500 g.; therefore the target of reducingvésstr time would be the desired
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outcome from selection. The reduction of time tovhat will result in a decrease in

maintenance cost that will be translated into higivefits.

The growth rate and variables affecting the traitehbeen studied in rainbow trout by
different authors like Gall and Gross (1978a); Gailtl Huang (1988); Crandell and
Gall (1993a, 1993b); Elvinson and Johansson (198Bhback et al. (2002); and
Kause et al. (2002). These authors have foundfgignt heritabilities for the growth
rate traits, and their results will be utilizedthre discussion in order to compare the

present study results.

Flesh colour

Salmon prices reached a high commercial value dutie last decades (Broussard,
1991). In particular the red colour in salmon fdlgives an immediate indication of
product quality in some markets, particularly th& dnd Japan. Therefore these
characteristics determine the marketing decisionsice of these fish (Schmidt &
Idler, 1958; Schmidt & Cuthbert, 1969; Nickell aBdomage, 1998). This colour is
the principal trait which makes of salmon an efied product, and has a positive
influence on its acceptance by the consumer (Hat@88; Skrede & Storebakken,
1986a). This trait is also of importance due to thgh cost to the industry of
supplying these pigments (between 15 to 20% oftdted feeding cost; Torrissen et
al., 1990) and the low level of retention of digtaarotenoids in fish (Smith et al.,

1992).

In biology any substance that can impart colousrganic matter is called a pigment.

The majority of pigments in nature are synthesigiedthe photosynthetic pathway
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and are then stored in leaves, algae and zooplanioe large group of pigments are
known as carotenoids, the name comes from thettsatratin nameDaucus carota,

and over 600 carotenoids have been characterisgatéo One particular carotenoid is
astaxanthine, which is found naturally in crustageast and algae. This carotenoid is
the predominant pigment that gives the distincpug-red colour to wild salmonid

flesh (Shahidi et al., 1998). However, higher organs like salmon and trout are not
able to synthesise these pigments, therefore theynly be obtained through the fish

dietary intake.

The pigmentation of the flesh is influenced by aets of exogenous and endogenous
factors. The exogenous factors are dietary pigroententration (Smith et al., 1992),
dietary lipid (Einen and Roem, 1997; Einen and 8&yel998), carotenoid type
(Choubert and Storebakken, 1989; Bjerkeng et @901 and feeding period
(Storebakken et al., 1986; Torrissen et al.,, 1988 endogenous factors include
digestibility (Foss et al., 1987; Choubert et 4B95), absorption from the intestine
(Choubert et al., 1987; Torrissen et al., 1990;dyaet al., 1990), transport in the
blood by lipoprotein (Ando et al., 1985; Choubett &., 1994a), metabolism
(Kitahara, 1984; Schiedt et al., 1985) and attactirteethe muscle fibre (Henmi et al.,
1987). These exogenous and endogenous variabldsbmgsandardised in a genetic
study in order to estimate the variability due toggenetics. This trait began to be
studied in the 90’s from a quantitative geneticnpamf view with the purpose of
achieving genetic improvement for the flesh coldwamoto et al., 1990; King,
1996). The heritability of the meat colour had bestundied by some authors like
Gjerde and Gjedrem (1984); lwamoto et al. (1990)thi&r and Beachham (1994);

Kause et al. (2002) and Norris and Cunningham (004
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Survival

A breeding objective defined for commercial prodwretof portion-sized rainbow
trout demonstrated that production efficiency woubd maximized by the
development of fish with high survival among ottraits (Henryon et al., 2002).

In the field, the fish has to take care of bacterieal, fungi and parasites, organisms
with different reproductive cycles in the hostislino wonder that the immune system
has to be complex to handle the different invadeosv levels of additive genetic
variation have been found for survival under norm@nmercial conditions ¢&0-
0.15), while higher levels have generally been buor resistance to specific
pathogens @#0.10-0.30) (reviews by Gjerdrem, 1997; Chevassusorson, 1990;
Fjalestad et al. 1993). Genetic variation in suaigf Atlantic salmon affected by
various bacterial diseases has been reasonablyde&limented, both during natural
outbreaks and during challenge test (Gjedrem antstdd; 1974, Bailey, 1986;

Standal and Gjerde, 1987; Gjedrem et al., 1991¢i®a and Gjoen, 1995).

The objective of this Chapter was to estimate teetadbility for growth rate, flesh

colour, and overall survival under commercial céiodss.

5.2. Materials and methods

The trial at Test Valley Trout (TVT) was designedcbmpare the performance of two
strains, Glenwyllin Isle of Man (IOM) and HoughtoBprings (HS) strain,

communally reared under identical commercial cood#. The rainbow trout strains
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were from two different hatchery origins. The ficgtme from Glenwyllin hatchery in

the Isle of Man and the other from Houghton Springtshery in Dorset.

5.2.1 Fish samples: PIT tagging, tissue collectiand preservation

The study utilized Rainbow trout tissue samplesnfigarents and offspring from the
Glenwyllin IOM. The samples were separated in twiffecent groups. The
Broodstock (parents) utilized became the Base Rtipual of an eventual Breeding
Programme. The offspring are the result of a specass breeding design, between
lines A & B (Figure 2-4) that generated 160 fulb-$amilies. The PIT tagging , tissue
collection and preservation of the finclips usedagsign parentage are described in

the Materials and Methods chapter.

Table 5-1 Code name description, number of samples,date of collection for the 4 different groups
of Glenwyllin IOM Base Population and Offspring $tiGeneration

Code Code name description Number  Collection date
name of (dd/mml/yyyy)
samples
AFI Line A, Female, Glenwyllin Isle of Man, Base Rdation 20 13-11-2002
ANI  Line A, Neomale, Glenwyllin Isle of Man, Bas®pulation 20 13-11-2002
BFI Line B, Female, Glenwyllin Isle of Man, Basefiation 20 13-11-2002
BNI Line B, Neomale, Glenwyllin Isle of Man, Baseplation 20 13-11-2002
OIM  Offspring Glenwyllin Isle of Man, First Generan (F1). 1500 04-06-2003
1580

5.2.2 IOM crossing design

The crosses were produced following partial faelomating designs. On the 1 ®f
November 2002, 20 neomales and 20 females fromlbo#s A & B were chosen, 80
fish in total. The design required each neomaleetarossed to four different females,
two of the same line and two of the other line. i&irty each female would be crossed
to four different males, two of the same line and from the other (Figure 2-4). The

complete design would result in a total of 160 afigint families. The details of the
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breeding and subsequent stocking of these fishtiv@d VT facilities are described in

detail in Chapter 2.
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5.2.3 Communal rearing

In this study the two different strains to be tdsteere reared communally after they
had been PIT tagged soon after they arrived at Ti@m the fingerling ongrowers.
The 3000 PIT tagged fish were held communally fréms point in a single
commercial tank up to the point they were killedd awere transported to the

processing plant.

If the strains are living in a communal rearing ieowment, the mean environmental
deviation in the population as a whole is takerbéozero. So the mean phenotypic
value is equal to the mean genotypic value. Fa tdson, with the aim to eliminate
or reduce the possible environmental variations,ethgs, fry, and adult trout have to
be produced in a communal rearing manner, meahagail the management, like
cleaning, feeding, etc. and also environmentalabdes, such as water temperature
and oxygen are standardized, always keeping alhthieiduals within the population
in the same tank, moving all the group to a nevgdigank if the density is too high.
Thus, in this way, all the fish have the same oppities to grow and express freely

their genetic information.

5.2.4 Harvest and processing plant

The processing plant is the place where severalsindl operations take place with
the purpose of transforming, adapting or treating articular raw material to obtain

products with a higher added value. In this cdseraw material is the rainbow trout.
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In our experiment we used the Silver Trout procesgilant to obtain the quantitative

and qualitative phenotypical data related to thedmst.

Quality is usually defined by general terms of appace, taste, smell, firmness,
juiciness and processing features. The desiredirfesatof the meat for a particular
species vary according to the markets and may rdgfgnificantly for raw and

processed products (e.g. cooked, salted, smokeehydrated) (Johnston, 1999).

The meat quality of fish has a complex group oftdess influenced by intrinsic
factors such as texture, composition, chemistrigurpfat content (Fauconneau et al.,
1995) which have a genetic influence; and by esitifiactors which strongly affect
the trout quality, such as the pre- and post-lglliprocesses, the fish handling
processes such as its food diet, composition otlibeand environment which affect
the fish condition and the metabolic charactergst€ the muscular tissue (Gjedrem,

1997.

Offspring over the main trial at TVT

Between the % and & of June of 2003 in TVT, 3000 fingerling were PEgyged:;
1500 from Houghton Spring and 1500 from the Isléain. One of the objectives of
this study was to measure the growth rate. Thusrder to achieve this objective, it
was necessary to record the weight and lengthstbeerproduction life cycle. It was
decided to take measurements three times overrtdwigtion cycle. This data were
taken as is shown in Table 5-2. The initial measn@@ was done at the PIT tagging
and the final measurement at harvest time. It basetconsidered that there was an

age difference between the two strains of 3 weekstd the different spawning times.
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Table 5-2 Weight and length recording times podilifeation of the OHS and OIM trout

INITIAL TIME INTERMEDIAL TIME FINAL TIME
OHS OoIM OHS OIM OHS OoIM
Weeks 26 29 52 55 64 67

post fertilisation

Silver Trout processing plant: processing route at data gathering

The surviving trout were transferred to the SilVeout processing plant over a four
day period The most important factor to considethat the least time possible must
elapse between the fish’s death and its processing.

At the plant two processing lines were set up, @aahned by a team of five people,
plus another person working for both lines. Expearkers filleted the fish using
knives and experienced personnel took the qualgatnd quantitative measurements.
The room temperature at the plant was below 10Fi@ure 5-1 represents an aerial

view of the lines and the distribution of work irder to get all the processing data.

Line 1 Line 2
- d d <>
Chroma Chroma
e E c c F e
i i
& L |- AR
b &
Waste bin t } Waste bin
i
1]

. PTR f PTR /
halance |:Scale Ct) Scalel:l halance
b FAN b o

Data Data
< .} a C:.:: O
Harvest bin i Harvest hin

Figure 5-1 Distribution of the work at the processiplant:a. - Recording data in the laptop. -
Measure weight, length and identification throudfh Bgs (PTR = Pit Tag Readear)& e. - Filleting

the trout.d. - Flesh colour Chroma metdr.- Flesh colour Roche Fan (both lines).
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In general terms, trout processing begins by réoegithe raw material in the plant.
The dead trout arrived from the farm in two largevest bins less than an hour after

slaughter.

They entered the processing line and were processadiered batches of 10 and the
PIT tag numbers were directly read into the laptext to person b. Length and

weight were verbally given for each fish to theadiatgger a. The fish was then gutted
and reweighed and this weight was given verballthtodata logger a. The fish was
then filleted and a single fillet was laid on aytma ordered batches of 10. The ordered
fillets were cleaned with tissue, then read byNheolta Chroma Meter and this data
was directly printed onto a till roll and was lateanually transferred to the laptop.
Also Figure 5-2 also explains the layout of theomifation gathering in the two

processing lines.

Line 1
Length Guited Flesh colour Flesh colour
FIT tag » Weight * eeight * Croma meter * Roche Fan
| Laptop a Laptop a Laptop |

Figure 5-2 Information layout and people (a, bnd § involved in collecting data on the fish

The ordered tray of fillets was then passed toRbehe fan reader and the fan score
called to the respective data logger, dependingluether the tray was from Line 1 or
Line 2. The trout processing lasted 4 days, theeefioe following data was recorded

for every day of work and every fish: day of praieg, PIT tag number, ungutted
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weight and length, gutted weight, Minolta ChromatenéL*, a* and b*), and Roche

fan score.

Quantitative description: Minolta Chroma Meter CR-400

The instrumental evaluation of colour was performeding a tristimulus
photocolorimeter Chroma Meter, model CR-400 (MiabIR). This instrument
measures the light reflected by the muscle sampte @mpares it with a white
calibration standard, which permits the colour ® represented by three axes or
chromaticity components known as L*a*b* colour spdS&mith et al., 1992). In this
space, the a*component represents the red-greem) lakehe blue-yellow axes, and
L* the light-darkness component. In a salmon musealeple, positive values for a*
and b* represent the red and yellow components hef meat of these fish,
respectively. Although the L*a*b* space has beea time most frequently used for
evaluating muscle colour in salmon, the L*C*h* spgqtightness, Chrome and hue)
is also being used nowadays and it is the repraentin polar coordinates of the
L*a*b* space which allows a better comparison oé tevaluated colour with that
perceived by the human eye (Bjerkeng, 2000). Thige" space (h*) represents the
angle between the a* and b* [h* = thtb*/a*)] chromaticity axes, and therefore, the
orange hue or tone of the sample. The saturatiammme (C*) is the hypotenuse of
the triangle formed by axes a* and b* [C* = [(8%) (b*)]*? and informs the purity

of the colour or the intensity of the tone (Fig6r8).
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CIELab PLANE

L=100
) +3A

3-dimensional

L is the lightness

A is the redness / greeness

H=a-= ;mil( b/a) b is the yellowness / blueness
H is Hue

4 2 z 12 e T
C=(a"+h) Cis Chroma
L 4
+h T C +h
0.4

+4a

Figure 5-3 CIELab plane representing the 3 dimarssihat explain colour estimation in the Chroma

meter

Qualitative description: Roche Salmofan™ colour chinet

The visual evaluation of colour was performed icoatrolled lighting cabinet, using
as a standard the scale 20-34, from the Roche &aifYocolour card (Hoffmann-La
Roche, Basel, Switzerland) (Figure 5-4). All measuents were taken by the same
person, who measured the colour in the fillet @baition adjacent to the dorsal fin
and level with the lateral line. In order to evakidhe colour, the observer had to
compare each colour standard with the colour of ftegh sample and select the
standard which matched best with the trout coldire same worker assessed the

colour over the whole process.
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ﬁ!!!!!!!!!!!!!!

