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Zusammenfassung

Die Produktion von Regenbogenforellegdntorhynchus mykiss) steigt seit Jahrzehnten
exponential an und betrug im Jahr 2006 weltweit,300 t. Die Regenbogenforelle ist
damit nach dem Atlantischen Lacl&alfmo salar) die wichtigste Salmonidenart welt-
weit. Als Susswasserspezies mit hohen Anspriichetieafaltungsumwelt ist die ur-
sprunglich von der Pazifikkiiste Nordamerikas stameeRegenbogenforelle heute in
nahezu allen Landern verbreitet und beim Konsunmeatggrund ihres schmackhaften
und nahrstoffreichen Fleisches sehr beliebt. Hidnaesich auch die Nachfrage nach so
genannten ,Lachsforellen®, wobei es sich um Foreltait einem Lebendgewicht von
mehr als 1,2 kg handelt, in den letzten Jahrentipatwickelt. Die Erzeugung dieser
,Lachsforellen” setzt eine relativ lange Mastzeinv2 - 3 Jahren voraus, was bei ge-
mischtgeschlechtlichen Bestanden den Nachteil descldechtsreife der Milchner ab
dem zweiten Lebensjahr mit sich bringt. Dieser landtkann zu einer hohen Mortalitat
der Milchner im gemischtgeschlechtlichen Bestanisau einer Wachstumsstagnation
und einer negativen Beeintrachtigung der Fleischigmaiihren. Aus diesem Grund

werden zur Produktion von ,Lachsforellen® (> 1,2 kgin weibliche Fische bevorzugt.

Der vorliegende experimentelle Versuch hatte zugl, &ine alternative Methode zum
bisher Ublichen Hormoneinsatz fir die Erstellungktioneller Milchnern zu entwi-
ckeln. Funktionelle Milchner fiihren bei Anpaarung normalen Rognern zu rein weib-
lichen Nachkommenschaften, welche zum Zwecke deatuktion rein weiblicher Forel-
lenbestande fur die Ausmast auf hohe Koérpergewithte,2 kg) winschenswert sind.
Die alternative Methode sollte in Deutschland umisat sein und neben wirtschattli-
chen Aspekten den hohen Qualitdtsanspriichen, didedgsche Verbraucher an deut-
sche Fischprodukte stellt, entsprechen.

Der hier verfolgte neue Ansatz, die Geschlechtsd@gsmg bei Forellen zu beeinflussen,
beruhte auf der gezielten Verédnderung der Haltengseratur wahrend der Brit-
lingsphase. Eine Sensibilitat der Geschlechtsagspgigegentber Haltungstemperatu-
ren konnte fur andere Fischarten, z.B. fur Tilapiegreits wissenschaftlich nachgewie-

sen werden.

Nach technischer Optimierung der Behandlungsablkarie eine Behandlungstempera-
tur von 18 °C fiir 30 Tage, beginnend zwei Wocherhrchlupf, zum Einsatz. Die U-

berlebensraten der Brut nach dieser Behandlungsitarizeigten keine signifikanten



Unterschiede zu den Kontrollwerten. Eine erhOhtes$ggemperatur wahrend der Brut-
lingsphase hatte im Gegenteil eine positive Auswitkauf das Heranwachsen der Brit-
linge. Je nach verwendeter Herkunft und Familigteei die Behandlungsgruppen ge-
genuber den unbehandelten Kontrollgruppen deuditibhte Weibchenanteile (von bis
zu 83%) oder deutlich niedrigere Weibchenanteiie @u 30%). Die Ergebnisse der
Temperaturtestung (18 °C fur 30 Tage) von Nachkommes wiederholten Anpaarun-
gen derselben Eltern variierten nur um 1 bis 6%d&&lternteile, Milchner und Rog-
ner, trugen zu den verschiedenen Geschlechterweidsin in den temperaturbehandel-
ten Nachkommengruppen bei.

Aufbauend auf den erzielten Ergebnissen wurdenhéie@end vertiefende Untersu-
chungen zur Vererbbarkeit der Temperatursensibilitd=orm eines Selektionsexperi-
mentes durchgefihrt. Zur Ermittlung der Temperaisgilitat wurden die Nachkom-
men einer Familie in eine Kontroll- und eine BeHandsgruppe aufgeteilt und begin-
nend zwei Wochen nach Schlupf bei 12 °C bzw. beiQ8ir 30 Tage aufgezogen. Die
Geschlechterverhéltnisse in den Behandlungs- undtrldgruppen wurden makro-
bzw. mikroskopisch nach 8 Monaten Aufzucht bestimibds Selektionsmerkmal war
der Weibchenanteil in der temperaturbehandelterdg@sthwistergruppe. Ausgehend
von einer Basispopulation bestehend aus 95 Famvilieden jeweils sechs Familien se-
lektiert, die einen hohen Weibchenanteil (Seleldefierential fir den Weibchenanteil
betrug 9%) bzw. niedrigen Weibchenanteil (Selelgtbfierential betrug -10%) aufwie-

sen, und zur Erstellung zweier divergierender lirgenutzt.

Die Ergebnisse der ersten Selektionsgenerationezgigass eine Selektion auf Tempe-
ratursensibilitdt wahrend der Phase der Geschldiffet®nzierung mit dem Ziel erhéh-
ter Weibchenanteile mdglich ist. In der 1. Selaksigeneration wies die flr einen erhéh-
ten Weibchenanteil selektierte Linie (HL) einen chschnittlichen Weibchenanteil von
57,6% = 4,7 nach der Temperaturbehandlung auf, eméhder Weibchenanteil bei den
entsprechenden Vollgeschwistern in den Kontrollgh°C) bei 49,5% + 1,8 lag. Die fir
einen niedrigen Weibchenanteil selektierte LinieMeigte in der 1. Selektionsgenera-
tion einen durchschnittlichen Weibchenanteil vorb44 + 4,3 mit einem korrespondie-
renden Wert in der Kontrolle von 49,6% + 2,1. Sokahnte gezeigt werden, dass die
temperaturabhangige Geschlechtsauspragung einetigggren Komponente unterliegt,
ausgewiesen durch eine realisierte Heritabilitén{igtelt Giber beide Linien) vorfg=
0,67.



Eine mogliche Alternative, rein weibliche Nachkommsehaften zu erzeugen, wére es,
mit Hilfe der bereits in diesem experimentellen 8&(eh erfolgreich getesteten meioti-
schen Gynogenese und einer anschlieRenden Tenmpetsdndlung der Nachkommen,
funktionelle Milchner zu erstellen. Funktionelle Istiner erbringen in Anpaarung mit
normalen Rognern weibliche Nachkommenschaften. IDdliese alternative Methode
ware es maglich, bei der Ausmast von Regenbogdrdgnrauf hohe Stlickgewichte tber
1,2 kg den sonst Ublichen Einsatz von Hormonen ksveerstellung funktioneller

Milchner zu umgehen, um eingeschlechtliche weildiBlopulationen zu erzeugen.



Summary

The commercial production of rainbow tro@ncorhynchus mykiss) increased exponen-
tially in the decades following the 1950s, reachanigvel of 550.000 t in 2006. It is the
most produced species within salmonids after tHarit salmon $almo salar) world-
wide. Rainbow trout is a freshwater species ansl litighly sensitive with regard to all
water parameters, especially oxygen content. Raintoout originally came from the
Pacific coast of North America and were importedEtoope at the end of the1@en-
tury, consequently this species is located all der world today. It became highly
popular with consumers due to its nutritious anlicdee meat. This increased also the
demand of large size rainbow trout (> 1.2 kg) othex last years. The production of
large rainbow trout lasts between two to three ye@th male rainbow trout beginning
to mature at approximately an age of two years, y&@a earlier than the females. This
circumstance can lead to problems when rainbow stacks are of mixed sex, because
at this stage the fish have not reached a bodyhveigmore than 1.2 kg. The onset of
maturity in male rainbow trout has negative effemisthe meat quality and growth per-
formance, due to an increased susceptibility andptevity to fungal and bacterial dis-
eases during the spawning season. This raises dhality rate in male rainbow trout,
which is why all-female stocks are preferred fapdarction of large size rainbow trout
(> 1.2 kg).

The aim of the project is the evaluation of anraltiéive to the usage of hormonal treat-
ment in order to produce rainbow trout neo-malesafo all female production by mat-
ing these neo-males to normal rainbow trout femaissa precondition, the developed
alternative, aside to economical aspects, shoulttdply applicable in Germany and
should fulfil the high market demands for fish puots. The pursued approach to influ-
ence the sex differentiation in rainbow trout isdxh on the modification of the rearing
temperature post hatching, during the early alestage. This has been scientifically
proven to be effective in other fish species, Bitg tilapia (Oreochromis niloticus).

After the technical optimization of the treatmemnbgedure a temperature treatment of
18 °C for 30 days was applied to ongoing experisstdrting two weeks post hatching.
The survival rates of the fry after temperaturatimeent did not differ significantly from
the corresponding control groups, however, the drigamperatures showed a positive
influence to the growth performance of the alevidepending on the population and
family, the applied temperature treatments led sgyaificant increase in the percentage

of females (up to 83%) or to a significant decraademale percentages (down to 30%)
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in comparison to the untreated full sib controlugpe. The results obtained from re-
peated matings of identical mating partners diffeoaly by 1 to 6% females in their
offspring. Both, female and male spawners, conteithito the different sex ratios in
temperature treated groups.

Taking the initially obtained results as a basethir investigations were conducted
concerning the heritability of thermo-sensitivityrthg sex differentiation in the form of
a selection experiment. In order to measure thertbesensitivity on sex differentiation,
the progenies were divided into a treatment andraral group. Both groups were
reared separately two weeks post hatching, in tesyres of 12 °C and respectively 18
°C for 30 days. They were subjected to sexing aftezaring time of approximately 8
months in order to determine macroscopically orrascopically the sex ratio of the
group. The selection criterion was the female paege of the temperature treated full
sib group. The base population consisted of 9®defstimilies, of which 6 families each
were selected showing an increased female propoftigh line: selection differential
of 9%) in the offspring and respectively a decrdaseale proportionl¢w line: selec-
tion differential of -10%) in order to create twivergent lines (digh and aow line).

The results of the first generation showed thagct®n using thermo-sensitivity on sex
differentiation is possible. In thegh line the first generation of selection showedran i
creased mean female proportion of 57.6% + 4.7 afteperature treatment, however,
the corresponding value for the controls was 49i5%8. The first generation of selec-
tion of thelow line showed a decreased female proportion of 445303 after tempera-
ture treatment with the corresponding value of ¢betrol groups at 49.6% + 2.1. The
results indicated that the rearing temperaturendutine early alevin stage in rainbow
trout can influence the sex ratio. Rainbow troet lamown to have a genetic background
of thermo-sensitivity depending to the populatiow dhe mating partners shown by an
averaged heritability of both lines of4+ 0.67.

A potential alternative to produce all female pnaige could be achieved by a meiotic
gynogenesis and a following temperature treatméglynogenetic progenies to obtain
functional males. The functional males deliverfathale progenies when they are mated
to normal females. This procedure provides an radtere technique for the production
of large rainbow trout with body weights above k& without using the common
method of hormones that produce neo-males to aglaiemale progenies when these

neo-males are mated to normal females afterwards.



Chapter 1

Introduction



In many countries, especially in the developingntoas, fish is an utmost important
source of protein for the human population. Thdlehges of the continuously decreas-
ing marine capture benefits of fish, mussels, ciaatx$ other aquatic species are well-
known and since the 1950s scientists have beerngealsolution. Fish have the ability
to utilize feed to a highly effective level, in cparison to warm blooded animals like
pigs and cattle which is why aquaculture has becamery important role in providing

the necessary amount of protein in the human téady.

The aquaculture sector is increasing very rapidig & is gaining more importance in
relation to other established production systenth @s the classical agricultural milk
and meat production, which is linked to the usaiga buge amount of good farm land
and other valuable resources. For these reasonis amder to be able to face the prob-
lems of the future successfully, it would be neaggdo keep the aquaculture sector

growing.

In order to produce large rainbow trout with wegyhbove 1.2 kg it is necessary to de-
velop a method that is, aside to economical asplegally applicable also in Germany,
which can fulfil the high quality demands for fipihoducts for the western European
consumers. This makes it necessary to develop enatmsumer-friendly procedure
that rivals with the common practise of feedinghbaw trout alevins with hormones
during the early life stage for the production ohdtional males. Such functional rain-
bow trout males can produce all-female progeniesnathey are mated to normal fe-

males.

The aim of this study was the testing of an altéveamethod where temperature treat-
ment was used instead of the usual but questiotnasiaonal approach for the produc-
tion of functional males. As possible alternativieemperature treatment of 18 °C for 30
days on rainbow trout alevins two weeks post hatghwvas tested in order to influence

the sex ratio of the treated progenies.



Introduction of the species “rainbow trout”

The species rainbow troud( mykiss, Walbaum, 1792) is assigned taxonomically to the
order of Salmoniformes, to the family of salmonidsS@lmonidae) and to the genus of
Oncorhynchus (Bohl, 1999). The genu®ncorhynchus represents the salmonids which
originally belong to the hemisphere of the Pacfiicean like rainbow trout, silver
salmon and the Japanese salmon. The native arambbw trout is the Pacific Coast of
North America beginning from Alaska in the Northtilthe northern Pacific Coast of
Mexico (Smith, 1989).

The time when maturity occurs is very differentvibeen fish species (Pillay, 1990). It
depends on the species as well as the environmamiditions prevailing at the current
place. This is the reason why fish that are exposetifferent environmental conditions
can mature at different ages, even if they ardhefsame species (Wotton, 1982). In the
northern latitudes salmonid species, in particcdarbow trout male spawners, mature at
the age of two years whereas female rainbow trpaiveers mature at three years
(Bohl, 1999). This means that males roughly becama&ire more or less one year ear-
lier than the females (McKay et al.,, 1986), depegdon the genotype of the fish
(Steffens, 1981). The evolutionary reason why #radle rainbow trout mature one year
later in comparison to their male counterparts sy-following the hypothesis of Dar-
win — that for the production of ripe eggs much enbody volume is necessary than for
the production of the sperm by the male rainbowtt{McCormick and Naiman, 1984).
For this reason, body weight and many environmgraishmeters such as temperature
and the nutritional conditions are responsiblethar start of the maturity (Bohl, 1999).
The reproduction of rainbow trout is strictly semaloand bounded to winter months
(October to April) in northern latitudes where thgawners can be divided into early,
middle and late spawners depending to the monthedf readiness to spawn (Purdom,
1995).

Rainbow trout were originally imported from Northm&rica to Europe and to all other
countries around the world since 1880s, in orddseocome a good pond fish for aqua-
cultural purposes and recreational angling. Forbraw trout it is only possible to spawn
naturally in the native area on the Pacific Coddiarth America, so that it has to be

reproduced artificially by stripping the gonadsnfrtheir bodies during spawning season
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and by artificial hatching of the fertilized eggsan incubator (FAO, 2008a) in Europe
and all other countries outside their native area.

As a result of the wide exportation of rainbow traot only in countries of the northern
latitudes but also in the uplands of many tropasad subtropical countries of Asia, East
Africa and South America, is that many local donoased strains have been developed

all over the world.

The rainbow trout is described as a hardy fish Wwihscvery fast growing, tolerant to a
wide range of environmental parameters and is dagalaccept many different habitats
ranging from an anadromous way of life, i.e. thalvaw trout strain lives in the ocean
and only comes back to gravel-bottomed and wellgexyted rivers and streams with a
fast water flow in the spawning season, to lakedisaously inhabited by the rainbow
trout strain. However, although this species isdbltolerate a vast range of tempera-
ture and suboptimal water conditions, in ordergaven, it has to reach an optimal feed
conversion ratio, or to attain a high increase @ight, the temperature and all other en-
vironmental parameters have to be within a nar@nge (Table 1), so that efficient and

productive culturing of this species can be readf&®, 2008a).

Table 1 Physiological demands of the rainbow trout (raafigwimming fry to
broodstock fish) (FAO, 2008a)

Optimal water temperaturg 9°C-17°C
Dissolved Oxygen Near saturation
CO; — content (mg/l) <2.0 mgD
ph — value 6,5 — 8,5 (neutral)
Alkalinity (as CaCg) 10 — 400 mg/l
Manganese < 0,01 mgl/l
Iron/zinc/copper < 1,0/ < 0,05/ < 0,006 mg/l




Overview of the global production of salmonids

The global production of salmonids has more thanbtédl in the decade from 1994
(814.102 t) to 2004 (1.978.109 t), but only thrpecses are economically important: At-
lantic salmon $almo salar), rainbow trout ©. mykiss) and the silver salmonC(
kisutch). Under these the Altantic salmon is the most irtgod species with more than
1.3 million tons harvested in the year 2006, whglmore than 60% of the whole sal-
monid production by this species. Rainbow trouhis second most important salmonid
with a volume of more than a half million tons pucdd worldwide. This is followed by
the silver salmon, which reached an annual globadlyction of 0.133 million tons in
2006. All three species together formed more thaf#b ®f the whole salmonid produc-
tion worldwide. The production of cultivated raimpdrout has grown exponentially
from 1950 until today (Figure 1).

Global production of rainbow trout
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Figure 1: Global production of rainbow trout from 1950 to0B0in thousand tons
(FAO, 2008b).

This is particularly due to high growth rates inr&ae and Chile who are currently the
top producers of rainbow trout. Their productiorrahbow trout has increased by up to
330% in only one decade, from 32.866 t (1994) t8.308 t (2003). Today, Chile pro-
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duces more than 20% of the global rainbow troudpotion. Furthermore, in recent
years there has been a slight increase in the ptioduwithin European countries such
as France, Italy, Denmark, Germany and Spain,derao supply the domestic markets,
as well as an increase in the use of marine-cuttages in Norway and Chile, which has
raised the amount exported. In Europe, Norway éstdp producer of rainbow trout,

where production increased from 14.367 t (19942428 t (2003).

Large rainbow trout (> 1.2 kg) production has dtsweased in recent years (Figure 2).
Again, Norway is on the top position in this fielgth an increase of 22% from 47.000 t
(1998) to 60.000 t (2005). However, there were mmrable decreases in large rainbow
trout production between 1998 to 2005 in Finlamdrf 16.500 t down to 11.000 t), in
Denmark (from 7.500 t down to 6.000 t) and in Swe(feom 6.500 t to 3.000 t). The

other countries in Figure 2 remain more or lesstagnation of large rainbow trout pro-

duction.
Large rainbow trout production in Europe
70
60 |
S 50 |
o
o 40 +H 01998
‘2’ 30 m 2005
© 20
< T
0 ' ' |_l ' |_. ' — ' |_h — ' l___’_:—_'_.=-_
N Q@ X ¢ &S S o
&’b’ \,bﬂ\ @) 2 N) < E >
& @& ¢ S & R
& & 2 g
>
&
Country

Figure 2. European production of large rainbow trout inusand tons from 1998 to
2005 (FEAP, 2007).
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Temperature dependent sex determination and diffenatiation

The theory of evolution of sex ratios by FisherJ@pstates that natural selection should
favour the offspring of those mothers and fathelngctv invest equally in male and fe-
male offspring. But in reality offspring with biaseex ratios in one or the other direc-
tion appear. A lot of studies have been conductedraported since then that distorted
sex ratios can be attributed to interferences e@frenmental factors for example pH
(Heiligenberg, 1965; Rubin, 1985), stocking densitgontainers (Docker and Beamish,
1994; Krueger and Oliveira, 1999), maternal domiea(Grant, 1996), parental condi-
tions (Trivers and Willard, 1973), incubation temgdares in reptiles (Piau, 1972; Bull
and Vogt, 1979, Yntema, 1979; Bull 1980; Fergusond danen, 1982; Bulmer, 1987;
Gutzke and Crews, 1988) and alevin rearing tempestin fishes (Conover and Ky-
nard, 1981; Conover and Heins, 1987a, b; Barodteal., 1993, 1995a, b; Craig et al.
1996; Abucay et al., 1999; Azuma et al., 2004; &pss et al., 2006; Wessels and
Horstgen-Schwark, 2007).

Density is known to be a cause for distorted seasan some fishes. For instance
Docker and Beamish (1994) reported in Brook Lampflegmpetra aepyperta) and
Krueger and Olivereira (1999) in American eédsduilla rostrata) higher female per-
centages in the offspring when they grew at lowersities and vice versa. It was sup-
posed that in these species, environmental sexndietion (ESD) could be adaptive.
The theory of Adaptive Significance declares th&DHs favoured when the environ-
mental conditions preferentially benefit the reprctive success of one sex, male or fe-
male by favouring sexual size dimorphism (Charnod Bull, 1977; St-Clair, 1998).

Distorted sex ratios in the genBslvicachromis gave an example for the influence of
pH (Heiligenberg, 1965) as well as f&pistogramma the sex ratios were caused by pH

reported by Romer and Beisenherz (1996).

Temperature dependent sex determination and ditieteon is widely known to be a
sex influencing factor which can lead to distorssxk ratios in the offspring of reptile
and fish species. For various species of reptdgg,incubation temperatures are respon-
sible for distorted sex ratios, whereas for sorab fipecies the temperatures during the

alevin stages are pivotal (Tessema, 2001).

12



The first discovery of incubation temperatures @ffeg the sex ratio of offspring was
reported by Charnier (1966). She gained distoreedratios in rainbow lizardAgama
agama) when the hatchlings were incubated under diffesarbstrate conditions and
temperatures. Later, Pieau (1972) confirmed the l8aging influence of incubation
temperature by systematic investigations on theean fresh water turtlé€ifys or-
bicularis) and the Mediterranean tortoisee¢tudo gracea).

Many more investigations have been undertaken sirese in many other gonochoristic
vertebrates such as turtles (Bull and Vogt, 197&e¥ha, 1979, Wood and Wood, 1982;
Pieau et al., 1984), alligators (Bull, 1980; Vietsal., 1993, 1994, Pieau, 1996) and fish
species (Conover and Kynard, 1981; Sullivan andulich1986; Conover and Heins,
1987a, b; Baroiller et al., 1993, 1995a,b; Struessnet al., 1996; Abucay et al., 1999).

The most and extensively studied fish for sex aeftetion is the Atlantic silverside
(Menidia menidia) (Conover and Kynard, 1981; Conover, 1984; Conovet Heins,
1987a, b; Conover and van Voorhees, 1990; Condval.,e1992). This species is an
annual living fish of in the Atlantic Coast of thiSA. They live only a very short time
without intervention of generations. In the naturabitat ofM. menidia the long grow-
ing season begins with the cold temperatures frérfiCLto 17 °C, producing offspring
which differentiate into females. However, the pffag that are produced later on in the
breeding season, in the warmer temperatures, beomates. A large body size is more
important for the reproductive success of the fes@han of the males, as the progenies
produced in the early breeding season have thensaty@ of a longer growing time-
frame, whereas those produced in the later breegtagon will have a shorter growing
period, which consequently leads to a lower prdiiglio become large. M. menidia
the sex determination system is believed to bedbasesex determining main genes, the
gene expression depends on the predominant watgretature. This dependence is
variable to the genotype, which means that it affierdoetween populations and fami-

lies within this species.