SalmoFan™ Lineal
For salmanids pigmentad with CAROPHYLLY Pink (astazanthin)

Figure 5-4 Colour cabinet (above) where the Rdgalenofan™ colour assessment chart (below) was
placed in order to estimate the colour of the fliestine rainbow trout

5.2.5 Statistical analysis

Statistical methods and software

The parental assignment was analysed using Fami&y&is Program (FAP) version
3.5 (Taggart, 2007), and also Package for the Amalyf Parental Allocation (PAPA)
(Duchesne et al.,, 2002) see Chapter 4 for a ddtaiéescription of the procedures

adopted to generate the 1242 assigned offsprittgmare than 6 loci.
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The Phenotypic and Genetic parameters were analygagd GENSTAT version 5.0

software (Numerical Algorithms group, Wilkinson Hmy Jordan Hill Road, Oxford).

Change of weight and length over time.

The relation weight and length versus time wasyeeal using a quadratic regression
function from Excel. The regression gives an equnaitn the form:

W=a+BT+yT> and L=a+pT+yT?

If we derive both equations with respect to tintes ipossible to obtain the change of
weight and length over time in a linear equatianing the possibility to estimate the
change of the variables at different times, thus:

dW/dt=+pB+2yT and dL/dt=+[3+2yT

Heritability estimation

REML analyses

Restriction maximum likelihood (REML) has the atyilito attribute variance
components to individual sources. This ability cbbé used in a situation when there
are confounding variables or the design of the expnt is unbalanced. REML is
based on the general lineal model with both fixed aandom effects. The fixed
effects are related to the treatment being testedrandom effects to the sources of
random error in the data. If the data is unbalaneed/ald statistic is used to assess
the fixed effects; this statistic is based on tine-<guare distribution (Harville, 1977).
In this study REML analysis was used to analyseqtentitative genetic parameters

such as the heritability estimation of differenbeomic production traits.
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Mixed linear models were fitted to the data obtdioe survival and at processing for
the IOM strain using GENSTAT statistical analystdtware. The processing traits
analysed were length and body weight at procesgimtged weight, Roche score, and
the trio of Minolta scores (L*, a* and b*). The li@énear model was:

Yik =+ D + By faAja + B2 fdAj + BsfmAj + F + N + @ja

where: Yju was the observed trait for th&fish on day i from female j and neomale
k; 1 represents an overall mean; iBthe effect of day i (i=1,...4); fa@, fdAj and
fmA; are regression covariates, with coefficiefds (. and Bz respectively,
describing the additive, heterosis and maternacedfof lines A and B as shown in
Table 5-3; F and N represent the effects of th& jemale and R neomale
respectively; andjg was the residual error term with varianog’ . Of these, the
effects of day and the regression covariates weeged as fixed whilst the effects F
and N, were treated as random and assumed to be northathbuted with mean 0

and variancesy? andoy’ respectively.

Table 5-3 Index as described by Falconer.

Female Neomale  Additive Heterosis Maternal Female Neomale Additive Heterosis Maternal
A A 1 0 1 B A 0 1 -1
A B 0 1 1 B B -1 0 -1

The results obtained from applying the model weseduto estimate the heritabilities,
and the GENSTAT VFUNCTION command was utilized siireate the standard
error. Using the three formulae below gave us #@rédbility based on sire, dam and
combined components.

a. hiy=40%/(0°+ 0% + O%)
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b. th = 402F / (O-ZN + 0-2|: + O-ZE)

C. I‘]zcombined: (ZGZN + 202|:) / (O'ZN + 0'2,: + O'ZE)
Data for survival were analysed by an unbiasednesé of the Fisher exact test using
the program GENEPOP (Raymond and Rousset, 1995).
In addition the survival data was also analysechqughe mixed linear models

described above withi)= O if the fish died prior to processing and 1tikurvived.

However in these models the term for day of praogssas dropped from the model.

Difference between sires and dams

The combined calculations of heritability are basedthe hypothesis that variance
components, sires and dams, are equal. To provet#tement that both additive
genetic components are equivalent, the combineich@st of heritability (A) is
calculated. In order to calculate thé&zhit is necessary to fix the sires and dams

variance in relation to the residual variana&)| thus:

Vg = ZUS/ZUe
Ypb =20D/20e

Then replacing these assumptions in the combinergaility formula it is possible
to obtain the combined estimate of heritabilit§gh

_2lo’s)eelo)

he=75 2 2
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2y + 2y

2 S D
h cf =

V5+VD +1
2 4y
hcf=

2y +1

The H was calculated by iteration, changing thealues, choosing the value that
minimised the deviance. The 95% confidence intefmah’ is defined as the lowest
value needed to refute the null hypothesis. Compariitical value ofx’at the 95%

confidence interval was utilized to check the digance.
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5.3. Results

5.3.1 OHS and OIM phenotypic parameters

Weight and length at 3 different measurement times

After processing the individual fish could be assig to a single strain. Of the 1500
fish initially PIT tagged in each strain only 767 the OHS and 791 of he OIM
survived to harvest. Only the individuals survivittgharvest have been analysed in

the earlier sampling periods.

OHS strain 26 weeks

45

40 =
B8 30
2 25
20 59
7]
=2 15
10 -
5 -
0 T T T T T T
50 60 70 80 90 100 110 120 130 140 150
OIM strain 29 weeks
45
40 - 5
Ge R =0.943
@ 30
£ s
20 59
7]
=2 15
10 -
5
0 T T ] 1
50 60 70 80 50 100 110 120 130 140 150

Length (mm)

Figure 5-5 Exponential correlation comparison ofighie versus length for the Offspring Houghton

Spring and Offspring Isle of Man strains at the¢i@imeasurement time (PIT tagging)
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Figure 5-5 shows the measurement at the initiaé tiduring the PIT tagging. The
results from the measurement show that the tromt ©IM strain are bigger, in terms
of mean weight and length, than the trout from Gitt&in. Nevertheless, it has to be
considered that there is a period of 3 weeks diffee between the strains, due to the
different spawning time, and also due to the faat tn the beginning the strains were
reared under different temperatures (environmemggause the trout came from
different facilities before PIT tagging. The detémation coefficient (B) is high and
similar for both OIM strain (0.943) and OHS strdih932), suggesting a stronger

association between these variables.

OHS strain 52 weeks

700 -

600 +——>
i R“=0.872
)
= 400
®
'a 300
g 200 :
100 -n=766
0 ‘?' al
100 150 200 250 300 350
OIM strain 55 weeks
700
600
| RZ=0.857
@ 500 —+
% 400 -
.E 300 -
g 200 +

100

100 150 200 250 300 350

Length (mm)

Figure 5-6 Exponential correlation comparison betwweight and length for the Offspring Houghton

Spring and Offspring Isle of Man strains at therfniediate measurement time
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Figure 5-6 illustrates that the variables weight &ngth for the OHS strain (0.872)
are more intensively associated than the OIM si{@iB857). The differences between
the strains are not as obvious as the initial nreasent; the differences are
decreasing over time. Also, in both cases theaedscrease in the level of association

between variables at the different measurement time

OHS strain 64 weeks n=768

700

600 -
E 500
+= 400
=
'a 300
3 200
100 e
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OIM strain 67 weeks n=789
700
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9
+ 400
=
‘6 300
; 200
100
0
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Length (mm)

Figure 5-7 Exponential correlation comparison ofighie versus length for the Offspring Houghton

Spring and Offspring Isle of Man strains at harvest

Figure 5-7 shows the final measurement data apribeessing plant. The exponential
correlation between the variables weight and lergitbws that the determination
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coefficient (R) for the OHS strain (0.924) and the OIM strai9{®) are similar. The
initial difference in length and weight between tbteains caused by the different

spawning times and environmental conditions haseppeared in final measurement.

Weight and length related to time

Quadraticregresion model of weight versus time

332 : OHS strainn = 769
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Figure 5-8 Quadratic regression comparison of weighsus time for the Offspring Houghton Spring
(OHS) and Offspring Isle of Man (OIM) strains otke whole trial.
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Figure 5-8 shows that the slope in both straindyglly slows from tagging to harvest
time, and also that the determination coeffici¢Rg in both strains are very similar.
The quadratic regression models will be used bdlmwompare the growth at the

same time.

Table 5-4 shows weight comparison at 3 differentisneement times. The result
shows that there were significant differences (PB0D) in weight between the strains
at all the 3 different measurement times. The Ofidis was significantly bigger than

the OHS strain at all times.

Table 5-4weight comparisons over the different measureniemst for the Offspring Houghton Spring (OHS) andspfing

Isle of Man (OIM) strains

Initial Intermediary Final

OHS OIM OHS OoIM OHS OoIM
N 767 791 766 790 768 789
Mean (g) 9.23a 18.46 b 338.2a 383.5b 3706 a 4155b
SE 0.10 0.19 3.2 34 34 3.6
%CV 30.4 29.3 26.1 249 25.3 24.5

Different letters in the mean weight row (at eatdge ) means significant difference between OtBQIM strains (P< 0.001).

Figure 5-9 shows the derivation of the quadratgression of weight versus time for
both strains. After the derivation, two lineal etjoas are created which serve to

determine the growth rate at different times.
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Growth rate over time comparison between OHS
and OIM strains
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Figure 5-9 Growth rate over time comparison betwibenOffspring Isle of Man (OIM) and Offspring
Houghton Spring (OHS) strains.

It is possible to verify what was previously seerFigure 5-8, that the growth rates at
the beginning of the trial showed the highest wedjtange over time values and this
value decreases over the grow out time. The differebetween the growth rate
decreased in the two strains over the growout tmenever crosse, nevertheless
extrapolating the quadratic models values to theréuit is possible to observe that

the curves cross at the"8@eek and 3 days.
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Quadraticregresion model of length versus time
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Figure 5-10 Quadratic regression comparison oftlemgrsus time for the Offspring Houghton Spring

and Offspring Isle of Man (Glenwyllin) strains oube trial at Test Valley Trout

Figure 5-10 illustrates that the result of the Goet of determination (§ was
somewhat higher in OIM strain (0.947) than in OH@ia (0.941). However, it can
be noticed that these coefficients were signifigahigher than those obtained in the
quadratic correlations of weight/time.

The results in Table 5-5 show that the OIM straemswgignificantly bigger than the
OHS strain at all the 3 different measurements ginddso, the difference in %CV
over the initial and final time diminished lesstie OHS strain than in the OIM strain

(0.3 v/s 1.5).
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Table 5-5Length comparisons over the different measurenierstfor the Offspring Houghton Spring (OHS) andspfing
Isle of Man (OIM) strains

Initial Intermediary Final

OHS OIM OHS oM OHS oM
N 767 791 766 790 768 789
Mean (mm) 8l19a 103.2b 266.9 a 277.1b 305.3a 314.6b
SE 0.3 0.4 1.0 0.8 11 0.9
%CV 10.5 9.9 10.1 8.2 10.2 8.4

Different letters in the mean length row (at edaelys) means significant difference between OHSG@iMI strains (P< 0.001).

Figure 5-11 shows the growth rate over time, estohérom the quadratic regression
model between length and time. It is possible teeole the slowing of growth rate at
the end of the period (at the harvest measurernmaj.tAccording to the Figure 5-11,
at the beginning, the OHS strain grew faster thenQ@IM strain and after 32 weeks

and 5 days the growth rates reverse.

Growth rate over time comparison between OHS
and OIM strains
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Figure 5-11 Growth rate over time comparison fag @©ffspring Isle of Man (OIM) and Offspring
Houghton Spring (OHS) strains.

It is possible to appreciate from Figure 5-10 aribl3hat when the rainbow trout are

young the growth rate changes faster in the lemgtiable. This is a change in one
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dimension. Then, later, when they are older andcti@ge in length decreases, they

increase the change in weight (mass), a chandeeer tlimensions.

5.3.2 Glenwyllin Isle of Man strain quantitative geetics

Although all the OHS and OIM rainbow trout were ggesed, only the surviving fish

from the 1242 individuals assigned to the OIM figdre included in this analysis.

Growth traits

This section contains the growth traits weight tegitweight and length. The results
were recorded at the age of 67 weeks, when allttbet were harvested and
transported to the processing plant. Table 5-6 shtiwe results of the trout that

survived and were also identified in the parensaignment.

Table 5-6 Offspring Glenwyllin IOM weight, guttedeight, and length descriptive statistics

Weight (g) Gutted (g) Length (mm) Weight (g) Gutted (g) Length (mm)
N° 792 784 792 %CV 24.5 24.4 8.6
Mean 415.7 351.7 314.5 Max. 736 627 430
SE 3.6 3.1 1.0 Min. 89 74 165

The results show that the trout OIM strain loseseerage 15.4% of body mass when
comparing the results between average weight attddyweight. It also shows that,
the Coefficient of Variation (%CV) is the same beém weight and gutted weight.
The combined (sire and dam) heritability results aeight 0.43, gutted 0.42 and
length 0.28 respectively (Table 5-7); again thaer@a significant difference between

the weight and gutted weight for sire, dam, and lwoed heritabilities. The
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differences between sire and dam components wstedtdut were not significantly

different.

Table 5-7 Sire, dam and combined growth traitstabilities for Glenwyllin IOM strain

Sire Sire Dam Dam Combined
¢ h? ¢ h? h?
Weight 1084 (424) 0.40 (0.15) a 1202 (462) 0.45(0.16) a .43(00.09)
Gutted 738 (298) 0.39 (0.15) a 873 (335) 0.46 (0.16) a 2 Q0409)

Length  54.3 (25.7) 0.29 (0.13)a  52.5 (25.5) 0.28 (0.13) a 0.28 (0.08)

Same letters in the rows indicate no significarffedtnce between sires and dams. Parenthesis
indicates the standard error.

In order to estimate any day to day variation iretbwithin the processing plant, the
mean and standard error for each day of work wezdigted for the different growth

traits (Table 5-8).

Table 5-8 Traits predictions values between the @fflerent days of work at the processing plant

Weight (g) Gutted (g) Length (mm) Weight (g) Gutted (9) Length (mm)

Dayl 404.6 (10.13) 340.7 (08.52) 313.7 (2.47) Day3  414.3(10.63) 352.2 (08.94) 312.2 (2.62)

Day2 405.1(09.67)  342.8(08.14)  314.1(2.33) Day4 4017 (12.44)  340.1(10.76)  310.6 (3.17)

The model does not show any significant differeneeveen the 4 different days at
the processing plant, according to the Wald stesistest; therefore there is no
evidence of differences in the predictions (Tabl®)5The fish were delivered into

harvest bins from the fish farm to the processitamtpand then passed through the
processing line. This suggests that the methodetofeing used were consistent

across the 4 days of work.
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Table 5-9 Traits predictions values between the pared (AxXA & BxB) and hybrid crosses (AxB &
BxA)

P. Bred Weight (g) Gutted (g) Length (mm) Hybrid Weight (g) Gutted (9) Length (mm)
AxXA 407.8 (14.16) 344.8 (11.93) 312.7 (3.41) BxA 408.4 (13.34) 346.5 (11.25) 313.6 (3.18)
BxB 403.8 (13.08) 341.7 (11.06) 312.6 (3.09) AxB 406.8 (13.41) 343.6 (11.30) 311.6 (3.20)

Also the model does not show any additive, hetsrasi maternal effect of the
Glenwyllin A or B strains according to Wald statistsignificance, therefore there is
no evidence of differences in the prediction betwdee pure bred and hybrid crosses

over the growth traits weight, gutted weight anagkl (Table 5-9).
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Table 5-10 Top 20 highest and lowest family val{rasan) for the variables weight and length

Ranking Category Family Weight (g) Family Length (mMm)
1 Higher BFI 09xBNI 08 576 BFI 14xANI 04 358
2 Higher BFI 02xANI 02 570 AFI 18xANI 18 350
3 Higher BFI 12xANI 12 565 BFI 09xBNI 08 350
4 Higher AFI 02xANI 02 556 BFI 12xANI 12 345
5 Higher BFI 14xANI 04 545 BFI 02xANI 02 344
6 Higher BFI 12xBNI 11 537 BFI 08xANI 08 344
7 Higher BFI 12xANI 02 532 AFI 02xANI 02 343
8 Higher AFI 13xBNI 13 528 BFI 12xANI 02 343
9 Higher BFI 13xANI 03 524 AFI 01xBNI 01 340
10 Higher BFI 08xBNI 07 522 BFI 04xANI 14 339
11 Higher BFI 13xBNI 13 514 BFI 08xBNI 07 336
12 Higher AFI 08xBNI 18 514 AFI 01xANI 20 335
13 Higher AFI 08xANI 08 514 AFI 02xANI 01 335
14 Higher AFI 08xANI 07 507 AFI 20xBNI 20 335
15 Higher AFI 18xANI 18 504 AFI 05xANI 04 333
16 Higher AFI 01xBNI 01 504 BFI 13xANI 03 333
17 Higher BFI 04xANI 14 502 AFI 08xBNI 18 331
18 Higher BFI 13xBNI 12 492 AFI 20xANI 20 331
19 Higher AFI 20xBNI 20 492 BFI 13xBNI 12 331
20 Higher AFI 02xANI 01 487 BFI 12xBNI 11 331
1 Lower BFI 07xANI 07 247 BFI 07xANI 07 256
2 Lower AFI 11xBNI 11 250 AFI 07xANI 07 267
3 Lower AFI 07xANI 07 267 AFI 11xBNI 11 273
4 Lower AFI 17xBNI 17 281 AFI 16xANI 16 276
5 Lower BFI 18xANI 18 287 AFI 18xBNI 08 280
6 Lower AFI 12xANI 11 288 AFI 11xBNI 01 285
7 Lower AFI 18xBNI 08 288 BFI 18xANI 18 286
8 Lower AFI 16xANI 16 288 AFI 06XANI 05 287
9 Lower BFI 07xANI 17 290 AFI 17xBNI 17 288
10 Lower BFI 14xANI 14 303 AFI 12xANI 11 290
11 Lower AFI 11xBNI 01 305 BFI 14xANI 14 290
12 Lower BFI 05xBNI 04 312 BFI 17xANI 07 290
13 Lower AFI 06xANI 05 316 BFI 17xANI 17 291
14 Lower AFI 19xBNI 09 317 AFI 19xBNI 09 293
15 Lower AFI 14xBNI 14 317 BFI 05xBNI 04 293
16 Lower AFI 09xBNI 19 330 BFI 15xBNI 15 293
17 Lower BFI 09xBNI 09 330 AFI 10xANI 10 294
18 Lower BFI 17xANI 17 331 AFIl 14xBNI 14 295
19 Lower BFI 15xANI 05 338 AFI 07xANI 06 295
20 Lower BFI 01xBNI 01 340 BFI 06xBNI 05 296
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It can be noticed from Table 5-10 that in 31/40esathere is a coincidences between

the weight and length ranking.

Flesh colour

The flesh colour measures Roche and Chroma meterstaown in Table 5-11,

including the Chroma and Hue calculation for th&Gtrain.

Table 5-11 Offspring Glenwyllin IOM Roche and Chrammeter (L*,a*,b*,C*,and h*) descriptive
statistics

Roche L* a* b* C* h*
N 788 765 766 755 773 748
Mean 26.05 35.92 11.00 12.42 16.47 48.44
SE 0.07 0.09 0.07 0.08 0.10 0.15
%CV 7.29 6.59 16.89 17.00 16.22 8.67
Maximum 31 47.92 19.67 19.49 24.12 64.57
Minimum 20 22.83 4.69 5.12 7.97 26.86

There were no significant differences between e different methodologies used
to measure the heritability of the trait; Minoltdat@ma Meter CR-400 and Roche
Salmofan™ colour (Table 5-12). But the estimatidntlee heritability of lightness

(L*) with the Minolta is not significantly differenfrom O in the sire. There are no

significant differences between sires and dams

Table 5-12Sire, dam and combined flesh colour heritability fbe Glenwyllin IOM strain, estimated using thecRe
Salmofan™ and Minolta Chroma Meter (L, a, & b) nuetblogies

Sire Sire Dam Dam Combined
o h? o h? h?
Roche 0.13 (0.09) 0.14 (0.10) a 0.22 (0.11) 0.25(0.11)a 0.19(0.07)
L* 0.01 (0.01) 0.01(0.01) a 0.19 (0.12) 0.14 (0.09) a  0.07 (0.05)
a* 0.06 (0.07) 0.07 (0.08) a 0.18 (0.10) 0.21(0.11)a  0.14 (0.06)
b* 0.21 (0.13) 0.20 (0.11) a 0.26 (0.13) 0.24 (0.11)a 0.22(0.07)

Same letters in the rows indicate no significaffedgnce between sires and dams. Parenthesis iedlittee standard error.

205



Wald statistics in the model do not show significdifferences between the different
days in the processing plant with the Roche metloggo(Table 5-13). Nevertheless,
the same statistic show a significant differencéwvben the different days at the
processing plant with the parameters L*, a*, and Tis is probably related to the

technical need to recalibrate the Chroma meteryeday.

Table 5-13Trait predictions values between the different diyshe processing plant using the Roche Salmofaarid
Minolta Chroma Meter (L, a, & b) methodologies

Roche L* a* b*
Day 1 25.87 (0.16) 36.28 (0.20) 10.73 (0.15) 12.22 (0.17)
Day 2 26.06 (0.15) 35.21 (0.18) 10.93 (0.14) 11.82 (0.17)
Day 3 25.92 (0.17) 36.80 (0.23) 11.20 (0.16) 13.11 (0.19)
Day 4 25.84 (0.21) 33.82 (0.32) 11.71 (0.21) 13.02 (0.24)

Table 5-14 shows that the model does not show dditiee, heterosis or maternal
effect of the Glenwyllin in A or B strains accordino Wald statistics significance,
therefore there is no evidence of differences enphediction between the pure bred

and hybrid crosses over the Roche & L*, a*, b*tgai

Table 5-14Trait prediction values between pure bred (AxA &Bxand hybrid crosses (AxB & BxA) using the Roche
Salmofan™ and Minolta Chroma Meter (L, a, & b) ntetblogies

Roche L* ar b*
AXA 25.90 (0.22) 35.70 (0.25) 11.01 (0.20) 12.36 (0.24)
BxB 25.86 (0.19) 35.34 (0.22) 11.19 (0.18) 12.67 (0.22)
AxB 26.01 (0.20) 35.27 (0.25) 11.24 (0.19) 12.52 (0.23)
BxA 25.96 (0.20) 35.84 (0.24) 11.14 (0.19) 12.59 (0.23)
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Table 5-15 Top 20 highest and lowest individualieal for the variables Roche and a*

Ranking Category ID PIT tag Roche ID PIT tag a*
1 Higher 0IM0201 0006334713 31 0IM0008 0006332D1B  9.6T
2 Higher 0IM0397 00063320FB 31 0IM0152 0006333786  8.52
3 Higher 0IM0403 0006335810 31 OIM0059 00063348A8 7.71
4 Higher 0IM0330 000633F329 30 0IM0932 00063335ED  7.32
5 Higher 0IM0409 000634001A 30 0IM0547 000633F803 6.42
6 Higher 0OIM0801 00063351BD 30 0IM0994 000636523D 5.98
7 Higher 0IM0013 00063334F6 29 0IM0827 0006332F17 5.70
8 Higher 0IM0035 0006334846 29 0IM0392 0006333CC5 5.5Q
9 Higher 0OIM0127 000633378C 29 0OIM1249 000633482A  5.46
10 Higher 0IM0218 0006333E72 29 0OIM1147 000633E174 15.29
11 Higher 0OIM0457 0006332799 29 0IM0398 0006332545 15.24
12 Higher 0IM0532 0006334AF9 29 OIMO0715 00063351CF 15.22
13 Higher 0OIM0578 000633481D 29 0IM1380 000633472F 15.09
14 Higher 0OIM0707 00063357BF 29 0IM0836 0006334476 15.07
15 Higher OIM0715 00063351CF 29 0IM0887 0006334E74 15.03
16 Higher 0IM0730 000633FACS8 29 0IM1269 0006333340 15.02
17 Higher 0OIM0759 00063332CF 29 0OIM1116 0006333578 15.00
18 Higher OIM0791 0006340D1C 29 0OIM0816 0006334DD8 14.97
19 Higher 0IM1098 00063401A4 29 0IM0371 000633E013 14.86
20 Higher 0IM1113 000633450D 29 0IM0449 0006332A50 14.74
1 Lower 0OIM0039 000633FF8E 20 0OIM0387 000633E6F9 694.
Lower 0IM0109 000633FC6C 20 0IM0948 000633FC60 455.
3 Lower 0IM0237 000633F4B4 20 0IM0307 0006332830 605.
4 Lower 0OIM0327 0006334E56 20 0OIM0603 0006334CE2 735.
5 Lower 0IM0387 000633E6F9 20 0IM0630 0006333F84 835.
6 Lower 0IM0533 000633FF91 20 0IM0683 000633EABO 216.
7 Lower 0OIM0603 0006334CE2 20 OIM1031 0006340626 326.
8 Lower 0OIM0630 0006333F84 20 0IM1237 000633EF6B 536.
9 Lower 0IM0793 000633EC43 20 0IM0859 000633FE84 806.
10 Lower 0IM0914 000633E583 20 OIM1081 000633540C .886
11 Lower 0IM0948 000633FC60 20 0IM1376 0006334E5E  .976
12 Lower 0IM0998 000633D9CO 20 0IM0617 0006334C68 127
13 Lower 0IM1026 0006334923 20 OIMO0717 00063339AF 157
14 Lower 0IM1222 00063342BA 20 0IM1026 0006334923 .257
15 Lower 0IM1237 000633EF6B 20 0IM0017 000633EE6F  .327
16 Lower 0OIM1246 0006333F74 20 0OIM1239 00063331D0 337
17 Lower 0IM1280 000633F700 20 0OIM1035 000633574E 337
18 Lower 0OIM0114 0006335395 21 0IM0924 0006334F5E  .367
19 Lower 0OIM0461 0006335229 21 OIM0109 000633FC6C ATT7
20 Lower 0IM0548 00063341B4 21 0OIM0457 0006332799 ATT7