In cultured species that have bigger economicabmapce, only the Nile tilapiaOfeo-
chromis niloticus) has been well investigated concerning sex detetioin mechanisms
and the role played by the external factor “watmperature”. In this species, male
stocks for fatting are preferred because the fesnalature significantly earlier when

they are contained in bins under high stocking tiess As they are characterized as
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mouth breeders they consequently deliver a dealegisevth performance and an in-
crease of gonads’ growth (Tessema, 2001). The camepsively investigated sex de-
termining and sex differentiating mechanisms (MiBelecke and Horstgen-Schwark,
1995; Baroiller et al., 1995b) i@. niloticus are supposed to be one of genetic main fac-
tors (XX-XY) along with additional autosomal germetactors that interact with each,
which in most cases determines the sex deliveraignzed sex ratios (Wessels and
Horstgen-Schwark, 2007). The external factor “watenperature” is able to influence
this relationship between the main and autosomaétie factors resulting in distorted

sex ratios that can have up to 100% males in temyertreated offspring.

In salmonids, sex determination and sex differéotiawas generally believed to be un-
der strict genetic control. Until today, only a fetudies have been conducted concern-
ing thermo-sensitivity of gonadal sex differentatiin early development stages in sal-
monids (van den Hurk and Lambert, 1982; Craig et 1#896; Baroiller et al., 1999;
Azuma et al., 2004).

Van den Hurk and Lambert (1982) demonstrated tlgit-temperature treatments (22
°C - 29 °C for 10 min applied 17, 31 or 57 daystgdetilization) in rainbow trout did
not influence the sex ratio. Baroiller et al. (192®plied longer high temperature (19
°C) treatments to genetically all-male and all-féeanpopulations during their entire
hormonal-sensitive period without having any remtlteffect on the respective sex ra-
tios (unpublished data). In anoth@ncorhynchus species, Craig et al. (1996) observed
an effect from temperature treatment (a shift 8f€ - 9.7 °C to 10.4 °C -12.0 °C) dur-
ing the incubation and alevin stages (40 to 86 apfockeye salmor( nerka) on the
sex ratios with an increase in females in treatedgnies. Azuma et al. (2004), how-
ever, found males in genetically all-female nerka, when the temperature treatment
was raised from 9 °C to 18 °C for longer periodsruembryonic and alevin stages.
Genetic sex determination (GSD), in general, isatlemowledged system of sex deter-
mination in rainbow trout@. mykiss) with female homogamety?(XX - 2XY) as well

as in most other salmonids (Devlin and Nagaham@2R@®@uillet et al. (2002), how-
ever, found unexpected males in mitotic gynogerfatilies of rainbow trout similar to
observations in Nile tilapiaQreochromis niloticus) (Mair et al., 1991; Miller-Belecke
and Horstgen-Schwark, 1995) and common c&pprinus carpio) (Komen et al.
1992a, b; 1995) and suggested a similar sex detatibh mechanism as proposed in

carp which gives evidence for the existence of satman (termed mas-1) that induces
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maleness in all-female progenies. Temperature tiondimay have variable effects on
sex differentiation depending on time of applicaticntensity of temperature and the
genetic background of rainbow trout spawners.

Van den Hurk and Slof (1981) widely investigated thorphology of gonadal sex dif-
ferentiation in rainbow trout (Table 2). The authobserved that gonadal sex differen-
tiation starts between 45 and 55 days post faatibn when eggs were incubated at 11.5
°C £ 0.5 °C and reared after hatching at 13 °C&°Q@ (approximately 600 degree days
minimum). At the onset of gonadal differentiati@sties are thin massive structures with
the first differences between testis and ovaridsvigible histologically before 50 days
post fertilization.

Table 2 Ovarian development of rainbow trout from 50 &) 2lays post fertilization

(van den Hurk and Slof, 1981)

Mean body Mean gonad | Mean GSI | Max oocyte
Day | weight (g) weight (mg) ) diameter (im) Sex
not differ-
50 0.20 £0.0§ 0.006 + 0.002 0.03 +0.01 -- entiated
100 0.83 £ 0.1( 0.74+£0.05 0.92+0.24 --
150 1.68 + 0.25 1.68+2.25 0.41+0.10 --
200 5.14 + 2.36 2.56+1.42 0.50+0.68 --
250 17.14 + 8.75 9.49 + 3.50, 0.58 + 0.08 -- Males
300 43.11+12.99 14.59+6.02 0.34 +0.07 --
350 85.58+19.683 23.81+7.08 0.28 £0.06 --
400 | 102.60+13.40 37.00+11.50 0.37+0.41 --
100 0.92 +0.18 1.20+£0.13 1.35+0.34 39
150 3.10 £ 0.45 3.68+0.74/ 1.20+0.11 65
200 578 +2.65 14.23+12.02 2.47 +1.64 124
250 17.71+6.50 18.65+10.39 1.38 +0.50 160 Females
300 45.09+£9.30 46.82+11.67 1.04+0.17 200
350 90.40 £ 23.06 80.57 +23.81 0.89 +0.08 250
400 | 103.40 +19.90 114.90+47.50 0.98 +0.28 340

At the beginning of sex differentiation testis arell-vascularized, with blood capillar-
ies surrounding each spermatogonial cyst. Thectdati weight increases fromu@ *
2ug at the beginning of testis formation to 37.0mgjl+5mg at 400 days post fertiliza-
tion. The mean gonadosomatic index (GSI: (totalagbweight/body weight — total go-
nad weight)*1000) at 50 days post fertilizatior0i803% and from 100 — 400 days post

fertilization the development of the testis is @werized by a very high increase of the
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number of cyst containing spermatogonia so that@Gis# varies between 0.03% to

0.05%.
at the beginning of the development and have uderm cells group-wise. The mean

The ovaries which are oval and yellowish-red, anecsured histologically by a lamellar
GSI of females is 0.003% and increases up to Ordb%a 100 to 400 days post fertiliza-

tion.
soon after the complete resorption of the yolkduaing the first feeding period dating 2

month post fertilization. Lebrun et al. (1982) oh®sel that gonads remain undifferenti-

Padoa (1939) and Takashima et al. (1980) arguddsthadifferentiation takes place
ated up to 4 weeks post hatching at a temperafur@ oC — 11 °C (Figure 3).
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Figure 3: Changes in the total number of germ cells (in@0A the gonads of rainbow
trout embryos during 11 weeks after hatching aaaing temperature of 10 °C - 11 °C
(Billard, 1992; after Lebrun et al., 1982)@® urdifferentiated gonads.
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The authors stated that at 35 days post hatchimg smlargements of the anterior part
of the gonad occur, whereas at 42 days post hat¢hanfirst signs of lamellar structure

of the gonads, typically for ovaries, were ideamtifi

The formation of lamellae and completion of theustural development of the ovary

occurs between 12 to 16 weeks post hatching (U@ady©77). Lebrun et al. (1982)

reported changes in the number of germ cells (Eigdiin the gonads. Soon after hatch-
ing when the average number of germ cells is lawuiad 50 in both gonads) the num-
ber increases to 2000 at 5 weeks post hatchingr Aftweeks post hatching, meiosis
starts with a sharp increase in the number of gesltls up to 11.000 at 10 weeks post
hatching. At this early stage of development solber dnatching sex differentiation ap-

pears labile and sex inversion can easily be obdaby external factors (Jalabert et al.,
1975; Hunter and Donaldson, 1983).
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Scope of the thesis

The scope of this thesis was the evaluation ofltamnative to the usage of hormonal
treatment to produce neo-males in order to obthfermale rainbow trout offspring. For
this reason the applicability of temperature treattron rainbow trout progenies origi-
nating from different families, within and betweeifferent rainbow trout broodstocks,
were studied. Thereby, changes in the sex ratieroperature treated progenies as well
as the ascertaining of the genetic backgrounderhib-sensitivity to sex differentiation
were investigated.

In chapter 2, the effect of an elevated temperatfid8 °C for 30 days (starting on day
42 post fertilization) on sex ratios in progenidssix different rainbow trout brood-
stocks was analysed. Furthermore the sex ratiospefated matings as well as the effect
of mating partners on sex ratio was analysed. Eaaiing experiment was run with its
own treatment group. The water temperature was &ep8 °C for 30 days starting two
weeks post hatching for treatment groups and theesponding full sib control groups
were kept continuously at 12 °C until sexing.

A selection experiment to alter the proportione@htles over one generation of 3 years
in rainbow trout was conducted in chapter 3. Thaeefa base population including sex
ratios and survival rates after temperature treatroé 95 temperature treated groups
and their corresponding full sib control groups wasated. For théigh line with in-
creased female proportion and for tbe line with decreased female proportion in tem-
perature treated offspring 6 families best avadabkre selected for each of the two
lines in order to generate the realized selectitiardntials. In Generation 1, 18 matings
in thehigh line and 14 matings in tHew line were conducted in order to determine the
realized response to selection in both lines as agelo estimate the realized heritability
for each line and for both lines together. Also @iatic gynogenesis with a following
temperature treatment was conducted in order ttuateathe possibility of producing
functional males.

The general discussion and comparison of all resaltthe underlying experiment is

held in chapter 4.
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Abstract

A comprehensive experiment was carried out to stbhdyeffect of an elevated tempera-
ture of 18 °C for 30 days (starting on day 42 gestilization) on sex ratios in progenies
of six different (1, II, lll, IV, V and VI) rainbowtrout broodstocks of the Experimental
Trout Farm Relliehausen (University of Goetting&ermany). Further, the repeatability
of the obtained results and the effects of matiagners on temperature responsiveness
were examined. In total about 7000 temperaturaedeél8 °C) fish and their corre-
sponding 7000 full sibs kept at 12 °C were sexedjdneral, the mean survival rates af-
ter temperature treatment of 18 °C did not difigngicantly from the corresponding
values of the full sibs kept at 12 °C. Significahfferences to 18 °C temperature re-
sponsiveness were observed between the progenité®e aix broodstock populations.
Broodstock population Il showed the highest meanale percentage of 60.6% of the
temperature-treated progenies, while populatioshbwed the lowest mean female per-
centage of 36.0%. Single pair matings within folurli{, V and VI) populations were
repeated and the percentage of females in the 18rdated replicated spawns differed
only by 0.4% to 5.8%. In addition, paternal andemnaal half sibs showed that the sensi-
tivity of sex ratios to temperature treatment véibetween breeding pairs. Both parents,
male and female, seem to contribute to the diftesex ratios after treatment. It was
concluded that a sensitivity of sex-differentiattortemperature treatments seems to ex-
ist in rainbow trout depending on the genotype thredapplied temperature treatment.
Keywords: Oncorhynchus mykiss, rainbow trout, thermo-sensitivity, genotype-

temperature-interactions

1. Introduction

Genetic sex determination (GSD), in general, isatienowledged system of sex deter-
mination in rainbow trout@ncorhynchus mykiss) with female homogamety?XX -
dXY) as in most other salmonids (Devlin and Nagaha?082). In species with an evi-
dent chromosome system like the rainbow trout, determination of an individual
takes place during egg fertilization as has beenahstrated in previous studies for ge-
netic sex control approaches by induced gynogerfesisexample Chourrout (1984),
Chourrout and Quillet (1982), Quillet et al. (20p2nd sex reversal experiments by
hormonal treatment (for example Hunter and Donald4883). Sex differentiation, the
process that goes from an undifferentiated gonad thfferentiated gonad, testis or

ovary, occurs later. Recent studies@ncorhynchus and Oreochromis species have
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shown that under some rearing conditions envirortahd¢actors (such as temperature)
may modify the phenotypic sex of an individual aedtsequently, alter the sex ratios of
the offspring. InOncorhynchus nerka, Craig et al. (1996) observed an effect of tempera
ture treatment (a shift of 8.3 °C - 9.7 °C to 18- 12.0 °C) during the incubation and
alevin stage (40 to 86 dpf) of sockeye salmon onragos by an increase of females in
treated progenies. Azuma et al. (2004), howevemdomales in genetically all-female
O. nerka, when the temperature treatment was raised fré@ @ 18 °C for longer peri-
ods during embryonic and alevin stages. In contkast den Hurk and Lambert (1982)
demonstrated that high-temperature treatments@2229 °C for 10 min applied 17, 31
or 57 days post fertilization) in rainbow trout didt affect the sex ratio. Baroiller et al.
(1999) applied longer high temperature (19 °C)tinegats to genetically all-male and
all-female rainbow trout populations during theitiee hormonal-sensitive period with-
out any effect on the respective sex ratios (uniphetl data). But temperature condi-
tions may have variable effects on sex differemratiepending on time of application,
intensity of temperature and the genetic backgroohdpawners as evidenced from
studies inOreochromis species (for example Tessema et al., 2006). Toweraf compre-
hensive experiment was carried out to study in nu@til the effect of two different
water temperatures on sex ratios in different m@mwmhbrout populations during early

alevin stage.

2. Materials and methods

Individually tagged spawners from six autumn spagrivroodstocks of rainbow trout
kept at the Experimental Trout Farm Relliehauseniversity of Goettingen, Germany)
were used as a breeding base. These broodstockskeetr as closed populations with
pedigree mating. Each broodstock consisted of anmaim of 300 spawners which have
been used in previous research (Komrakova, 2086Ghd 2005/2006 breeding season,
single pair matings within these six different kaom trout broodstocks were conducted
for the evaluation of thermo-sensitivity on gonaskex differentiation. In the 2006/2007
breeding season repeated single pair matings veagucted and also half sib progenies
were produced by mating of a male spawner to dffefemale spawners and vice
versa. The broodstocks that were used were kgporids with a final stocking density
of 10 kg/n? (water temperature min 2 °C in winter and max C6irf summer, @> 10
mg/l, pH 6.5-8.0, NH< 0.01 mg/l, N@< 0.02 mg/l and N@< 10.0 mg/l). The spawn-

ers were given standard trout pellets two time$ ey (Trouvit F-8 Pro Aqua Repro,
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crude protein 46%, crude fat 16%). In contrast,ghegenies were hatched and reared
indoors using well water with a constant water terapure of 12 °C + 0.5 °C. Fertilized
eggs of experimental progenies and hatched alevane kept in Zuger glasses with a
water temperature of 12 °C = 0.5 °C till day 42tdestilization (dpf) when temperature
treatments started for 30 days. According to vamiderk and Slof (1981), gonadal sex
differentiation in rainbow trout starts between d&yand day 55 after fertilization when
eggs are kept at a water temperature of 11.5 °G£Q@. This corresponds to the time-
frame of hormonal sex reversal in rainbow troutha et al., 2004).

In preliminary experiments, different temperatuegimes were tested: further 12 °C or
16 °C, 18 °C and 20 °C for 30 days starting at g when two thirds of the yolk sac of
the fry was absorbed. At 12 °C, none of the poputatshowed sex ratios that differed
significantly from a 1:1 distribution, while sevéshowed significant changes in sex ra-
tios at 18 °C and 20 °C. The mortality of the figpk at 20 °C for 30 days was on aver-
age significantly higher than in the correspondulgsib groups kept at 12 °C. As sur-
vival rates after 18 °C treatment were comparahkk r@ot significantly different from
the ones of the corresponding full sib groups legft2 °C, the 18 °C treatment was fa-
voured as the next highest temperature. Thushtptesent investigations, temperature
treatment of 18 °C for 30 days was used starting2atipf. At that time, alevins were
counted and each full sib progeny was separatedarnteatment group kept at 18 °C
and a corresponding full sib group kept at 12 Ctkie following refer to as control),
each consisted of 300 fishijn Temperature treatment was carried out in twoisem
closed recirculation systems, each with 1000-| reduand with a separate temperature
regulation (thermo-regulator 3000 W), bio filterdathree compartments (each 300-I
volume with air blower 44 |/min). In each compartiefour net cages (25-1 baskets)
were installed and in each net cage one full siggmny was kept. The thermo-regulators
did not exceed a maximum deviation of 0.2 °C torgatee the specific temperature of
18 °C required for the experimental batch. Watergerature was checked three times
daily and all other water parameters were checkezkta week. Alevins were gradually
acclimatized to 18 °C temperature at the onseheftteatment and to 12 °C at the end
of the treatment period by a slow up and down &g over a period of 48 hours in
order to reduce fish losses. The correspondingstnlgroups (control groups) were kept
continuously at a temperature of 12 °C in Zugessgg accordingly to the procedure
developed for family testing at the experimentalutrfarm (Morkramer et al., 1985;

Horstgen-Schwark et al., 1986; Horstgen-SchwarR319ry were fed at apparent sati-
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ety (Trouvit Pro Aqua Brut, crude protein 57%, audt 15%). At the end of the treat-
ment, fry in treatment (18 °C) and in correspondfaty sib controls (12 °C) were
counted again @). The survival rates were determined as:(m) x 100. The groups
were then standardized to 150 fish each and placeglindrical tanks (volume 80 |
each) which were incorporated in semi-closed rataton systems of 35 tanks each.
Each semi-closed recirculation system had a volafri® n? (rearing and water regen-
eration unit) and was supplied with about 3bahfresh well water per day. The water
temperature was constant with 12 °C + 0.2 °C. & fmonths post fertilization, treat-
ment (18 °C) and corresponding control groups (@2 started being fed three times
daily (Trouvit Select 1P, crude protein 46%, crialel5%). At nine months post fertili-
zation when the fish reached a weight of approxaehye80 g, fish were subjected to sex-
ing. The water parameters in the trout breedingitias, measured during the experi-
mental period, were within the following range; ©7 mg/l; pH 6.5-7.5, Nki< 0.001
mg/l, NO, < 0.005 mg/l and N&< 5.0 mg/l. Before sexing started, a random saraple
10 fish from each full sib group kept at 12 °C wgaparated and reared until sexual ma-
turity so that they could become potential breedétve next generation. All other fish
were killed for sexing with an overdose of anaasth&exing was accomplished by ex-
amining the macroscopic anatomy of the gonads ¢ &gh in the treatment (18 °C)
and corresponding control groups (12 °C) and, dessary, by microscopic observation
of gonad squashes (Guerrero and Shelton, 1974)thEcanalyses of significant differ-
ences in sex ratios and survival rates after teatper treatment between treatment (18

°C) and corresponding control groups (12 °C) thé goodness-of-fit testP0.05,
0.01, 0.001) of the statistical program SPSS Vearg was used. Values for the devia-

tion of the 12 °C control group’s sex ratio froml Mistribution were also based on

the x % test procedure.

3. Results

Table 1 gives an overview of mean survival rates sex ratios weighted by the number
of sexed fish per family within the six populatioi$ie number of families within popu-
lations differed according to the availability gbe female spawners at the given time of
temperature treatments in the course of the expatsnin the 2005/2006 season. In
general, survival rates of treatment groups (18 W€je significantly higher or at least
comparable to corresponding full sib groups (12.°@)e sex ratios in the full sib

groups kept at 12 °C did not deviate significarfittym 1:1 in any population as shown
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by x % - values (< 3.84). In four (I, II, IV, VI) of theix populations significantly higher

mean percentages of females were observed indatetr groups (57.5% — 60.6%) than
in the corresponding controls (48.8% - 51.2%), whserin population Il a significantly
lower mean percentage of females was found inrdedd groups (36.0%) than in the
corresponding controls (50.5%). In population \& thean female percentage of treat-
ment and full sib groups did not differ significhnfrom each other. Over all popula-
tions, the lowest percentage of females in a treatrgroup was observed in population
[l (32.1%) and the highest number of females wastl in population Il (69.4%). The
percentage of temperature treated (18 °C) famigkin populations which showed
significantly different sex ratios from the consdll2 °C) varied from 0% (population
V) to 17% (population 1V), 25% (population 1), 27&opulation VI), 29% (population
I1) up to 80% (population III).

Repeatability of the response of sex ratios to tmatpre treatment of 18 °C for 30 days
was investigated by testing progenies produced Bantessive spawnings of breeding
pairs in the following year (Table 2). The two rape spawns of all matings were com-
pared with each other and none of the sex ratitisarirst and second spawn within the
18 °C treatments and the corresponding controlggauere significantly different from
each otherH<0.05). The percentage of females in the 18 °Qdteeeplicated spawns
varied only by 0.4% to 5.8%. Survival rates of L8témperature treated groups were in
general significantly higher or at least comparable¢he survival rates of the corre-
sponding groups kept at 12 °C. The matiffgx 215 showed significantly lower female
percentages (34.59%<0.01; 38.2%,P<0.05) in the treatment groups (18 °C) of re-
peated spawns compared to the corresponding foill(s2 °C) values (55.1% and
53.5%). The other mating6x 216 showed significantly higher female percentages
(61.4%,P<0.01; 67.2%,<0.05) in the treatment groups (18 °C) of repeagawns
compared to the corresponding values (47.4% ar@¥@2of the full sibs (12 °C).
Furthermore, the influence of male and female daren the progeny sex ratios was
studied by using paternal and maternal half silabld 3 shows data from four different
females each mated to three randomly selected naalésalso data from three males
each mated to three randomly selected females.r@$dts obtained showed that the
sensitivity of sex ratios to temperature treatneentld vary between breeding pairs. Ma-
ternal half sibs of female 14 (mated with male 82,and 64 in Table 3) for example,
were compared with each other and the sex ratibsmbatches within 18 °C treatment
were significantly different from each other (magn?14xJ342 and 214xJ64,
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P<0.05) with percentages of females differing byted8.1%. In another example, ma-
ternal half sibs of female 30 (mated with males 2®,and 42 in Table 3), were com-
pared with each other and the sex ratios of twohest (£ 30x 329, 230x 242, P<0.05)
were significantly different from each other witbrpentages of females differing by up
to 14.4%, however, in the other direction (decred#demale percentages). Further, pa-
ternal half sibs of male 29 (mated with femaleg &nd 80 in Table 3) were compared
with each other and the sex ratio of two batch&29 93, £29x 280, P<0.05) were
significantly different from each other with pertaeges of females differing by up to
17.9%. Thus, both, males and females apparentliribated to the different sex ratios

after temperature treatment.

4. Discussion

Until now, very few experiments were carried oustady the effect of water tempera-
tures on sex ratios in rainbow trout. In these e@rpents (van den Hurk and Lambert,
1982; Baroiller et al., 1999), no effect of tempeara on sex ratios have been found.
These studies analysed different temperature regiamel considered relative small
sample sizes and a limited breeding base compartx tpresent study. Here, progenies
from single pair matings of spawners randomly getbérom six different rainbow trout
broodstocks kept at the Experimental Trout Farnti€&eusen were studied for thermo-
sensitivity of their sex ratios. The temperatusatment applied (18 °C) was the highest
one which did not cause significantly lower surVirses in experimental groups than in
the corresponding full sib controls kept at 12 T@e results of this study showed that
differences between populations and families withapulations exist with regard to
temperature sensitivity in the range of no (popaitaV) to significantly higher (popula-
tions I, 11, IV and VI) or significantly lower (pagation Ill) percentages of females. The
highest deviation found in female percentage wa% compared to corresponding
control groups (Table 1).

In anotherOncorhynchus species, the sockeye salm@ nerka), Azuma et al. (2004)
showed that sex reversal from genetic femalesrotional males is possible by a tem-
perature treatment of 18 °C (42 to 151 dpf) comgbaoe9 °C for controls. Such a sex
reversal could have occurred in population Il loé tpresent experiment as a similar
temperature and beginning of treatment were usgdrdstingly, Komrakowa (2006)

found that variant A of sex mark@myP9 Rsal (lturra et al., 2001) was present in this
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population and almost exclusively found in maleswidver, this variant A was also
found in populations I, 1l and VI.