As is possible to appreciate from Table 5-12 thetddality for flesh colour trait is
quite low, and it also was estimated in a test faifmn, the broodstock remaining at
Glenwyllin Isle of Man farm. Thus, in order to haaeetter result with the selection
process maybe is possible to utilize MAS, to adhithis is necessary to utilize the
individuals selected in Table 5-15. This techniouél be explained in the final

discussion.
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Survival

From a total of 1500 Glenwyllin IOM offspring seted during the PIT tagging, 792
survived to processing plant. It can therefore did that the overall survival rate was
52.8%. The parental assignment analysis gave 1#g@rimg assigned to a single pair
of parents, with correctness higher or equal t8.0f®om those 1242 offspring with a

single pair of parents, 635 (51.1%) survived todbe of 67 weeks (harvest time).

Table 5-16 Sire, dam, and combined survival heiitalfor the Glenwyllin IOM strain

Sire Sire Dam Dam Combined
o h? o h? h?

Survival 0.001 (0.002) 0.02 (0.04) a 0.003 (0.003)  0.054p=D 0.03 (0.02)

Same letters in the row indicate no significanfedi#nce between sires and dams. Parenthesis ieslicat
the standard error.

As Table 5-16 shows, there was a heritability &30(0.02) for survival, this being a
significant result. There was no significant diéfiece between the sire and dam

heritability estimates.

Table 5-17 Prediction of survival between pure hiedA & BxB) and hybrid crosses (AxB & BxA)

Pure bred Survival Hybrid Survival
AXA 0.519 (0.03) BXA 0.517 (0.03)
BxB 0.536 (0.03) AxB 0.557 (0.03)

The model does not show any additive, heterosisaiernal effects of the Glenwyllin
A or B strain according to Wald statistical sigo#nce; therefore there is no evidence

of significant differences in survival between thH#erent crosses (Table 5-17).
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5.4. Discussion

5.4.1 Glenwyllin Isle of Man and Houghton Spring- gowth traits

When one observes Figure 5-5, one can notice Heatekponential correlation of
weight/length of the OIM strain at PIT tagging issmlaced to the right when
compared to that of the OHS strain. This is duthéodifference in weight and length
measurements between the strains, possibly a mefstiie 22 days difference in age
and early rearing on the different farms. HoweWem PIT tagging, both fish strains
were communally reared in Test Valley Trout famhbt conditions for strains were
identical as they were kept together in the samk, tied the same food, kept under
the same water temperature, etc. The determinatefficient () value at this time
is higher in the OIM than OHS strain, although tadue is extremely high in both
strains. The difference in mean weight betweensth&ns is highly significant, the

OHS strain being approximately half of the OIM @@ OHS; 18.46 g OIM).

The intermediate measurement, Figure 5-6, showstlieaexponential correlation of
the OIM strain is no longer as biased as the diffees between the strains decrease.
This can be verified in a more quantitative marimeanalysing the proportion of the
mean weights at this time, which was 0.88 (338.9HS; 383.5 g OIM), still a
significant difference although it has been redudddwever, the coefficient of
determination had diminished significantly when @amed with the results of the
initial measurement, 0.857 in the OIM strain angi7@.in the OHS strain, suggesting

a loss of association between the weight and levaytlables.
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By the third measurement at harvest, there washhary difference between the
curves. The proportion of mean weight between thans is 0.89 (370.6 g OHS;
415.5 g OIM) which is still significant and did ngary much with respect to the
intermediate measurement. However, the coefficiehtdetermination increased
considerably with respect to the intermediate mesmsant, on this occasion OHS

strain (0.924) showing a higher value than OIMigt(8.913).

When analysing the weight/time relation of bothasts, Figure 5-8, the quadratic
regressions in both strains were similar. A timigedence could also be seen between
the strains. The coefficient of determination wikewise similar. However, it was
higher in the OIM strain (0.832) than in the OHSast (0.826). As has been
previously mentioned, Table 5-4 shows that the wtedjfferences diminish over
time, although they continued to be significanhtigp to harvest. The coefficient of
variation within each strain likewise diminishedeovtime, although there was little
variation in the last two measurements, and it ®eeto come to a standstill at around

25%.

As there was a temporal difference between thénstrand so as to be able to assess
the growth rate in a more efficient manner, theagigns of the quadratic regressions
were derived with respect to time. Figure 5-9 shtivescomparison of these straight
lines obtained from both strains. The figure shdhat at the beginning the OIM
strain grew at a higher rate, and the rates becaqual over time. When we
extrapolate the equations it can be seen thataties would have been the same at the
end of 83 weeks and 3 days, and in that case,rtvetly rate would be higher in the

OHS strain.

210



The length/time relation for both strains showedt tthere was a much larger
coefficient of determination than in the weightinmelation. The coefficients of
determination of the length/time relation had valwé 0.941 in the OHS strain and
0.947 in the OIM strain, whilst the coefficients @étermination of the weight/time
relation were both close to values of 0.82. Thighbr association between the
length/time variables implies a higher certaintytle determination of the growth
rate. This may be due to the fact that the lengthable has 1 dimension and the
weight variable has 3 dimensions (change of volyrae)l it may also be due to the
fact that the weight measurements were not nodatdised for gut contents. When
analyzing the proportion of mean length betweenstin@ins over the three sampling
times, it can be seen that the length differencesngsh towards the harvest. At the
beginning there was a proportion of 0.79 (81.9 gSJH03.2 g OIM), and then, in the
second measurement it was 0.96 (266.9 g OHS / 2y QIM), showing a reduction
of the differences, and finally towards harvestdjrthe proportion was 0.97 (305.3 g
OHS / 314.6 g OIM), indicatiing that the differescbetween both strains were
maintained towards the end. The coefficient of atasnh (%CV) indicated that the
OHS strain does not vary much over time, maintaiaedbout 10%, but with the
strain OIM it started at approximately 10% and ehde 8.4%. The Figure 5-11
indicates that in the beginning the OHS strain addgher growth rate, which then
reverted and finally, the OIM strain had a higheovgh towards the end of the
period. This might be due to an external factowvi@mmental), as it is not normal

that the length %CV remained constant in OHS st@achdiminished in OIM strain.
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5.4.2 Glenwyllin Isle of Man strain growth traits genetic parameters

The results for the IOM strain revealed that themes significant additive genetic
variation for growth related traits. The heritatiodls were 0.43 (0.09) for weight, 0.42
(0.09) for gutted weight, and 0.28 (0.08) for ldngt was observed in the analysis
that there were no significant differences betwienheritability estimates from sires
and dams. In consequence, it will be possible farave the growth rate in a breeding

programme.

It must be pointed out that the heritability of gieti and gutted weight are the same,
therefore, | will just refer to the heritability @feight, probably historically the most
studied of any trait. Furthermore, the weight trait highly phenotypically and
genetically correlated with length, as could beigeat in the different figures of this
work. It is due to the aforesaid reason that notimattention was dedicated to this

trait because when selecting for weight, one ig@uatly also selecting for length.

Heritability estimates in fish farming usually haleege standard errors (Gjerde et al.
1997; Henryon et al., 2002; Gjerde et al., 2004)otder to avoid this problem, a
partial factorial cross design was applied in thespnt work where a total amount of
160 families were represented. Temperature, wéter &nd oxygen levels generate
changes in the rainbow trout growth rate. Elvingsand Johansson (1993)
demonstrated variations in growth results with edight fish density in different

experimental tanks. Experiments similar to theseehaore variables, so will have
more complex statistical models, making the resmitge difficult to assess. One of
the advantages of utilizing the parental assignmegthodology in the present study

meant that all the trout could be kept togethethan same experimental environment
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at all times from PIT tagging until the harvest, th@re was less environmental
variation. In the past, families were kept separaed this probably inflated
heritability estimates as environmental effectslédoe confused with genetic effects.
Furthermore, to be able to obtain a good representdrom each family, equal

volumes of ova from each family were jointly inctdxh

Table 5-18 Published rainbow trout body weight tiaility over the last decades.

Time (week)  Mean weight (g) N h Offspring Sex Temp. (°C) Authors

65 439.9 na 0.66 na Na Gall and Gross (1978)
87 757.1 na 0.74 na Na Gall and Gross (1978)
33 5.44 474 0.72 (0.07) Female 8.5 Fishbetcid. (2002)

46 49.76 487 0.55 (0.03) Female 8.5 Fishhetckl. €002)

46 56.94 492 0.61 (0.05) Female 15 Fishbetckl. (2002)

23 325 714 0.54 (0.14) Not sexed Na Crandell & (3#193)

23 325 714 0.53(0.14) Sexed Na Crandell & G&b@)

65 882.5 692 0.22 (0.13) Not sexed Na Crandell & (3893)

65 886.1 692 0.40 (0.13) Sexed Na Crandell & G#bg)
128 2666 451 0.20 (0.06) Not sexed Na Kause €2@02)

67 415.7 792 0.43 (0.09) Female Na Present study

As was previously mentioned, heritability is a pedy of the population or strain.
However, the attempts to analyse whether therefaaters that equally affect the
different populations, i.e. sex and age, have eentaltogether consistent. In an early
study Crandell and Gall (1993), demonstrated (T&blE8) that it is necessary to
make a correction in the growth model for the J@gasex and sexual maturity in
trout, although this correction is dependant ugon dge at which the heritability is
estimated and the amount of sexual precocity offigite The rainbow trout in the
present study were all females, and there weregms ®f gonadal maturity during the

slaughter at the processing plant. Thus, thesahlas are not included in the present
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study. In some studies it has been demonstratédtreayounger age the heritability
is low and increases with age (Gall and Gross, 49E8/inson and Johansson, 1993),
however Crandell and Gall (1993a and 1993b) anbb@isk et al (2002) found that

the growth rate heritability decreased with age.

Considering all the families selected for theirieg performance in Table 5-10, one
may select the breeding families that will cons#éitthe following generation in the
Glenwillyn Isle of Man farm. It would be interestino have the information of the
performance of the broodstock for the same traitheé IOM because any difference
in the ranking might suggest a genotype x envirartalénteraction. If the magnitude
of a GXE was large then this would suggest thdbpmiance traits should be assessed
under commercial conditions and this informatioediso identify future breeding

candidates.

5.4.3 Glenwyllin Isle of Man strain flesh colour plenotype

The cost of pigmentation in the salmon and trodusiry is approxinmately 20% of
the total feeding cost (Torrissen et al., 1990)s limportant for commercial reasons
that the industry should choose individuals théicieihtly absorb and deposit these
pigments in their flesh. The expression of thist trda salmonids is complex and is
difficult to estimate. It is necessary to slaughtfee individual to be evaluated for
colour (Bjerkeng, 2000), as up to now no technigas been developed to make an

estimate with live animals.

There are few similar studies for rainbow troutefidfore, | will discuss my results

with information obtained from other salmonids, miging that generally in
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salmonids the mechanisms underlying muscle pigrtientaare basically similar

(Torrissen et al., 1989).

Visual evaluation of colour

A mean SalmoFan™ colour value of 26.01 was obtaf#8eB4 scale) for the rainbow
trout in this study. Araneda (2003) obtained 29\Ben investigating Coho salmon,
higher than the results obtained in the presemtystdowever, our results are within
the limit of the 25 to 26 range observed in Atlaisalmon (Smith et al., 1992; Kause

et al., 2002; Robb et al., 2000).

It must be taken into account that a part of therspecific differences observed in
colour are related to the different amounts of taroid pigments which the different
salmon species are able to deposit in their mugdlesch & MacMillan, 1996).

However, it has been established that any cololuevabove 26 points is considered
as a colour which complies with the minimum indiastrequirements to be marketed
(Smith et al.,, 1992). Therefore, the data obtainedhis work suggest that the
pigmentation level met the standard required bg thdustry using normal

commercial diets and feeding levels.

Instrumental evaluation of colour

Colour evaluations performed with instruments sashhe Minolta Chroma Meter are
harder to interpret, as they express the coloucgperd by the human eye in
coordinates of a colour space, so that the realucgberceived by an observer is a

mixture of all of these components or coordinatele( 1986). The colour of salmon
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muscle has been described as having an orangaiegdhhd that is why research has
tended to quantify the red component of the cospace (a*), which would represent
the red colour of the muscle. A mean value of 11p0ints was estimated in this
thesis for the red chromaticity, with a much broacteefficient of variability (%CV)
than that observed in the SalmoFan™ Roche visutiiadelogy (16.89 versus 7.29).
The value of the red chromaticity, both for rainbtnout as for Atlantic salmon,
fluctuates between 8.3 to 13.4 points (No & Stok&ba, 1991; Skrede &
Storebakken; 19862 y 1986b). Araneda (2003) whemstigating Coho salmon,
obtained a mean value of 17.06 points for red cltanty, higher than the values
obtained for rainbow trout and Atlantic salmon. #e&s been already mentioned, these
interspecific differences in the instrumental meaments of colour are related with
the different ability to deposit carotenoids of le@articular salmon species (March &

MacMillan, 1996).

It has to be said at this point that the equipmessd for evaluating colour is more
sensitive than the human eye to detect colour réifiees (CIE, 1986). This is shown
by the %CV between both methods, which is signifigahigher in the instrument

measurement.

5.4.4 Glenwyllin Isle of Man strain flesh colour geetic parameter

The heritability estimates for sire, dam, and camebiobtained for the visual colour
variables were from low to moderate magnitude (@&blL2). The results indicate that
19 + 7% of the phenotypic variability observed anbow trout of the IOM strain is

due to additive genetics. No differences were fohatlveen sire and dam. Araneda

(2003) estimated that heritability by means of sual method, indicate that in Coho
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salmon, between 12 + 5% to 26 + 7% are due to itneassble genetic differences.
Previously published heritability values for Atlansalmon have been respectively 16
*+ 8%, 17 + 4%, and 12 + 3% (Gjerde & Gjedrem, 198ye & Gjerde, 1996, Norris
and Cunningham, 2004) and from 19 + 6% up to 28aH® rainbow trout (Gjerde &
Gjedrem, 1984; Gjerde & Schaeffer, 1989; Kausd.e@02). It may be said that the
values found in the IOM strain are within the rarggained for rainbow trout and

other salmonids found by other investigators.

The heritabilities estimated using an instrumeetadluation for colour was smaller
than those obtained through visual measurementslgT®12). Heritability for red
chromaticity in rainbow trout was 14 + 6%. No drffaces were found between sire
and dam. The measurement is within the range estimiay Withler & Beacham
(1994) for Coho salmon of 19 + 12%, but slightlgdehan that estimated by Norris

and Cunningham (2004) in Atlantic salmon of 20 £.2%

The heritability result obtained for variable L* the present study was 7 + 5%,
Norris and Cunningham (2004) estimated 5 + 3% ifamtic salmon and Araneda
(2003) estimated 1 £ 3% in Coho salmon. There wasaently an error in the
method, which could be due to light-water reflegtan the flesh surface. Also, the
results of this study suggest that another posgitdblem in utilizing the colorimeter
(Minolta) is the recalibration of the instrument§he Salmofalt' although

standardizing light is very operator-dependent.tHis study a single experienced
operator did all the assessment. Our results shaw there were no significant
differences in the different measurements madenduthhe 4 days of work in the

processing plant.
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When utilizing the Salmofdff methodology, it is possible to introduce some
modification to improve the system. For examplethé colour assessment cabinet
(which has an internal, continual and standard cewof light) could incorporate a
digital camera, it would be possible to eliminabe teflection and then solve the
problem. Modern digital camera and computer teamokhould help to reduce the
error and subjective nature of this analysis, armbuld be automated, and would be
open to more detailed analysis such as distribugfopigment in the fillet. This new
technology would help the plant processing lindrogation, rendering the objective
of selecting trout that absorbs more pigment easigrder commercial farm

conditions.

The heritability values for flesh colour presentedhis thesis permit would permit an
adequate response to selection, although the sifdpe results are within the low to
moderate range. The response to selection woutdund higher if we could perform
the selection directly on the parents rather tihair sibs (Falconer & Mackay, 1986).
The best method for performing genetic improvenvemild be a selection method to
improve absorption and retention of pigments whicbuld be used at any
development stage, independent of environmentahti@ns. An approach towards
this development is to use molecular tools whichmpieidentifying genetic markers
associated with the muscle colour in rainbow trdatble 5-15 shows a ranking with
the Top 20 highest and lowest individual valuesrfegat colour, over all the 1500
different individuals in the GIM offspring populat. These individuals may be used
for directly selecting parents in the IOM and/oute them to find molecular markers

with a method which will be explained at lengthtle final discussion. The diet in
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this trial was commercially available and presumabimed at masking more subtle
differences in individual variation in order ensuhe maximum number of fish
achieved the necessary colour score. In the futiaks using a range of diets with
lower levels of pigment incorporation might enabseto discriminate individuals and
families with the ability to better retain pigmergspplied in lower concentrations,
and possibly improve the heritability of the traahd so move towards a strain with

lower pigment requirements.

5.4.5 Glenwyllin Isle of Man strain survival phenoype and genetic
parameter

The overall survival from PIT tagging to harvesheéi was 52.8% for the Glenwyllin
IOM strain and 51.1% for the Houghton Spring strawth no significant difference
between the strains. The results would appear toelaively low, although it is

necessary to consider the different factors thatrdgmited to the overall mortality.

The first would be the PIT tagging process. At thate the mean weight of the
Glenwyllin IOM strain fish was 18.2g (6.7g SD) ate Houghton Spring strain fish
was 9.1g (2.9g SD), 25 (1.6%) fingerlings from 1Qh&d during the process. K Das
Mahapatra et al. (2001) found that fingerlings ohu (abeo rohitg weighing
between 8 and 15 g. were the most suitable anbebiesize range for tagging with a
PIT tag, so it is possible to say that in the pneséudy trout weights at tagging were
within the optimal range. They also describe tlsaaa effective management practice,
the percentage of survival increased up to 94.4684¢. rejection was observed to be
0.05% at the end of the experimental period. Thiois, cause does not look very

important in the overall survival.
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The second and most important was a naturally dmeoacurring infection with the
myxozoaTetracapsuloides bryosalmonathis myxozoarian produces high mortality
rate in the farm during the summers (Oliver Robimspersonal communication).
During the experiment the trout were exposed te tiadtural infection. The parasite
does not cause high mortality but it has been deimated that subclinical PKD
infections suppress key elements of the innate inenwasponse, resulting in immune
suppression that produces an increased suscdptitnlisecondary infections like
bacteria, viruses, fungi, protozoa and metazoadghan and Feist, 1985; Holland et
al., 2003 and Klontz et al., 1986). All the presstidy experimentation was done at
commercial fish farms, therefore all the trout werevironmentally exposed to PKD

with a high probability of developing a secondaisedse.

The very low but significant survival heritabilit.03(0.02) suggests a small
adaptation of the trout to the farm environment thagght be related to the survival
due to a parasitizing infection. Rye et al. (1998 assessed field survival heritability
of 0.16 (0.03) and 0.01 (0.02) in the rainbow trard the Atlantic salmon

respectively; these results illustrate the loweitability expected in field conditions.

Therefore it is possible to sustain the hypothesian improved trout adaptation due
to the host-parasite system interaction. Challetegts are usually performed to
measure the resistance to a specific pathogenerBift approaches have been
developed in challenge tests, either measuringtithe to death or measuring the
Immune response after the infection with the patho@Gjedrem et al., 1991 and
Fjalestad et al., 1996). Gjoen et al. (1997) sad animal may be resistant to a

disease because it has high tolerance, i.e., ibeanfected but is clinically unaffected
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when infected; or it might be resistant because l#ss susceptible to the disease, i.e.,
it is not infected when challenged”, therefore tkisd of selection will potentially
produce two different types of individuals or outees. Thus, challenge survival test
results with the host-parasite system and fieldvigal test must be genetically
correlated in order to prove that it is possibl@tprove the overall survival. Henryon
et al. (2002) argued that it may be unrealistibdpe to achieve resistance to all forms
of disease. They also argued that during selecidrsh resistant to a pathogen, the
host-parasite system, the pathogen has the pdtemtolve to survive in the host.
This possible increased resistance in the pathogeyn offset at least some of the
progress made in the resistance of the fish. Theltenake selecting breeding for

resistance challenging.

Gjoen et al (1997) said that high genetic correfatbetween survival in the

environments indicate that genetic improvementesfstance to furunculosis may be
obtained based on survival data recorded in thér@mment. However, the factors
which influence survival under farming conditionslivibe multiform. Thus, they

argue that challenge tests are the most accuratepeoper measures. They also
argued that in the field it is important to quaytiie mortality causes by the different
disease agents. Their research confirmed positeeetg: correlations between
resistance to different bacterial disease, but ethelere unfavourable genetic
correlations between resistance to ISA and registan two different bacterial

diseases. Thus, it may or may not be possiblent & positive correlation to the

parasitel etracapsuloides bryosalmonaad a secondary disease.
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The final discussion (Chapter 6) will expand orsttrait and how other researchers

have approached this matter in order to have dip@sesult.

5.4.6 Additive, heterosis, and maternal effects beeen the IOM strain
lines A and B

In the present study, it was not possible to fing additive, heterosis or maternal
effects on any of the traits between lines A and e lack of heterosis may suggest
that there is no inbreeding depression in Line A Bnand/or also that both lines are
not that different. The molecular studies (Chapsgr showed that the genetic
differentiation between the strains A and B wadeylow and that the isolation of the
lines based on spawning time had little influennelee levels of variation. Or maybe
this is because the we chose our breeding popalatidthe same spawning date from
the two lines, which may have reduced the overidiérgnces between fish at the

extremes of the spawning period..

Van Raden et al. (1992) and Miztal et al. (1995¢dssed that poultry and fish have a
much higher fecundity rate than cattle; therefdreytcan provide more accurate
values for detecting non-additive genetic effeMaternal effects on juvenile weight
have been found shortly after first feeding in baw trout (McKay et al., 1986;
Crandell and Gall 1993) and coho salmon (Withled &sacham, 1994), but these
effects decrease as the juvenile grows. None ofetreuthors separate maternal
genetic and maternal environmental values. G. St (1996) stated that maternal
effects should not be large for salmonids becabseotfspring are not nurtured, like

in mammals. The most likely source of maternal atffgould be differences in egg
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size and egg quality and in situations such aslyammits in which families are raised

separately.

It is common to exploit the heterosis effect in gofish species like carp, tilapia and
catfish. In salmonids this practice is less premalalthough some traits have been
shown to exhibit heterosis. Bryden et al. (2004) ot find any useful heterosis in
Chinook salmon for the various traits they studi@dinton et al. (2004) found just a
small difference in spawning dates and suggestat tthis may be influenced by
another maternal factor in the rainbow trout, &stber et al. (2004) did not find any

heterosis in survival in the rainbow trout.
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Chapter 6/ GENERAL DISCUSSION

6.1. Genetic variation between and within some saeled rainbow
trout strains cultivated in the UK.

It is clear that there were significant differendedween the various rainbow trout
strains bred in the UK, there were significant lallérequency differences and
numbers of unique alleles observed in the diffestratins. These results indicate that
commercial United Kingdom rainbow trout strains @éawhad very different
management histories and /or different origins adl,vthat allowed them to be

significantly different from each other.

Different genetic variability measurement suggekts the Glenwyllin Isle of Man
GIM Founding Population strain and Glenwyllin IsieMan Trafalgar GIT strain are
the most genetically variable strains. One explanafor the high variability of the
Glenwyllin Isle of Man Trafalgar GIT strain is thetis is a mixture of strains from a
variety of different hatchery sources. The farm Hhad rebuild its broodstock
population after the earlier stock was culled tmoge a notifiable disease. According
to the dendrogram, the possible mix of the Glenwylisle of Man (GIM) strain is
with the Hatchery Seven Spring (H7S) strain, praayi@ strain (GIT) with superior
observed heterozygosity. In contrast the Goldenufl[&I'R strain is the least variable,
having gone through a bottleneck in order to fi® golden colour in his strain. The
genotypic characterization of the strains impliest tall the strains could potentially
be joined in a single breeding trial and thenhaténd of the experiment, chooses the
best families who present the best evaluations oéréain trait or traits and in this
way, create a single new synthetic strain, the Ipagellation of a breeding program.
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But, as we are going to explain in the followinggmraph, the Glenwyllin Isle of Man

farm has a special feature which limits this pabgib

The Glenwyllin Isle of Man strain appears to behhygrariable when compared to the
other tested strains. Thus, it was a good cand&teden for a Breeding Program. The
strain has the advantage of a long standing dideasetatus, due to its geographical
isolation and a strit policy of no new introductsol he strain has therefore also been
genetically isolated for the last 26 years. Thenfaupplies 30 million eyed eggs and
maintains a large breeding population of 16000 neafiemales. This will have helped
to conserve the higher genetic variation and teduh a large but unknown effective
population size. Broodstock replacement is managedtrolled half-sib mating, to

maximise the potential Ne (David Beard pers comm.).