As Azuma et al. (2004) worked with an all-femalepplation, the authors could not
prove a sex reversal to females by elevated terper Craig et al. (1996), however,
found strongly female-biased sex ratios (62% to §éfpale) in different populations
and population crosses of sockeye salmon when wggs exposed to higher tempera-
tures (10.4 °C - 12.0 °C; control: 8.3 °C - 9.7 HLiying embryonic development (start-
ing at 360 dpf). These results of Craig et al. @)9%¢howed that, depending on the ge-
netic background of the sockeye salmon populatiemperature manipulation during
incubation and hatching phase could alter the ag®&.rThis is similar to the results in
the present study which also showed female biasedatios in progenies of different
broodstocks when they were exposed to higher teatyress post hatching. Temperature
regime, however, varied between the studies athdidange of distortion in female per-
centages (20% in this study versus 28% of femalegpared to controls in Craig et al.,
1996). This implies that temperature is generalg @0 increase or decrease the propor-
tion of females. In both studies (Craig et al., A8ad the present study), it was proved
that the sex ratios in temperature-treated progesoeld not be attributed to differential
higher mortality of females or males. In the preésgndy, survival rates in treatment
groups (18 °C) were often significantly higher tharthe corresponding full sib control
groups (12 °C). It cannot be excluded that therghtnhave been an effect of rearing
tanks on survival rates, because tanks were diffedaring temperature treatment for
both groups due to limited space in the hatcheoghBroups, however, were reared in
water of the same source with comparable watertgusrameters except temperature.
All in all, the important point is that higher mality of one sex did not play a decisive
role in the 18 °C treatment groups.

Until today, there is also no information availabl@ut the repeatability of the response
of sex ratios to temperature treatments in rainib@ut. High repeatability of the re-
sponse of sex ratios to temperature treatmentsowigsproven in tilapia @. niloticus)
(Tessema et al., 2006). Tessema et al. (2006) shohat replicated 36 °C - treated
spawns varied only by a range of 1.7% to 6.2%hégresent study a similar repeatabil-
ity was observed with a comparable narrow rangkemifale biased sex ratios (0.4% to
5.8%, Table 2). The proven repeatability in sudvesmatings, for examplg'5x 215
and 86x 216 which differed significantly R<0.05) from the corresponding control
groups may be an indication for a genetic backgiloninthe sensitivity of temperature
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treatment on sex differentiating mechanisms as pvased for tilapia (Wessels and
Horstgen-Schwark, 2007).

Further, the present study gives evidence that, botlles and females, contributed to
the different sex ratios after temperature treatme&his result is consistent with the
findings of Tessema et al. (2006) in tilapia. As t&en seen in Table 3, depending on
the maternal mating partner male 29 was matedaterpal half sibs showed signifi-
cantly different sex ratiosP€0.05) with female percentages from 44%20x 23) to
62% (529x 280). Significantly different sex ratios with femalercentages from 48.8%
(14x364) to 66.9% £14x342,P<0.01) within the 18 °C temperature treatment were
also observed for maternal half sibs of female Btesh with males 64 and 42. These
examples showed a clear paternal and maternakmfkion sex ratios after temperature
treatment (18 °C).

All in all, the results obtained suggest that rawbirout is a thermo-sensitive species
and temperature can affect gonadal sex differeotiatf the individuals during the early
development stages. Currently, all female poputatim rainbow trout (for large-size
production > 1.2 kg body weight) are sired by neales which are obtained through
hormonal treatment. Due to the growing concernddod security, finding a sex con-
trol alternative based on consumer and environmignt@dendly methods is a major
challenge for trout production. An ongoing expenmtneill verify if it is possible to in-
crease temperature sensitivity by selection. AdBwely, gynogenesis in combination
with a following temperature treatment (18 °C fd@ &ays) will be investigated with
progenies of families of population Il in order ¢@t more information on functional

males by temperature treatment.
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Table 1. Effects of temperature treatme8t°@ for 30 days) on progeny sex ratios from

randomly selected broodstock from six raimlimut populations

Treatment (18 °C)

Control (12 °C)

Popu- No.of  Survivdl Sexed Female Min-Max Survivdl Sexed Female Min-Max X2

lation matings % n % % % n % %
| 4 92.0 327 59.9 56.3-64.6 92.7 340 51.2 50.6-51.0.19
[l 7 82.8 599 60.6 54.5-69.4 81.1 629 48.8 48.0-520236
I 5 83.9' 485 36.0 32.1-38.4 77.0 461 50.5 47.7-53.8.54
v 6 90.3 749 57.5 53.8-65.8 85.8 500 49.1 46.7-53081
\Y 6 94.7 612 515 37.9-555 81.6 543 48.7 46.2-5P.86
VI 11 84.t 1017 58.6 53.4-67.1 78.4 1011 49.5 47.1-5342

T Matings in treatment and in 12 °C full sib contgobup.
2 Average survival rates of matings within populasi@alculated 72 days post fertilization.

& Significantly different from the corresponding %2 full sib control groupR<0.05).

x %= values for deviation of the corresponding 12 a{C<ib control group’s sex ratios from 1:1.
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Table 2. Effects of temperature treatment’@8or 30 days) on sex ratios of full sib progeneoduced
from repeated single pair matings within fdifferent rainbow trout populations

Treatment (18 °C)

Control (12 °C)

Population Mating Survivaf Sexed Female Survivdl  Sexed Female X°
Male Female % n % % n %

| 1 11 93.2 118 60.2 92.5 84 51.2 0.48

| 1 11 9538 73 64.4 90.8 83 51.8 0.11
" 4 14 68.3 114 36.8 55.0 112 42.9 2.29
1" 4 14 700 104 32.3 55.1 77 44.2 1.05
1" 5 15 73.3 87 34.8 66.7 78 55.1 0.82
1l 5 15 842 89 38.% 72.7 86 535  0.42
\/ 2 12 983 130 53.1 88.3 87 48.3 0.10
Vv 2 12 982 114 55.3 88.0 85 47.1 0.29
\/ 3 13 9490 91 53.8 2.7 102 44.1 1.41
Vv 3 13 92490 107 54.2 72.6 76 44.7 0.84
VI 6 16 842 88 61.4 67.2 95 47.4 2.37
VI 6 16 96.6 131 67.2 92.0 107 52.3 0.23
VI 7 17 9843 83 56.6 81.3 74 47.3 0.22
VI 7 17 83.8 78 57.7 81.8 96 47.9 0.17

"Number of mating partner.

ZSurvival rate of progeny at the end of the tempeeatreatment, 72 days post fertilization.
b cgignificantly different from 12 °C full sib contrgroup <0.05, 0.01, 0.001).

x %= values for deviation of the 12 °C full sib cortgooup’s sex ratios from 1:1.
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Table 3. Effects of temperature treatment (18dtG30 days) on sex ratios of half sib
progenies produced from single pair matingsdividual fish of different rainbow trout
populations

Treatment (18 °C) Control (12 °C)
Matings Survivaf Sexed Female Survivaf Sexed Female — x°

Female Male % n % % n %

14 (1) 34 (I 96.5 123 58.5' 96.8 117 45.3 1.03
14 (1) 42 (V) 93.3 121 66.9 88.4 126 48.4 0.13
14 (1)  64(V) 827 128  48.8 81.7 111 45.9 0.73
30 (I 29 (1) 94.3 101 35.6' 925 112 49.3 0.32
30 (I 33 (I 95.8 113 39.8 84.8 92 46.7 0.39
30 (I 42 (V) 91.3 104 50.0 90.5 124 47.6 0.30
33 (V)  33(l) 93.3 122  55.7 915 117 51.3 0.08
33 (VI) 63 (VI) 81.3 106 65.F 81.0 127 48.8 0.07
33 (VI) 61 (Il 83.7 90 48.9 76.3 124 47.6 0.29
40 (V)  27()  90.3 119 59.7 88.0 116 51.7 0.14
40 (VI) 46 (V1) 93.7 127 62.2 90.7 131 47.3 0.37
40 (V) 48 (V) 87.3 105 61.9 88.9 110 49.1 0.04
Male Female

29 (11 3(VI) 91.2 120 442 855 124 47.6 0.29
29 (I 4 (I 93.6 131 61.7 79.0 120 49.2 0.03
29 (I 80 (Il 90.5 132 62.7 87.6 106 49.1 0.04
33 (I 12 (V) 96.2 117 41.9 92.0 108 51.9 0.15
33 (I 56 (Il 94.8 109 41.3 76.5 94 51.2 0.04
33 (IN) 80 (1) 94.5 84 63.1 90.7 121 47.5 0.41
42 (VI) 3 (V) 96.5 131 67.2 92.0 107 52.3 0.23
42 (VI) 47 () 92.9 114 64.0 90.3 88 511 0.05
42 (VI) 67 (IV) 89.9 135 52.6 83.8 139 49.6 0.07

" Number of mating partner; population of spawnebriackets.
ZSurvival rates of progeny at the end of the tentpeeareatment,72 days post fertilization.
a.b.cgjgnificantly different from full sib control grgu(P<0.05, 0.01, 0.001).

x %= values for deviation of the full sib control gmsi sex ratios from 1:1.
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The obtained results in chapter 2 suggest thaboartrout is a thermo-sensitive species
and temperature can influence gonadal sex diffextont of the individuals during the
early development stages. All female productiorainbow trout (for large-size produc-
tion > 1.2 kg body weight) is currently achievey siring neo-males, which are ob-
tained through hormonal treatment, to normal fesalde growing concerns for food
security and for consumer- as well as environmeendly produced human food make
it necessary to find a sex control alternative Hase these aspects. This is the major
challenge for large rainbow trout (> 1.2 kg) protimc today.

The hopeful results of the thermo-treatment expeninpresented in chapter 2 led to an
ongoing selection experiment, which is describedd@tail in the following chapter.
Therein, the possibility to alter the sex ratior&nbow trout by means of temperature
treatment and to increase “thermo- sensitivity”idgiisex differentiation by selection is
presented. Alternatively, gynogenesis in combimatwith a following temperature
treatment (18 °C for 30 days) was investigated pittgenies of families of population

lll in order to get more information on functiormables by temperature treatment.
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Abstract

A selection experiment in rainbow tro@rfcor hynchus mykiss) was initiated to verify if
the proportion of females after temperature treatnoeuld be significantly altered by
selection. Rainbow trout spawners out of six pojpute were used to produce a diallel
cross in which all populations were used as malgadisas female parents. The 95 fami-
lies of this breeding base were tested for thenperature sensitivity as follows. After
an incubation period of 42 days, alevins of eachilfawere subdivided into a treatment
group and a full sib control group (12 °C), eacimsisting of 300 fish. Temperature
treatments were carried out with 18 °C for 30 dd&ach treatment and corresponding
control group was raised separately until an ag@ ofonths post fertilisation. Then a
random sample of 10 fingerlings out of each congrolup was kept for later selection
decisions. All other fish from the treatment andhtcol groups were sexed by micro-
scopic inspection of gonad squashes. The famile® wanked according to the percent-
age of females, and families with the highest6) and lowest percentage of females
(n=6) In their sex ratios after temperature treatnvesite selected to produce two diver-
gent lines igh andlow line). After one generation of selection the terap#e treated
groups in thenigh line showed a female percentage of 58%, wheredswhline had an
average female proportion of 44%. The realizedtélgitity was 0.63 in thénigh and
0.71 in theow line. This study provides the first evidence tiin sex ratios in tempera-
ture treated groups of rainbow trout can be seleatea quantitative trait. Additionally,
in the meiotic gynogenetic offspring derived fronfeanale spawner, which showed low
percentages of females after temperature treatimgmevious matings, 16% males were
observed in the temperature treated group. These teeem to be two possible con-
sumer- and environment-friendly ways to increagmiicantly the proportion of fe-
males in rainbow trout: directly via selection afrfilies which show a high percentage
of females in their sex ratios after temperatueattnent to build up a corresponding
temperature sensitive line or indirectly via neolesaderived from temperature treat-
ments of gynogenetic offspring.

Keywords:Oncorhynchus mykiss, rainbow trout, selection experiment, genotype-

temperature interaction, meiotic gynogenesis.