The stock management on the Glenwyllin IOM farnfosused on egg production
in order to supply the UK and European industry arior its own broodstock
replacement. The farm does not undertake any ngoselection of it replacement
broodstock for growth, other than the removal b¥ious problem animals, but has
been trying to extend the spawning season by sadefdr earlier and later spawning
in two separate line. It is a constant goal oflvaim trout hatcheries to try and supply
eggs all year round, and develop strains with dbffe breeding seasons. This was the
objective of the Glenwyllin IOM farm, and it stadtdo select for early and late
spawning, developing two lines (A & B respectivelyijh separate temporal breeding
seasons, although this was done without any pesligrdormation. In our
methodology of the cross breeding design for thental breeding program, as we

were trying to cross both lines, we had to colfeatn late spawning in one and early
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spawning in the other to enable the crosses todmerm one day. It can be seen from
the results of the breeding experiments that the liwes appear to have almost
identical performance characteristics. The gradselection for spawning time

appears to have been achieved without any significkange in the overall levels of

variation and with no reduction in the overall mermhance of the strains.

It was also possible to do comparisons of variaterels over the different year
classes, and evaluate the conservation of genatiability over the GIM Founding

Population, GIM Base Population, and OIM First Gatien. F statistics showed that
when comparing the GIM founding population with @&\ first generation there

was a heterozygosity deficit in the GIM foundingpptation, suggesting a risk of
genetic deterioration due to the management ofattiéicial reproduction without

pedigree information, artificial selection for spang date, in the rainbow trout
broodstock. Nevertheless, it is possible to saytthia potential inbreeding depression
could be completely overcome by the next generatoe to the methodology of the
cross breeding design applied in this study. Fumloee, the methodology could
improve even more inducing more genetic variabilitsoughout the management of
the sexual reproduction. As has been previouslytioeed, the families that were
created in the GIM first generation, show gene#tigability as high as the GIM Base

population.
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6.2. Parentage assignment

The results showed that of the 11 loci used forep@ge assignment, the least
efficient ones were Omy207UoG, Omy301UoG, OmyFGT2BT and
OmyFGT15TUF loci. The results show that two of tm®st polymorphic loci,
Omy207UoG and Omy301UoG, are also the loci with tiighest numbers of not
amplified or missing alleles, suggesting that hyghblymorphic dinucleotide loci

with many closely spaced alleles are not good nraroe parental assignment.

If this work is to continue using multiplexed miatsllite loci reactions we need to
continuously improve the technique to make it maneust and reliable. Any new
multiplex reactions should include more tetranutiteo loci and dinucleotide loci
with a reduced product size (< 120 bp) as suggdstgd Connell and Wright (1997).
The tetranucleotide loci are easier to score becafishe greater distance between
alleles and reduced stutter bands. The dinucletievith reduced product size tend
to stutter less and their smaller size makes theysipally easier to separate during
electrophoresis. There is no doubt that the adaptéd the new capillary sequencer
technology would encourage even more the use ofrosatellite for parental
assignment determination. Compared to the old aengle gel technology (the
technology that has been used in this study) thee aiscapillary offers a highly
significant advance in terms of time spent in labory, and increasing productivity in
laboratory work. It also offers a higher opticahs#ivity, allowing a higher quality
data production, which would finally translate mianprovement in the percentage of

family assignment.
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Pompanon et al (2005) in an extensive bibliogragdhieview on genotyping error
suggested separating errors into 4 different gémgoaups. One of them was human
error, and they explained that in a few studiesrevliiee specific causes of error have
been analyzed, the principal cause was attribatéditnan error. Therefore, one could
consider using a robot for the preparation of the for the multiplex reactions and
also for the DNA extraction as a way of maximumoawdtion of the process,
minimizing human error. As an example of some etthmaodifications in the general
genotyping method, one could quote Johnson eR@07), who developed a single-
step method of co-amplifying twelve microsatellitestwo hexaplex reactions for
rainbow trout. The majority (or all) of the micraskites they chose were
tetranucleotides and their method used an ABI 3&fuencer, which uses capillary
technology. The parentage analysis performed bgethresearchers had a result of

98% single family assignment.

The Family Analysis Program (FAP) and also the Bgekfor the Analysis of
Parental Allocation (PAPA) seem to be both paréidyluseful programs dealing with
the eventualities of the PCR and genotype methgoedp in terms of deleting
genotyping errors and producing simulations of ptage assignment. Both programs,
plus Access software (Microsoft) combined well, lwitheir different functions
enabling us to deal with the not scored and mishestcalleles. The technique of
using more loci than the ones recommended by thelation is a good strategy to
deal with the problems produced by the not amplifeed mismatched alleles and
with a successful parental assignment. As has bakh no replicas of the samples

were used in this experiment. The Maximum Likelidggpproach method, proposed
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by Pompanon et al (2005) was used for the analysifie samples to obtain a

parentage assignment.

6.2.1 Identification system of the individuals vengs breeding method in the
farm

As was mentioned in the introduction, in order &rrg out a genetic improvement
program one has to identify the individuals invalva the program. Mass selection
systems are not adequate when the heritabilityhefttaits is very low, therefore |
discarded this method. It was also mentioned timatet exist generally two methods
which have proved to be efficient as identificatisystems: electronic tags and

molecular markers, in this case, microsatellitesi@et al, 1999).

The use of these two systems makes a significdiereince in the breeding method.
The use of electronic tags of the PIT kind is ahtégue which requires “family

tanks”. This is the classical option of recordihg pedigree of aquatic animals which
are hard to mark. In this case, the full-sib faeslof fish are kept in separate tanks,
until they have reached a size which permits thernet marked with these electronic
tags (PIT). The numbers of families is limited daghe size of the infrastructure, and
generally between 50 and 500 families are used gaah After the families have

been marked, they may be ongrown jointly to aveidm@nmental effects.

A newer methodology is the use of a combinationnaflecular markers with
electronic tags, which is the one we use in thisesi$r With this technique, the fish

may be mixed at any time, even as just fertilized, cso family tanks or a large
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infrastructure is not required. This early mixinoals confusion of genetic family
merits with environmental effects (tank), which mag considerable, especially for
measurements based on family information such saistaece to diseases and carcass
traits. It furthermore permits the breeding to beried out in a commercial
environment, which is the usual environment of haties for fish in an improvement
program, and the measurements are therefore malistie and useful. Finally, a
classified cross breeding means that a much langenber of families may be
generated. With 100 parents of each sex, up td0Gdmilies may be generated. This
provides a much richer pedigree design producingenpoecise EBV estimates and
larger profits. Thearger number of families alsamvmles more information of
nonadditive effects and more power to estimaterpaters such as heritability from
data of the resulting offspring. However, the addal costs of the tissue samples and
offspring genotyping will limit the number of fanek that can effectively be
analysed. However, there are some intelligent dssiguch as the one used in this
Thesis, which reduce costs, but at the same timduge a good response. On the
whole, it is possible to obtain a considerably dretesponse to the selection by using
the joint method of molecular markers and electrdPiT tags. Ongoing costs for
DNA pedigreeing are assumed to decrease in reabtar the future. This technology

is being used in a series of aquaculture farmsgikann, 2006).

6.3. Phenotype and quantitative genetics

The OIM strain at the end of the trial (harvesignificantly heavier and longer than
the OHS strain. Mean weights were 415.5 g and 3@Oshile mean lengths were
314.6 mm and 305.3 mm. However, the 3 week agerdifite and the different early
rearing would account for much of this differend@ée growth simulation actually
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shows that the OHS strain was still growing faskem the OIM strain towards the
end of the trial and may have actually overtakeat ithe same age. .The OHS strain

kept reducing differences over time.

In the IOM strain, the visual measurement of colgave a mean flesh colour values
of 26.01 points on the 20-34 scale (SalmoFan™)escdahy colour value above 26
points is considered as a colour which complieshvilte minimum industrial
requirements to be marketed (Smith et al., 1992)e Tise of an instrumental
measurement of colour may be more precise thahuh&n eye, as the human eye is
incapable of detecting small colour changes whioh detected by instruments.
However the human eye is able to integrate theativeolour of the fillet that would
require several different measurements on diffepants of the fillet using the present
instruments. Therefore, one might say that colom@memeasurements are not
presently better in respect to visual measuremétasever, a combination of these
technologies with a computer analysis of photogsapbuld be useful in automation

and permit working with less human error.

The heritability results for the IOM strain were%3 9% for weight, 42% + 9% for
gutted, and 28 = 8% for length. The heritabilitytimsites for the visual colour
variables were 19% + 7% and when using the instriaheevaluation, the red
chromaticity heritability was 14% * 6%. Therefotiee heritability results of the IOM
strain indicate that there are opportunities fdossantial and rapid improvement of
the growth rate and flesh colour traits in thisstr Also no line effects were observed

or indications of non-additive genetic variation.
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The overall survival of the GIM strain from the @#nof the physical tagging with PIT
until harvest was 52.8%, and survival heritabityas extremely low, 3% + 2%,
hardly significant. According to the information tife people in charge on site, this
great mortality was mainly due to an infection witle myxozoaTetracapsuloides
bryosalmonae(PKD). However, there were no further data recoatmut this
mortality one of the downsides of working on a coenoml farm. According to
different researchers, the parasite does not cluge mortalities, but it has been
proven that infections with PKD suppress the imntogical response, exposing the

fish to secondary infections.

If this were so, one could say that the resultw¥isal heritability obtained in this
study would not really be related to surviving PIKDt possibly any exist secondary
diseases. Gjoen et al. (1997) say that daily mtyrtadust be recorded on site together
with the cause of death to establish a correld@ter on. These investigators obtained
a genetic correlation of 0.95 between the survinahe challenge test and on site.
Later on, Odegard et al. (2006) evaluated diffesgatistical models of survival for
the challenge test of Pacific salmon with furunsido The different models were
ranked according to their ability to predict theéeraf family survival to an on site
epizootic. The high correlation between the preaicbf the family effect based on
the challenge test and the rate of family survorakite for all of its models indicated
the existence of a close relation between sunovatite and the challenge test. All
the models included in the analysis had good resetiarding the ability of predicting
survival. However, the lineal longitudinal test-dmpodel for survival was the one

which obtained the best prediction result.
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The following year, the same team of investiga{@degard et al. 2007) reestimated
the variance components for survival in challenggt twith resistance to the ISA
virus. To attain this objective, they comparedetéht statistical models with respect
to their ability to predict in a precise way thdaeraf survival of the following

generation. The models of this study are similathi® models studied by the same
authors when they made test with furunculosis (@d#gt al., 2006). The greatest
difference lies in that on this occasion no sitedae taken into account, but only the
challenge tests. The survival heritabilities foAlI8sing the cross-sectional models
were significantly higher than those obtained wiitle test-day models. The LINT
model (test-day), for instance, obtained a hefitgbof 0.01. However, with the

LOGT model (test-day) a substantially larger héwliey of 0.16 was estimated. The
same as with Dinh (2005), Gitterle et al. (2006)d &Ddegart et al. (2006), the
predictive ability of the test-day models was corapigely better than the cross-
sectional ones. The test-day models consider tintié death from the inoculation of

the individuals in the challenge test. Based ondbeelation between the survival
rate of the EBV offspring and parents, the test-tadels have an opportunity to
improve their genetic gain up to 12% compared totthditionally used LIN model.

The relative gain by using test-day models versussesectional models found in
their study is somewhat higher than the correspundesults for furunculosis in

Atlantic salmon (7%) (Odegart et al., 2006).

6.4. Finding QTLs

QTLs may be identified by scanning the genome imclvithe segregation of a large
number of markers, distributed throughout the cateplgenome, is tested for its
association with the recorded phenotype. Idedily,mharkers must be codominant and
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with high heterozygosity. Microsatellite markers enheall these criteria and are
considered by many as the most adequate markensdstigate QTL. However, as
has been mentioned in the introduction of this ieespite the efforts of important
research groups, the maps of aquatic species ar@antial state of development and
a higher level of coverage or saturation with mesk@ the chromosomes of the

different species is still needed (Jackson et381 Ozaqui et al. 2001, Iturra, 2005).

6.4.1 Anonymous molecular markers

Due to this low development of genetic maps in fe#ming, an alternative strategy
for scanning the genome consists of using markéishvmay be developed with or
without previous knowledge of the DNA sequencehef tnarked region (Dodgson &
col., 1997). Anonymous markers are any non codirtdecular phenotype which
shows polymorphism and segregates in a MendeliamergFerreira & Grattapaglia,
1995). Two anonymous markers which have been usefish species may be

mentioned: RAPD and AFLP.

The RAPD technique has been successful in detebigiglevels of genetic variation
in a great number of animal and plant species §8arét al., 1991; Klein-Lankhorst
et al.,1991; Garcia & Benzie, 1995). These RAPD/malrphisms have been used to
build single sequence genetic markers or SCAR (8&szpi Characterized Amplified
Region; Param & Michelmore, 1993), which have beessociated with various
complex phenotypes, such as resistance to dis@dseselmore et al. 1991; Horvath
et al., 1995; Deng et al.,1997; Marczewski et 2001) or with productive traits
(Yang & Quiros, 1993) in animals and plants. Momthe RAPD is a quick, cheap

and easy method for its application on a large remdd individuals (Hoelzel &
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Green, 1992; Cushwa & Medrano, 1996) Markers call&llP are the ones most
commonly used. They are known for their high regidiity and several markers may

be genotyped at the same time.

6.4.2 Work that has been done to find markers ass@ated with resistance
to diseases and flesh colour

There is at present a great amount of informatieoua molecular genetic methods
which permit identifying loci which affect quantitee traits. The theoretical studies
and statistical methods developed for this purdasgely exceed the experimental
work carried out in this area (Taylor & Rocha, 1R9here are two types of goals in
the search for molecular markers linked or assediawith loci which affect

quantitative traits.

The first method consists in identifying the relatiposition of quantitative genetic
loci or chromosome region by saturating that chreonoe region with molecular
markers. To achieve this, segregation analysis dmgdnherations and back crosses
have been used derived from crosses performed eetimbred lines which differ in
quantitative phenotypes, or of crosses between laopas artificially selected in a
divergent manner for the trait being studied fdarge number of generations (Corva
& Medrano, 2001). The procedure is based on thesstal simultaneous analysis of
several molecular markers to determine the positibthe locus which affects the
quantitative trait. The methods are those of leagtares or maximum likelihood
(Tanskley, 1993). This approach requires a genetp saturated with molecular

markers in the regions where the presumed intevess is situated.
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As an example of this method, one could mentionrgeent work of Houston et al.
(2008), whose purpose was to use the large amduavailable data and samples
from the challenge tests to the on site IPN diseasiereak, combining with a specific
strategy the salmons for a genome-wide scan witleentar markers to detect QTL
which affect the resistance to IPN in a marine estega commercial population of
Atlantic salmon. The heritability of resistancetire marine stage of the disease has
been estimated from on site challenges to be appat&ly 0.4, which is a higher
heritability than that typically associated wittrait of resistance to disease (Guy et
al. 2006). For this purpose, dead fish were sdalettem the water between 5-12
weeks after their transfer and a veterinary inspeatonfirmed that the deaths during
this period were due to IPN. A random selectionlieé fish was also done. 10
families of full siblings were chosen. A total anmbwf 584 sons were chosen with an
equally approximate number of mortality and survsva@ hen a genome-wide scan for
QTL was performed by them of the 10 families of &iblings who received a natural
seawater IPN challenge. Their method consistedsinguthe great difference of
genetic recombination between the male and femalen#c salmon, a two-stage
mapping strategy. Initially, a QTL based on the suas used to detect groups linked
with significant effect in resistance to IPN, usiingm two to three microsatellites per
linked group. Then an analysis based on the dam pea®rmed with additional
markers to confirm and position any QTL detectadaly, they concluded that two
significant QTLs of the genome-wide scan and a ssti¢e QTL had been detected in
the scan. The most significant QTL was mapped &lithked group 21, and was
significant at a genome-wide level in the analysased both on the sire and dam.
Unfortunately, the number of currently availablerkeas limits the possibility of a

more precise mapping of QTL in Atlantic salmon, réfere the development of
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additional markers in the QTL region should berapartant future aim. Comparative
mapping and extrapolation of the available genphigsical map (Ng et al. 2005)
could facilitate the identification of future markeor candidate genes in the QTL
regions of Atlantic salmon. These additional maskéogether with the analysis of
population challenges to IPN, will be crucial farproving QTL mapping (Houston et

al. 2008).

The second method is tracing a molecular markerchvigo-segregates with a
phenotype of interest and which it is possible s& dor discriminating between
individuals of contrasting phenotypes. The strategysists in identifying in a
population two subgroups of individuals which regget the most extreme
phenotypes for the trait being studied, limitinge tkearch of markers in these
individuals (Lander & Botstein, 1989). This “selget genotyping” approach
presumes that extreme phenotypical individuals geneetically more “informative”
than individuals situated in the mean populatiatteere is a higher probability that
they are carriers of a larger proportion of “algeilehich increase or reduce the value”
of a quantitative trait (Darvasi & Soller, 1992).way of applying the strategy with a
large number of molecular markers is to perform #malyses using joint DNA
samples (DNA pools) of several individuals beloggito each extreme phenotype
(“selective DNA pooling”; Darvasi & Soller, 1994The conceptual basis of the use
of pool samples is that the polymorphisms correlateéh the genetic determinants of
a phenotype are more frequently present in the oA samples of the individuals
which express this phenotype, when compared wpba obtained from individuals

who do not express said trait (Arnheim et al., 29&mulation studies indicate that
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when the size of the population is of more tharDQ,hdividuals, the probability of

finding extreme phenotypical individuals is vergki(Van Gested et.ak000).

Therefore, the strategy of “selective DNA poolin@Qarvasi & Soller, 1994) is
adequate for identifying association between RAP&kaers and different traits in
salmon species. Another approach to this methatiadsone which Araneda et al.
(2005) propose in their study “Identification odaminant SCAR marker associated
with colour traits in Coho salmo®fcorhynchus kisut¢h They used an approach to
identify RAPD markers (Welsh and McClelland, 199®illiams et al., 1990)
associated with the genetic determinants of flesilour in Coho salmon
(Oncorhynchus kisutgh The experimental method combined the use of ighesd
breeding values (PBV) in a strategy of selectiveADpboling (sensu Darvasi and
Soller, 1992, 1994). Finally, they converted the HRA marker that showed a
significant association with colour traits into anginant single locus SCAR marker
(Paran and Michelmore, 1993), which has potenpalieations in breeding programs
for genetic improvement. This approach is novethie use of the PBV for colour
instead of the individual phenotype to associateth a particular DNA marker, as is
usually done. The phenotype is used assuming thexiqtypic differences between
individuals are good predictors of genotypic difieces, which is indeed true for
quantitative traits of high heritabilities. Forawl heritability trait such as flesh colour,
their proposition is that if one is searching fdd® marker associated with this trait it
will be more efficient to use a PVB as a BLUP estiep instead of the individual
phenotype. As a conclusion they infer that Oki2@6segregates with one or more
loci with an important contribution to breeding was$ for flesh colour. Nevertheless,

the amplification of Oki206 was not always positive individuals from the high
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breeding value group; a small proportion of salrdahnot amplify this SCAR. This

result is not unexpected, due to the nature optiggenic architecture of quantitative
traits. In this way, it is possible that some induals may have a high flesh colour
score due to alleles at other loci influencing ttret and it does not present co-
segregation with the marker, as has been showanre sndividuals. However, their
data suggest the presence of a QTL co-segregatitly @ki206, although the

evidence of this association needs to be confirmiéd a linkage study or with a co-

selection study in other hatchery populations.

Another method is the one proposed by Moen et @D42 These investigators
proposed a strategy for finding a QTL which affettie resistance to ISA, using
markers of the AFLP type. It is based on two stiais methods, the Transmission

Disequilibrium Test (TDT) and the survival analysis

The first method, the TDT test, was proposed byeldmn et al. (1993) as an

association test based on family data to verifypfesence of genetic linkage between
a genetic marker and a trait. For this end, onepawas the number of times an allelic
marker is transmitted or not transmitted from aehmtygous parent to an affected
offspring, and therefore, only the affected offagrare taken into consideration. The
specificity of the TDT test is that it detects gendinkage only in the presence of

genetic association. While the genetic associat@y be caused by the structure of
the population, the genetic linkage will not besated, making the TDT test robust to

the presence of population structure.
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The second method, the survival analysis (Altmaf1)9has been amply used in
human medicine to perform medical treatment téstdata which could be of clinic
or scientific importance is the time, measured fram appropriate origin, which
elapses before the event occurs. It is this amaetith is known as survival time, or
in some contexts, fault time. Said time is eithesoatinuous variable or it may be
treated as continuous for all practical purposesvéver, special methods are needed
to analyze these data on account of two reasoedirgh one, an empirical reason and
the second, a structural reason. Survival analysasexpected to be more powerful
than TDT tests, since the variables used are the tf survival of each animal
instead of the characteristic “susceptibility/remice”. As we have already
mentioned, quantitative genetics is also considetire time of survival variable as

better predictions can be obtained with it.

The test stages of this study were the followingson(1) the dead fish from the
challenge test were genotyped with AFLP markers tweddata analyzed with the
TDT analysis; (2) the resistant fish were genotyyét the significant markers of the
first stage, and then a Mendelian segregation west performed; (3) all the
significant markers to the TDT test with a Mendelsegregation were analyzed using
a survival analysis. The strategy enables one ttimqme a genome scan in a faster and
cost-effective way. The need to perform a multifget is a general problem in a
genome-wide test for QTL. The proposed strateggvidtes the problem by greatly
reducing the number of tests performed in the satvanalysis. Finally, with the
method proposed, two putative QTLs were found wiafflected the resistance to
ISA. A first crude analysis of the QTL segregatghows that they were linked. The

general conclusion of this study is that the QTLokhaffects resistance to diseases
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may be detected in species with non-available gemeaps. This means a shorter
path compared with the QTL mapping strategy thabesg used in land animals.
Finally, the strategy of multiple stages QTL is gutally more powerful than

genome-wide conventional scans where very highshalds must be placed for

testing a great number of genetic markers. (Moe, &004).

6.5. Marker Assisted Selection (MAS)

According to Nguyen et al (2006), based on linkeatkars published for aquaculture
species in the literature, there are two possilsies wf Marker Assisted Selection
(MAS): in cross populations between inbred lineg] aithin strains (Dekkers 2004).
For each of these methods, three strategies camptyed, namely: 1) Selection on
Estimated Breeding Values (EBV) derived from maskalone (MAS), 2) Selection
on markers-based EBYV first and then on polygenid/EBnd 3) Index selection
combining both QTL-EBV and polygenic- EBV (COMB).

MAS for crosses between inbred lind%r aquaculture species, inbred lines are
seldom available and when they are, they have Mavyfitness. Hence, at present,
this approach is not of practical value in aquatiecnal improvement programs.

MAS within strainsThis method has potential of selection for trditsttare measured
on slaughtered animals (flesh quality) or traitatthre recorded in only one sex
(sexual maturity in female). The efficiency of MA®thin strain is largely dependent
on heritability of the interested traits, size oTlQeffects and recombination rate,
increasing for lowly heritable traits and with theportion of the variance explained
by the QTL (Meuwissen and Goddard 1996). The adgmntof MAS selection,
however, decreases over generations due to fixaioQTL and loss in polygenic
response. Despite high efficiency expected frornordtical prediction (2 to 60%), this
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method of selection requires extensive recordindpaih phenotypic and genotypic
data for several generations prior to selectiomoriger to accurately estimate QTL
effects. In addition, prior knowledge of QTL regsonhat segregate within the
population limits its application to the currenéyisting breeding programs in tilapia
or carps because QTL mapping studies need to ksuctad prior to implementation

of MAS (Nguyen et al, 2006).

6.5.1 Limitations to the application of genetic and reproductive
technologies in genetic improvement programs

At this stage of development in molecular genetiggy major issues that limit
application of genetic markers are as follows:

Technical issuesthere has been a lack of high resolution linkagpsnia most of the
aquaculture species. The efficiency of MAS is Iéwnarkers are located far from the
target gene. Even when molecular markers are ¢losepped, false positive
detection of marker and gene association alsoteesulow efficiency of MAS. The
technology should be used only when there is d tigkage between markers and the
gene of interest. Experiences in both plant andnals indicate that MAS is
successful with traits controlled by single gen¢ghwnajor effects, but little progress
has been made with traits controlled by multiplaege This creates a need to develop
new generation markers (e.g. SNP), physical andpeoative maps, and to integrate
them into linkage maps to increase the ability dentify functional mutations or

candidate genes in aquaculture species (NguydnzaG6).

Costs of MAS Although there are currently various molecularrkess of the

microsatellite kind associated with loci that atffeomplex phenotypes in salmon as
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resistance/susceptibility to viral diseases (Oztkal., 2001) or spawning season in
rainbow trout (Sakamoto et al., 1999), no prograih&Marker Assisted Selection”
(MAS) have been implemented, mainly due to thegase in cost and complications
in the animal handling the incorporation of thesarkers would imply. At various
stages of MAS development, areas that represege lapsts include laboratory
equipment, consumables, infrastructure, marker Idpugent, genotyping, data
recording and labour. The question of whether thests can be compensated by
economic returns from genetic gain using MAS stlinains open (Nguyen et al,
2006). When using molecular markers in selectiamg@ms, it is expected that they
may accelerate the response to the selection o trm, a progress which can also
be obtained in the long-term with traditional sé@t methods without using markers
(Kuhn et al., 1997). From this point of view, MASeuis only justified in traits which
are hard to assess, heritability of medium to loagnitude and for those that have not

been previously selected (Smith & Simpson, 1986).