1. Introduction
The production of large rainbow troudricorhynchus mykiss) over 1.2 kg body weight
has become of a growing commercial interest irmtbdd. The major bottleneck in this
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field is the early maturity of the male rainbowutaelative to female. Thus, all female
rainbow trout stocks are preferred, which are aulygproduced by the use of neo-males
in matings with normal females. The growing coneefar food security make the
prevalent approach of producing neo-males via tia application of testosterone to
sexual indifferent fry less desirable. The findimiga sex control alternative based on a
safe, consumer and environmentally friendly metlsd major challenge for the pro-
duction of all female populations (Azuma et al.02p) Recent studies in Nile tilapia
(Oreochromis niloticus) have shown that rearing temperature may modiéy gheno-
typic sex of an individual and consequently alteg sex ratios of the offspring. This
temperature sensitivity during the sexual undiffiéiesged phase has a genetic back-
ground (Baroiller et al., 2009).

In Oncorhynchus species, previous studies have also shown thagruwettain rearing
conditions, environmental factors (such as tempesatmay modify the phenotypic sex
of an individual and consequently alter the sexosabf the offspring. Azuma et al.
(2004) found males in genetically all-female soa&kesalmon ©ncorhynchus nerka),
when the authors raised the temperature from 9°C8t°C for longer periods during
embryonic and alevin stages. Craig et al. (1996¢pnked an increase of females in tem-
perature treated offspring also in sockeye salmdwn a temperature shift of 8.3 °C-9.7
°C to 10.4 °C-12.0 °C was applied during incubataomd alevin stage (40-86 dpf).
Nagler et al. (2001) also reported that sex revensahinook salmon @ncorhynchus
tshawytcha) from the Columbia River could occur from an exgesto fluctuating tem-
peratures. In rainbow trout, Magerhans et al. (2@0%erved differences between and
within populations with regard to thermal respoesigss of sex ratios, maternal and pa-
ternal effects on temperature dependent sex raiod,nearly identical results of re-
peated matings, which are similar to observationNlile tilapia (Baroiller et al., 1995;
Tessema et al., 2006). In Nile tilapia, Wesselstastgen-Schwark (2007) could show
in a two generation selection experiment that tleesensitivity to sex differentiation is
a heritable trait. Hence, in the present investgat with rainbow trout, the anticipated
response to selection regarding sex ratios in teatye treated groups was tested in an

up and down selection experiment.

2. Materials and methods
Rainbow trout spawners from six populations wereduto produce a diallel cross, in

which all populations were used as male as wefeamle parents. All spawners were

34



kept in ponds at the Experimental Trout Farm Rlefliesen (University of Gottingen,
Germany) with a final stocking density of 10 k§/(water temperature min 2 °C in win-
ter and max 16 °C in summerp, & 8 mg/l, pH 6.5 - 8.0, Nk 0.01 mg/l, N@< 0.01
mg/l and NQ < 10.0 mg/l). The broodstock was given standardttpellets twice per
day (Trouvit F-8 Pro Aqua Repro, crude protein 4@%ide fat 16%). Single pair mat-
ings of individually tagged spawners were carriedl to produce full sib families for
temperature experiments. In contrast to the spawvansed, produced progenies were
hatched and reared indoors by the use of well wdteonstant quality and temperature
of 12 °C £ 0.3 °C.

The 95 families which were used as a breeding base tested for their temperature
sensitivity in the following way. Fertilized eggadihatched alevins were kept in Zuger
glasses at a water temperature of 12 °C + 0.3IP@ay 42 post fertilization (dpf). At
that time, alevins were counted and each progetshbaas separated into a treatment
and a full sib control group, each consisting o® 3@h (n). The temperature treatment
was carried out according to the recommendationdagjerhans et al. (2009). The full
sib control groups were kept at 12 °C = 0.3 °C wateperature whereas the treatment
groups were subjected to a thermal treatment ftCl®&ater temperature for 30 days.
Temperature treatment was carried out in two séasiec recirculation systems, each of
1000 | volume with a separate temperature reguiaftioermo-regulator 3000 W), bio
filter and three compartments (each 300 | volumthvair blower 44 I/min). In each
compartment four net cages (25 I) were installed, ia each net cage one full sib prog-
eny was kept. The thermo-regulators did not ex@athximum deviation of 0.2 °C to
guarantee the specific temperature of 18 °C reduwe the experimental batch. Water
temperature was checked three times daily andladravater parameters were checked
twice a week. Alevins were gradually acclimatizedl8 °C temperature at the onset of
the treatment and to 12 °C at the end of the treatrperiod by a slow up and down
temperature regulation over a period of 48 hoursrder to reduce fish losses. Accord-
ing to the procedure developed for family testirtigtlze experimental trout farm
(Morkramer et al., 1985; Hoérstgen-Schwark et @86, Horstgen-Schwark, 1993) the
corresponding full sib control groups were kepttoarously at 12 °C in Zuger glasses.
First feeding fry were given Trouvit Pro Aqua Buiet (crude protein 57%, crude fat
15%) to apparent satiety. After temperature treatmiey in the treatment and in the
corresponding full sib control groups were courdgdin (n) to determine the survival

rates as (n: ny) x 100. Both groups were then standardized tofisb0each and placed
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in cylindrical tanks (volume 80 | each), which weneorporated in semi-closed recircu-
lation systems of 35 tanks each. These systems usm@ and described in detail by
Morkramer et al. (1985) and Hoérstgen-Schwark (19€2)ch semi-closed recirculation
system had a volume of 10°rfrearing and water regeneration unit) and was l&@gpp
with about 30 mof fresh well water per day. The water temperatuss constant at 12
°C = 0.2 °C. Five months post fertilization, treatmh and control groups were fed three
times daily (Trouvit Select 1P, crude protein 4&%ide fat 15%). Nine months post fer-
tilization, when the fish reached a weight of apjmately 30 g, they were subjected to
sexing. The well water parameters in the trout direg facilities, measured during the
whole experimental period, were within the follogirange: @ > 8 mg/l; pH 6.5-7.5,
NH3 < 0.001 mg/l, N@< 0.005mg/l and N@< 5.0 mg/l. Before sexing started, a ran-
dom sample of 10 fish from each full sib contrabygp was kept as putative breeders for
the next generation. All other fish were killed &y overdose of anaesthetic. Sexing was
accomplished by microscopic observation of gonadaskies (Guerrero and Shelton,
1974) of each fish in the treatment and in theesponding full sib control groups.

The chi-square, goodness-of-fit test was appliedaf@alysis of the sex ratios of the full
sib control groups. For the verification of a notrdistribution of sex ratios within each
line and generation the Kolmogorov-Smirnov test wpplied. For the analysis of dif-
ferences in sex ratios and survival rates betwesatrhent and control groups for sig-

nificance they 2, goodness-of-fit testy(< 0.05, 0.01, 0.001) of the statistical program

SPSS Version 14 was used. Then families were raakedrdingly to the percentage of
females and those with the higheast<6) and lowestr(= 6) percentage of females in
their sex ratios after temperature treatment welected to produce two divergent lines
(high andlow line). Similar to selection experiments in Nil@fia to increase the pro-
portion of males by temperature treatments (Wesaets Horstgen-Schwark, 2007)
means were weighted according to the number opoffg in each group before the se-
lection differential and response to selection tfog sex ratios in temperature treated
groups were estimated.

The realized selection differentialsgjSShowing the mean superiority of selected fami-
lies (in % females) were obtained for each lineth®y subtraction of the weighted aver-
age sex ratio of the base population (GO) fromweéghted selected families’ mean
(data not shown). Standardized realized selectitberentials (&in SD) were obtained
by dividing the realized selection differentialk{$y the corresponding line’s (popula-

tion) standard deviation (SD) of the sex ratioamperature treated groups. The realized
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response to selectionGr) was calculated for both lines separately by th#raction of
the weighted mean sex ratio of the first generatibeelection (G1) from the breeding
base (G0). Realized selection responses in thieginseration AGg) in relation to the
applied selection (§ were given by realized heritabilitiessth for thehigh and thdow
line according to Falconer and Mackay (1996).

Furthermore 10 fish were taken randomly out ofradcan sample of 12 different treat-
ment and corresponding full sib control groups Md&Ad raised group-wise in tanks un-
der standardized conditions until 18 months padilifation. The fish were then sexed
and their body weights recorded.

Additionally, a meiotic gynogenesis was conductetth & female spawner showing low
percentages of females in offspring after tempeeatteatment in previous matings.
Meiotic gynogenesis was induced according to thé¢hate of Chourrout and Quillet
(1982) and a haploid control was kept in order eafy the success of the induced gy-
nogenesis. Gynogenetic offspring were divided attreatment and a full sib control

group and handled in the same way as the full iggny from single pair matings.

3. Results

Table 1 gives an overview on mean survival ratessax ratios in the treatment and full
sib control groups of the breeding base (G0) artiemigh and thdow line of the first
generation of selection (G1). The numbers of fasilvithin thehigh (n = 18) and the
low line (n = 14) in G1 differed according to the availabildyripe female spawners in
the selection lines in the course of this experimkengeneral, survival rates of treatment
groups were significantly higher than for the cep@ending full sib control groups indi-
cating that the differences between sex ratiogeatinent and corresponding full sib
control groups cannot be attributed to higher nitytaf one sex. The results of the
Kolmogorov-Smirnov test showed that neither for breeding base (GO) nor for the
high or low line (G1) the female sex ratios’ distribution diféd significantly P < 0.05)
from normality. However, a few outliers were obsehin each of both lines of G1: In
the high line one family (5% of théigh line) with a female percentage of 72% and in
thelow line one family (7% of théow line) with a female percentage of 32.5%. These
outliers observed in both lines (G1) might indicpt#ential QTL. The sex ratios in the
control groups of GO and G1 did not deviate sigaifitly from 1:1 as shown by - val-
ues (< 3.84). In GO, no significantli? € 0.05) higher mean percentage of females in the

treatment group was observed (51.9% = 8.9) thathencorresponding full sib control
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group (49.3% = 3.1). After one generation of setecthe mean percentage of females
in thehigh line of G1 showed a significant increase up t®% compared to 49.5% in
the corresponding full sib control group. In tlogv line of G1 a significant decrease in
mean female percentage was observed, down to 4¥e88as 49.6% in the correspond-
ing full sib control groups. Both thegh line and thdow line of G1, showed mean fe-
male percentages in the treatment groups whiclerdidf significantly from the corre-
sponding value in the base population GO.

In Table 2 the relevant parameters of the seleaiqreriment have been summarized.
Both lines were developed from the same breedisg kdich consisted of 95 families.
The proportion of selected families in thegh and thelow line was identical (6.3%).
The realized selection differentialg}Sof thehigh line (+9.0% females) and thew line
(-10.4% females) were comparable. In terms of stehdeviations, the standardized re-
alized selection differentials §3n SD) reached values over 2 in both linbgflf line
+2.6;low line -2.2). Comparable results were also obtafeedhe realized response to
selection in both linesh(gh line AGr = +5.7%;low line A Gr = -7.4%) in the first gen-
eration of selection. In terms of standard devigtibe standardized realized response to
selection A Gg in SD) in thehigh line was 1.2, somewhat lower than tbe line with -
1.7. The realized heritability i) expressed as the ratio of the realized respanse-t
lection (igh line AGg = 5.7% andow line AGgr = -7.4%) and the realized selection dif-
ferential figh line S = 9.0% and théow line S = -10.4%) was K = 0.63 in thehigh
line and k? = 0.71 in thdow line, resulting in an average realized heritapidif hs’ =
0.67. Although an increase and decrease of fenralgogtions in the treatment groups
of the high and thelow line could be observed in the first generatiorselection, the
mean sex ratios in all the controls of GO and Giewxose to a female proportion of
50%. The realized selection differentials of theregponding control groups were 0.6%
and 0% in thénigh and thdow line respectively, thus no correlated responselection
could be observed regarding the proportion of fesah the full sib control groups in
the course of selection (Table 1).