In addition, several constraints and limitationstfee application of molecular genetic
information include intellectual property rightsint research collaborations among
international institutions, the lack of manpowendaesearch funding (Nguyen et al,

2006).

From the aforesaid, we may infer that it is possiial find a QTL which affects the

resistance to the previously mentioned parasitentagausing the PKD) and its later
use in the MAS method. For this purpose, | consikdat the best method would be to
perform a challenge test with this parasite andsictan the time of death. One should

take care that said parasite does not coevolvadtiee resistance of the trout, thus
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reducing its virulence level. Then the analysigind the QTL should be done in the
most cost-efficient way which apparently would heusing anonymous markers. To

perform this, tissue samples from the contrastimgnptypes would be needed.

6.6. Considerations of a dialogue with the salmongaaculture
industry

In the context of the dialogue initiated in Febgu@004 by the WWF US with the
Salmon Aquaculture Industry, Tacon (2008) submittedeport called “State of
information on Salmon Aquaculture feed and the mmwmnent”. The goal of the
Dialogue is to engage stakeholders in a constrictdialogue to define
environmentally, socially, and economically sustdie salmon farming, develop
performance-based and verifiable standards, artdrftiseir implementation. One of

the main points of this report was:

e Trends in volume of feed produced and used in salamuaculture: An Overview of total

global use of fishmeal & fish oil

Total world production of farmed salmon and matmaekish water reared
rainbow trout in 2003 was 1,464,289 tonnes (FAQQ5&), including Atlantic
salmon 76.1%, rainbow trout 13.3%, Coho salmon 7.3%@ Chinook salmon
1.5%. In global terms, salmon feeds represent &6 of total compound
aquafeed production by weight in 2003, with aquiacal in turn representing

about 3% of total global industrial animal feedguotion in 2004.
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At present over two thirds of salmon feeds by weagle composed of two marine
feed ingredients, namely fishmeal and fish oil. Tdtest global estimate from the
International Fishmeal and Fish Oil OrganisatiofRFD), shows that the use of
fishmeal and fish oil within aquaculture and anifesds currently stands at 46%
in the case of fishmeal usage and 81% in the daishooil. As is seen from this

data, the aquaculture sector is currently heaviypemhdent upon the use of
fishmeal and fish oil within compound aquafeedspérticular the dependency
upon fishmeal and fish oil is particularly strongr those higher value species
feeding high on the aquatic food chain, includitigcarnivorous finfish species,

and to a lesser extent, most omnivorous/scavergyugjacean species.

Since between 50 and 75% of commercial salmon faexlsurrently composed of
fishmeal and fish oil it follows that any price neases in these finite commodities
will have a significant effect on feed price andnfaprofitability; salmon feeds
and feeding representing between 60 to 70% of fatah production costs. The
above is particularly critical in view of the geaktrend toward decreasing farm
salmon prices (due to increased farmed salmon ptimoiuand market supply) and
increases in feed ingredient prices due to incokas®rket demand and

competition (Tacon, 2008).

* Fish landings destined for reduction and statusxpfoitation of major reduction fisheries

The quantities of landed fish and shellfish fronptogae fisheries destined for
reduction into meals and oils and other non-foodopses has increased over
seven-fold from 3 million tonnes in 1950 (represemtl6.1% total capture

fisheries landings) to 21.37 million tonnes in 2@33.4% total capture fisheries
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landings (FAO, 2005a). With the exception of the Ntho year of 1998, the
proportion of the fisheries catch (whole fish) dssdl for reduction into fishmeal

and fish oil has fluctuated between 20 and 30 omltionnes.

Information concerning the global state of explodta of wild fish stocks is only
currently available for about 80% of total captursheries landings (FAO,
2005b). According to the review, an estimated &2 of the world fish stocks
are considered as being fully exploited, and ab,sai@ producing catches that are
already at, or very close to, their maximum sustali& production limit, with no
room for further expansion, and with some risk aclche if not properly
managed. From the remaining, approximately 17% @ver-exploited, 7%
depleted and 1% recovering, and thus offer no rémmfurther expansion. In the
case of the major pelagic reduction fisheries, mhioation of heavy fishing
pressure and severe adverse environmental corglifissociated with changes in
the El Nino Southern Oscillation have recently tech sharp decline in the three
most abundant pelagic species in the southeastid?dbe Peruvian anchoveta,
the South American pilchard and the Chilean jaclckaeel. In the northwest
Pacific large changes in the abundance of Japgmkderd, Japanese anchovy
and Alaska Pollock have also occurred in respom$eavy fishing and to natural
decadal oscillations. This alternation of stockiéofes a pattern also observed in
other regions of the world that seem to be maimyegned by climatic regimes

affecting stock distribution and overall fish abande (Tacon, 2008).

Ewos S.A. (2006), in a technical report about tlheversion rate in the salmon

farming industry at the same meeting, explained the limited availability of this
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Fish Flour (FF) and Fish Oil (FO) resource, itshhigrice and the principle of
economic and environmental sustainability of théustry, have led that replacement
of FF in salmons diets by other alternative protagredients have been accelerated
in the last years. As an example, in 2000, theevEllused in the salmon diets was on
average over 50% of the portion. Therefore, reducii the levels of FF in the last 5
years has been substantial, which has been obtthaells to a maintained effort on
resources for investigation from food producing pames and research centres both

in the main salmonids producing countries.

One of the goals of EWOS company, in a two to tlyess term is to reduce FF levels
to 10% of the diet and in a 6 year term, to loviemt to about 0%. Nevertheless, the
level and depth of the investigation required tduee FF in the fish diets to these
levels will demand an even greater economic efiorscientific research. This is
because these changes in the diet formulas mushdme without harming the
productive efficiency, the well-being, and nutrtad and sanitary quality of fish. For
this, important resources in areas such as nutyibmtechnology, new technological
processes for food production, nutritional and vaggenomics, among others, are
being invested to allow the inclusion of a gre#&eel of protein sources from vegetal

and land animal origin in the fish diets.

Among ingredients that have been used in the keatsyto replace FF and those that
will become more relevant in the years ahead, samybdupine, canola, peas,
sunflowers, corn gluten and wheat gluten, prot&iosh poultry, bioproteins, etc. are
included. Among vegetables, some protein concexdratith high digestibility, as

well as value added flours of animal origin willqaere greater importance. The future
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incorporation level of this type of inputs will becreased, taking advantage of the

carnivorous nature of salmonids.

With respect to the replacement of Fish Oil (F)e tinvestigation available
nowadays allows to conclude that this input candpaced by 50% by vegetal oils
without affecting the productive fish performandbkeir well-being or nutritional

guality. Some vegetal oils rich in vegetal Omedaay Acids (FAs) allow to replace

part of FO, but not the totality.

Unfortunately, there are no other abundant and cexcially available sources of
these FAs nowadays, apart from fish oil. Nevertsgleve count on very encouraging
scientific advances in the development of vegetalds, yeasts and other FAs being
able to generate and to turn themselves into ERACAAA, which will allow in the

future a lower dependence from FAs in the salmodielts.

In relation to conversion rates, the main reasoms the improvement in the
conversion efficiency is the development of tecbgaal processes for salmonid
food production, that allowed the transition fronpelletized to extruded food in the
last decade. This development has had a tremenglorisonmental and economic
impact when reducing food losses significantlyislalso possible to mention that if
we compare the conversion rate of food into salffesh (1.35) with other productive
species such as poultry (1.85), pigs (2.7) andrimy® 7.0), one can conclude that
salmons are far more efficient in this processcamclusion, sustainability of the

fishing resources and the salmon industry from féexling view point are being
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addressed by food producers and the scientificduvarh serious and responsible way

(Ewos, 2006).

Thus one of the main conclusions which concerna dscon’s (2008) report are:

. Current dependence of the salmonid aquacultace salmonid feeds upon
fishmeal and fish oil and the need to reduce th@etdency for the long term
sustainability of the salmonid aquaculture sector;

. Current ability of the feed manufacturing sedtwreduce up to 70% and 50%
of the fishmeal and fish oil content of salmon feedth alternative more
sustainable dietary protein and lipid sources,eesyely;

. Absence of agreed standards and criteria foessgsy the sustainability of

reduction fisheries.

Thus, a vertical and horizontal integration of theject should be considered,
meaning a joint venture with different innovativengpanies that develop, for
example, new food products and new vaccine devedopm\s was mentioned in the
dialogue “State of information on Salmon Aquacudtdeed and the environment”,
food production companies have to develop new fepdiroducts for salmonids
reducing the amount of fishmeal, changing them dtner animal and vegetal
proteins, and they also need to change fish oil viegetal oil, or yeast oil, or

microalgae oil. All this must be done in a progressvay until these ingredients are
reduced to a minimum without affecting the healtid ayuality of the fish. This

assessment of food change could be carried outinwttie context of a genetic
improvement program similar to the one of the pmeséudy, as it would only require

making comparisons between the growth rates wehdifferent foods. Likewise, the
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sanitary part would have to be reviewed to assé&ther there is no reduction of the
immunological system and that is the reason whythemacompany which develops

vaccines would have to be included.

The vaccine development companies should make ectugd! tests to quantify the
qguality of their vaccine. The genetic improvemembgramme could provide the
rainbow trout that the companies need for theillehge test. Thus, giving pathogen
resistant data that could be genetically correla®dhe fish farm commercial
production and also giving the possibility to fimobre QTLs. Generally, the vaccines
do not protect 100 % of the population. Let’s sig@pa vaccine that protects 80 % of
the population and the company decides not to daiithprove the vaccine because it
iIs not economically viable. Then the vaccine and genetic resistant selected
rainbow trout could be combined, and improve upatdotal protection of the
population. This strategic merge could significanticrease the sales of the vaccine

development company.

6.6.1 Sustainability of reduction fisheries and cteria used: What can we
expect for aquaculture food product?

To date the criteria used by fisheries biologisisheries economists and fishery
policy makers to determine the sustainability oéafic reduction fisheries has been
mainly based upon variations in reported landedkstbiomass (usually on a
traditional single species basis), fishing capad@ty effort, and concerning the
existence and implementation of adequate fishariasagement regimes so as to
ensure that the landings of the target speciekepe within agreed safe biological

limits (Bjgrndal et al. 2004; FIN, 2005; SEAFEEX®03;Yndestad & Stene, 2002).
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However, at present little or no considerationgsally given within the sustainability
criteria used toward the consideration of widersgstem implications such as trophic
interactions, habitat destruction, and potentiatiadp economic and environmental
benefits and risks (Bogstad & Gjosaeter, 2001; €alden et al. 2001; Dalsgaard et
al. 1995; FAO, 1999; Folke et al. 1998; Furnes922®Huntington, 2004; Huntington
et al. 2004; Jeroen et al. 1999; Lankester, 2008raMiski, 2000; Pimentala, 2001;
Royal Commission on Environmental Pollution, 2004ominen & Esmark, 2003;
University of Newcastle upon Tyne/Poseidon Aqud&tiesource Management Ltd,

2004).

Is there sufficient research on the sustainabdlityeduction fisheries to certify them?
As mentioned previously, this will depend upon ttefinition of sustainability

employed and criteria and indicators used for #réifecation of the reduction fishery.
For example, Huntington (2004a) was unable to #sicethe sustainability of selected
reduction fisheries based upon the modified "Snatde Fishing’ principles and
criteria of the Marine Stewardship Council (MSC}. gkesent there are no “certified’
wild reduction fisheries available for sourcing hfidor fishmeal and fish oil

manufacture. The leading role of FAO, the Interadi Council for the Exploration
of the Sea (ICES) and non-government organizateuch as MSC in the future
development of internationally recognized and atambriteria for ascertaining the

sustainability of reduction fisheries is paramo{irgcon, 2008).

Clearly, it follows from the above discussion thatwider ecosystem and socio-
economic factors are to be taken into consideraitivm revised and more broader

ecologically-based sustainability assessmentsdfateon fisheries, then new revised
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definitions, principles and criteria will have tce ldeveloped (Huntington, 2004;
Huntington et al. 2004; Lankester, 2005; SEAFEE2®03). However, such
principles and criteria will have to be crafted antplementable under real world
conditions (with the participation of all major Hisry stake holders) and due
consideration given toward the special needs, remeénts and capabilities of

developing countries when ever possible (Tacon8R00

Therefore, according to this rationale, how will We able to certify that our fish
proceeding from fish farms are produced in a snatde manner if our main input,
fishmeal and fish oil, do not have a sustainabtigytification? There is undoubtedly
some progress which could be done for a start,oasntance, quantifying the
socioeconomic impact of fish farming, so that ottwamuntries which are less

developed than the United Kingdom, such as Chiky have a reference.
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