With regard to body weights, the temperature tebéih and the fish of corresponding
controls (in total 120 were temperature treated &ad 120 fish were of corresponding
full sib controls) differed significantly from eadther at the age of 18 months (t-tést,
< 0.01). Temperature treated fish had a mean baight/of 286.8 g £ 11.6 whereas un-
treated full sib controls showed a mean body wedflunly 276.4 g + 13.8. Both groups
showed a similar coefficient of variation (CV) o¥4for body weight in temperature
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treated groups and 5% in the corresponding full cgibtrols. Results of temperature
treatment of the meiotic gynogenetic offspring sded 16% males (absolute: 85 fe-
males and 16 males) and 4% males (absolute: 10dldsnand 4 males) in the corre-
sponding full sib control group. All the haploidrdool alevins § = 50) died, which gen-

erally indicated that the procedure of meiotic gygwesis was conducted correctly.

4. Discussion

The main aim of the present experiment was to etalthe possibility of altering the
sex ratio in progenies of rainbow trout familiesotigh selection of thermo-sensitive
families with unbalanced sex ratios in their tenapare treated offspring. Due to the
limited family rearing facilities of the trout farmRelliehausen and because of the long
generation interval of rainbow trout it was onlyspible to carry out a one generation se-
lection experiment till now. It was possible toeselfor increasech{gh line) as well as
for decreased female proportioiew line) in the selection lines. The average female
proportion in the temperature treated offspringr@éased by 11% up to 57.6% in the
high line and decreased by 14% to 44.5% inltwveline in the first generation of selec-
tion compared to 51.9% in the breeding base (Tahl€Only Wessels and Hoérstgen-
Schwark (2007) have also conducted a selectionremeet for thermo-sensitivity of
sex differentiation, but in tilapia. In their stydye selection criterion was the percent-
age of males in temperature treated progenies &nghdine was built up similar to the
one in the present investigation. The standardiealized response to selection in the up
selected line was with 1.22 after two generationslar to the one with 1.2 in the pre-
sent investigation after one generation of selactiich might be due to the higher se-
lection intensity in the present experiment.

The mean survival rates were significantly highr< 0.05, 0.01) in the treatment
groups than in the corresponding control groupdicating that the sex ratios in the
temperature-treated progenies could not be atetbta differential higher mortality of
males or females in comparison to the control simi the results of Craig et al. (1996).
It cannot be excluded, however, that the tanks trhgkie had an effect on survival rates,
because the 30 day temperature treatment was migdcaut in Zuger glasses, in which
controls were kept during this time period. But mmanportant is the fact that a higher
mortality was not observed in the 18 °C treatmeatigs.

In the present experiment the realized selectiespaeses in the first generatiokQGg) in
relation to the applied selectiongjSwvere given by realized heritabilitiesgfh of 0.63

39



for thehigh line and of 0.71 for theow line, resulting in an average realized heritapilit
of hg? = 0.67 for both lines. Realized heritabilities aibed so far should be judged only
as rough classifications of selection responselation to selection differentials, be-
cause one generation of selection can only indiaaendency of the magnitude of ob-
tainable selection responses. In similar experimenth tilapia, selection responses in
relation to the applied selection over two generetiwere given by a slightly higher av-
erage realized heritability okh= 0.78 (Wessels and Horstgen-Schwark, 2007). €ke s
ratios in all full sib control groups of GO and @&re very close to a female proportion
of 50%. In addition, the realized selection differals of the corresponding full sib con-
trol groups were 0.4% and 1.7% in thigh and thdow line respectively, thus no corre-
lated response to selection could be observeddeggthe proportion of females in full
sib control groups in the course of the selectitab(e 1).

Genetic sex determination is the acknowledged systesex determination in rainbow
trout with female homogamety?&X - 4XY) as in most other salmonids (Devlin and
Nagahama, 2002). In species with an evident chromessystem like the rainbow trout,
sex determination of an individual occurs duringy dgrtilization. This was demon-
strated in previous studies for genetic sex cordpgroaches by induced gynogenesis
(Chourrout and Quillet, 1982; Chourrout, 1984; (aaikt al., 2002). From the theoreti-
cal point of view gynogenetic offspring is expectede all female, nevertheless, unex-
pected 13 male fish out of 27 (48%) fish were obseiin offspring when mitotic gyno-
genesis was conducted by Quillet et al. (2002pinkow trout. In the present study, in-
duced meiotic gynogenesis was conducted with amtesensitive female spawner
which showed male biased sex ratios in temperateated batches of preliminary mat-
ings. The meiotic gynogenetic progeny consistedl@% males in the temperature
treated group and 4% males in the correspondirigsiinl control group. In tilapia, a
number of studies by different authors support ¢baclusion that inOreochromis
niloticus, there are one or more minor sex-influencing tbet cause female to male sex
reversal in XX individuals (Mair et al., 1991; Hass et al., 1994; Muller-Belecke and
Horstgen-Schwark, 1995) and further the involvenwriemperature in sex differentia-
tion (Sarder et al., 1999; Tessema, 2001). Sinlahese results in tilapia, Quillet et al.
(2002) concluded that a comparable modeDitorhynchus species exists and indica-
tions for this are also found in the present study.

To summarize, there might be two possible consuara-environment-friendly ways to

significantly increase the proportion of femalegambow trout. The first would be di-
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rectly via selection of families which show a higércentage of females in their sex ra-
tios after temperature treatment to build up aesponding temperature sensitive line.
In addition, the comparison of mean body weighthatage of 18 months between tem-
perature treated fish and their correspondingsiblicontrol groups were in favour of the
temperature treated trout and revealed on averiffgeetices in weight of the same size
as found between diploid and triploid rainbow trofithe same age (Poontawee et al.,
2007). The higher water temperature during 30 aéilsn the alevin stage seems to be
responsible for these observed higher weights mpe&zature treated fish. Further gen-
erations of selection would show if high female gmdions over 90% in temperature
treated offspring could be achieved. However, duthé¢ long generation interval of two
to three years in rainbow trout it would becomeragtterm experiment. The second ap-
proach would be an indirect one via neo-males ddrivom temperature treated gyno-
genetic offspring, which could be used as matingneas to produce all female proge-
nies. This could be a faster way than the seledbothermo-sensitivity to produce pro-
duction populations with high female percentagésuitable genetic markers for tem-
perature sensitivity could be found (few observatiers in thehigh andlow line (G1)
might indicate potential QTL) and a marker assigelkction would be possible, then
“thermo-sensitivity” in both direction (male andrale direction) could be integrated in
existing breeding programmes and both alternatselgction and gynogenesis could be

combined, when appropriate.
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Table 1. Survival rate, number of fish seaad sex ratios of treatment (18 °C for 30 days)@mdrol groups (12 °C)
in the base population (G0) and in tigh andlow line in the first generation of selection (G1)

Treatment Control (12 °C)
Generatioh  Line?*  SurvivafP Sexed Female Survival Sexed Female e
% n % % n %
GO (h=95) - 91.3 10.499 51.9+8.9 82.0 10.265 49.3+3.1 1.99
Gl(=18) High 927 1941 57.6+4.7 86.2 1842 49518  1.22
h=14) Low 90.4  1.455 445+4.3 87.0 1465 49#2.1  0.83

1 G0: base population, G1: first generation of s@ect

?line with high/low sensitivity to temperature treatment during sdfedéntiation (starting 42 dpf);
3 Survival rate of progeny at the end of the tempeeatreatment, 72 days post fertilization;
a.bcignificantly different from full sib control$&0.05, 0.01, 0.001);

> = values for deviation of the full sib control’sxsatios from 1:1.
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Table 2. Total number of families Total), number of families selectex gelected), proportion of families
selected(f selected), realized selection differentiat (5% females), standardized realized selectiorebfitial
(S in SD), realized response to selectidGgr) and standardized realized response to seleci@k(n SD)

in treatment groups in thiegh andlow line in the base population (G0) and the firstegation of selection (G1)

Generation  Line' Total Selected  Selected 1) Sk AGr AGr
n n p (% females) inSD (% females) in SD

GO High 95 6 0.063 9.0 2.6 - -

Low 95 6 0.063 -10.4 -2.2 - -

Gl High 18 - - - - 5.7 1.2

Low 14 - - - - -1.4 -1.7
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Chapter 4

General Discussion



The results from chapter 2 and 3 are shortly sunz@@uiin this chapter in order to get a
comprehensive overview about the research resutteeqresent study and the integra-
tion into the literature context about sex deteation and differentiation of the rainbow
trout species. Furthermore, the possible prachieakfits of the gained scientific results
to large rainbow trout farmers are revealed as waslitheir possible integration into
worldwide aquaculture of large rainbow trout (> kg production.

In experiments of van den Hurk and Lambert (198®) Baroiller et al. (1999) effect of
temperature treatments on sex ratios could nobbed, however, in relation to the pre-
sent study they used different temperature regemeshad only relatively small sample
sizes and a limited breeding base. In the presqgrament progenies from single pair
matings of spawners randomly selected from sixediffit rainbow trout broodstocks
kept at the Experimental Trout Farm Relliehauserewgtudied for thermo-sensitivity of
their sex ratios.

Preliminary studies with 16 °C and 20 °C for 30 slalearly showed, that 16 °C had
only little effect to sex ratios, when progeniesavexposed to this temperature level, as
well as 20 °C for 30 days starting 42 days posthiag was too intensive and resulted
in significantly lower survival rates than the @aponding rates from the full sib control
groups. For this reason, the applied temperateedrirent of 18 °C for 30 days was used
continuously during the whole experiment, becatuses the highest one which did not
cause significantly lower survival rates in theatreent groups than in the corresponding
full sib controls which were kept at 12 °C. Theulés of this experiment clearly showed
that there must be differences between popula@oaisfamilies within populations re-
garding thermo-sensitivity in the range of no (pagon V) to significantly higher
(populations I, II, IV and VI) or significantly logr (population Ill) percentages of fe-
males in the offspring.

Similar results were also gained in anotecorhynchus species, the sockeye salmon
(O. nerka). Here, Azuma et al. (2004) showed the possibditysex reversal from ge-
netic females to functional males by a temperattgatment regime of 18 °C starting
from 42 to 151 days post fertilization in compando 9 °C for the corresponding con-
trol groups. A similar phenomenon was observecheunderlying study when proge-
nies from the population Il were treated with teenperature regime used by Azuma et
al. (2004). Besides, Komrakowa (2006) found a sexker called variant A oDmyP9

Rsal (Iturra et al., 2001), which was present eagame population 11l and almost exclu-
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sively found in males. However, this variant A vedso found in three additional popu-
lations, populations I, Il and VI.

It must be restrictively mentioned that, relatioetie present study, Azuma et al. (2004)
worked with an all-female population, so that tlihars could not study a sex reversal
from genetic males to functional females by eleda&emperatures. Whereas Craig et al.
(1996) found strongly female-biased sex ratios (6@%84% female) in different popula-
tions and population crosses of sockeye salmon wieeexposed fertilized eggs to
higher temperatures (10.4 °C - 12.0 °C; contrd@: &€ - 9.7 °C) during embryonic de-
velopment (starting at 360 dpf).

To shortly summarize, depending on the genetic ¢gpraciknd of the sockeye salmon
population, temperature manipulation during incidmand hatching phases could alter
the sex ratio (Craig et al., 1996). Similar resuwitse gained in the present study which
clearly showed female biased sex ratios in progeoii@ifferent brood stocks when they
were exposed to higher temperatures post hatchinipe underlying experiment tem-
perature treatment was conducted only post hatolhmgn two third of the yolk sac of
the fry was absorbed and similar survival ratesewgiven for treatment and control
groups. Temperature treatments during the hatgbliage or even during the incubation
phase in rainbow trout cause high mortality, themef clear proof of temperature sensi-
tivity on the sex ratio of progeny could not be esjed.

In general, these results imply that temperaturgble to increase or decrease the pro-
portion of females. However, temperature regimdas/éen the both studies as well as
the range of distortion in female percentages weresiderably different (20% in this
study versus 28% of females compared to controraig et al., 1996).

In both studies (Craig et al. (1996) and the presamly) the sex ratios in temperature-
treated progenies could not be attributed to dfféal higher mortality of females or
males, because treatment groups had higher oasit $emilar survival rates after tem-
perature treatment than the corresponding contmlgs. In the underlying study, sur-
vival rates in temperature treated groups (18 °@evoften significantly higher than in
the corresponding full sib control groups (12 °Ngvertheless, it cannot be excluded,
that the tanks might have had an effect on survatals, because the 30 day temperature
treatment was not carried out in Zuger glassesyhith the controls were kept during
this time period due to limited space in the hatghklowever, both groups, treatment

groups and controls, had the same water qualitgeofame water source with compara-
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ble water quality parameters except temperatureinfdll, the key point is that higher
mortality of one sex did not play a decisive ralghe 18 °C treatment groups.

Until today, high repeatability of the responsesek ratios to temperature treatments
was only proven in tilapiad. niloticus) by Tessema et al. (2006). The authors showed
that replicated 36 °C - treated spawns varied bglya range of 1.7% to 6.2%. Also in
the present study similar repeatable results wesemwed with a comparable narrow
range of female distorted sex ratios from 0.4%.8%®(Table 2). Furthermore, succes-
sive matings with proven repeatability (for examglex 215 and?6x 216) which dif-
fered significantly P < 0.05) from the corresponding control groups cdwdcha reliable
indication for a genetic background of the sengitiof temperature treatment on sex
differentiating mechanisms as it was already proven tilapia by Wessels and
Horstgen-Schwark (2007).

Consistent with the findings of Tessema et al. @00 tilapia, the underlying results
give evidence for the contribution of both pareintsainbow trout, males and females,
to the different sex ratios after temperature imegit (shown in Table 3). Depending on
the maternal mating partner, paternal half sibsvglgosignificantly different sex ratios
with female percentages from 44% (matig@9x23) to 62% (mating?29x 280).
Nevertheless, significantly different sex ratiostrwiemale percentages from 48.8%
(mating 214x 264) to 66.9% (mating214x 342, P < 0.01) were also noticed for ma-
ternal half sibs (matin@14x 364 and342). These findings also showed a clear pater-
nal and maternal influence on sex ratios after tmapire treatment (18 °C).

To summarize, the results obtained suggest thabboai trout is a thermo-sensitive spe-
cies and temperature can influence gonadal serdiifiation of the individuals during

the early development stages.

The main aim of the second part of the presentraxpat was to evaluate the possibil-
ity of altering the sex ratio in progenies of rambtrout ©. mykiss) families through
selection of thermo-sensitive families with unbakea sex ratios in their temperature
treated offspring.

It was possible to select for increasbifi line) as well as for decreased female propor-
tions (ow line) in the selection lines. The average femageprtion in the temperature
treated offspring increased by 11% up to 57.6%hahigh line and decreased by 14%
to 44.5% in thdow line in the first generation of selection compatedb1.9% in the

breeding base (Table 1). Until now, a selectioneexpent for thermo-sensitivity of sex
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differentiation has only been conducted by WessetsHorstgen-Schwark (2007) for ti-
lapia. In the author’s study, the selection criterivas the percentage of males in tem-
perature treated progenies, building upigh line similar to the one in the underlying
investigation. Also the standardized realized respdo selection in the up selected line
was with 1.22 after two generations similar to dme with 1.2 in the present investiga-
tion after one generation of selection. The redeothis could be the chosen higher se-
lection intensity in the present experiment.

In the underlying study the realized heritabilifs) in thehigh line was 0.63 and in the
low line 0.71, this resulted in an average realizeidiglity of h’z = 0.67 for both lines.

In tilapia, a slightly higher average realized tahility of H’z = 0.78, but over two gen-
erations of selection, were estimated by WesseldHirtstgen-Schwark (2007). The sex
ratios in all full sib control groups of GO and @&re very close to a female proportion

of 50%, what is also similar to the findings of Wels and Horstgen-Schwark (2007).

The induced meiotic gynogenesis in the underlyingeement was conducted with a
thermo-sensitive female spawner, which showed wliaterted sex ratios in temperature
treated batches of preliminary matings. Here, 168emwithin the meiotic gynogenetic
progeny (85 females and 16 males) in the temperdteated group and 4% males (104
females and 4 males) in the corresponding fultsittrol group were observed.

As it is widely known, genetic sex determinatiorine acknowledged system of sex de-
termination in rainbow troutd. mykiss) with female homogamety?(XX - 2XY) as in
most other salmonids (Devlin and Nagahama, 200Xpécies like rainbow trout with a
basic chromosome system, sex determination of dividual takes place during the
process of egg fertilization. This was shown invpres investigations for genetic sex
control approaches by induced gynogenesis (Chou(id®84), Chourrout and Quillet
(1982), Quillet et al. (2002)). Nevertheless, 13arfesh out of 27 (48%) fish occurred
unexpectedly in the offspring, when mitotic gynoggis was conducted (Quillet et al.,
2002) in rainbow trout. Similar happened for tieyD. niloticus), Hussain et al. (1994)
found 19 males in 39 (47.5%) mitotic gynogenetitsfing and Muller-Belecke and
Horstgen-Schwark (1995) had also 42 males (26.1%4)61L mitotic gynogenetic prog-
eny. Unexpected maleness in tilapia was also foondeiotic gynogenetic offspring,
when Mair et al. (1991) observed 8 males in 187otiegynogenetic fish (4.3% males)

and Hussain et al. (1994) noticed 3 males in 4826] meiotic gynogenetic tilapia.
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Similar to these results in tilapia, Quillet et @002) concluded a comparable model in
Oncorhynchus species exists and indications for this are alsmd in the present study.

Finally, there might be two possible consumer- andironment-friendly ways to sig-
nificantly increase the proportion of females imb@w trout.

The first would be directly via selection of faresi which show a high percentage of
females in their sex ratios after temperature tneat to build up a corresponding tem-
perature sensitive line. In addition, the compariesb mean body weights at the age of
18 months between temperature treated fish and toeresponding full sib control
groups were in favour of the temperature treatedttand revealed on average differ-
ences in weight of the same size as found betwgsoidi and triploid rainbow trout of
the same age (Poontawee et al., 2007). The hightervemperature during 30 days
within the alevin stage seems to be responsibleHese observed higher weights of
temperature treated fish. Further generations ld@cgen would show if high female
proportions over 90% in temperature treated offgpdould be achieved. However, due
to the long generation interval of two to threergea rainbow trout it would become a
long-term experiment.

The second approach would be an indirect one waanmaes derived from temperature
treated gynogenetic offspring, which could be usganating partners to produce all fe-
male progenies. This could be a faster way tharséhection for thermo-sensitivity to
produce production populations with high femalecpatages. If suitable genetic mark-
ers for temperature sensitivity could be found (tdygerved outliers in thagh andlow
line (G1) might indicate potential QTL) and a markssisted selection would be possi-
ble, then “thermo-sensitivity” in both direction &he and female direction) could be in-
tegrated in existing breeding programmes and biéghnatives, selection and gynogene-
sis could be combined, when appropriate.

Owing to the success this production method (dicgcindirect method) in Europe it
should not be unrealistic that the production ofiéarainbow trout (> 1.2 kg) could in-

crease significantly into several European cousitrie
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Appendix

Raw data of temperature effects in differagpiydations, shown in table 1 of the publication ho.

. Matin N in Treat- N after Survivaf Sex ratio .
Population ™ { 9 Treatment ment Treatment Rate, % N S€xed ok Sig?3
I 1 1 200 185 92,5 84 51,2
I 1 2 185 182 98,4 48 56,3
I 2 1 200 185 92,5 84 51,2
I 2 2 390 342 87,7 89 58,4
I 3 1 500 472 93,6 89 50,6
I 3 2 400 353 88,3 86 59,3
I 4 1 400 363 90,8 83 51,8
I 4 2 430 412 95,8 104 64,6
Il 1 1 200 180 90,0 119 49,2
Il 1 2 200 168 84,0 133 58,9
Il 2 1 200 181 90,5 79 51,3
Il 2 2 200 181 90,5 67 63,6
Il 3 1 200 179 89,5 99 48,5
Il 3 2 200 186 93,0 83 64,6 *
Il 4 1 200 168 84,0 67 52,2
Il 4 2 200 182 91,0 70 58,8
Il 5 1 500 361 72,2 89 51,7
Il 5 2 500 288 57,6 88 54,5
I 6 1 500 412 82,4 91 48,4
Il 6 2 500 445 89,0 73 54,8
Il 7 1 500 371 74,2 85 48,0
Il 7 2 400 325 81,3 85 69,4 **
I 1 1 150 116 77,0 95 47,7
11 1 2 150 125 83,0 98 37,8
1] 2 1 300 160 53,3 105 48,6
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300
120
150
300
300
300
300
200
200
200
200
200
200
200
200
200
200
200
200
300
300
300
300
300
300
300
300
500
500
500

205
80

110
254
265
261
282
172
179
170
183
178
188
177
181
167
179
165
173
265
295
218
282
202
236
282
299
440
491
363

60

68,3
66,7
73,3
84,7
88,3
87,0
94,0
86,0
89,5
85,0
91,5
89,0
94,0
88,5
90,5
83,5
89,5
82,5
86,5
88,3
98,3
12,7
94,0
67,3
78,7
94,0
99,7
88,0
98,2
72,6

114
78
87
93
95
93
91
79
90
85

112
80

119
83

117
84

165
89

146
87

130

102
91
84
91

107
75
85

114
78

36,8
55,1
34,5
50,5
32,1
52,7
38,4
46,7
56,7
48,8
65,8
47,4
55,6
47,6
53,8
51,2
59,5
53,8
54,1
48,3
53,1
46,7
53,8
52,4
47,3
51,4
49,3
47,1
55,5
46,2

**

**
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10
10
11
11

P NFPNENEPEPNENEPENENENENEDNEDN

2

500
200
325
300
300
300
300
300
300
500
500
500
500
500
500
500
500
500
500
500
500
500
500

470
187
2901
244
295
270
263
274
279
409
419
403
422
358
452
367
363
373
324
348
402
336
421

94,0
93,5
89,5
81,3
98,3
90,0
87,7
91,3
93,0
81,8
83,8
80,6
84,4
71,6
90,4
73,4
72,6
74,6
64,8
69,6
80,4
67,2
84,2

111
89
93
74
83
73

116

112
96
96
78
94
96
95
88

103
91
78
91

102
97
95
88

48,6
53,6
67,1
47,3
56,6
49,3
56,0
52,7
58,3
47,9
57,7
52,1
56,3
48,4
53,4
47,6
58,2
51,3
56,0
47,1
63,9
47,4
61,4

**

Mreatment: 1= full sib control group continuoustyl2 °C; 2=treatment at 18 °C for 30 days, staréihg2 dpf.;
Survival rate=survival rates after treatment; SR=rsgio;
3 x = = sjgnificantly different from full sib conbl group £<0.05, 0.01).
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Raw data of temperature effects in the breeding,ll®wn in table 1 of the publication no. 2

Nin

Sex ratio

Treatment Mother No? Father NG Survival raté N sexed Sig?
Treatment In %
1 14 42 207 88,4 126 48,4
2 14 42 300 93,3 121 66,9
1 14 29 300 89,7 113 46,9
2 14 29 300 92,3 106 55,7
1 14 34 282 96,5 117 45,3
2 14 34 283 96,8 123 58,5
1 40 46 300 90,7 131 47,3
2 40 46 300 93,7 127 62,2
1 40 27 300 88 116 51,7
2 40 27 300 90,3 119 59,7
1 40 33 300 87 136 50,7
2 40 33 300 92,7 69 56,5
1 35 33 300 97 119 47,1
2 35 33 300 98,3 122 56,6
1 3 42 400 92 107 52,3
2 3 42 400 96,5 131 67,2
1 30 42 400 90,5 124 47,6
2 30 42 400 91,3 104 50
1 33 43 400 87,5 127 48,8
2 33 43 400 87,8 102 64,7
1 33 29 316 84,8 114 51,8
2 33 29 400 85,3 115 57,4
1 33 33 306 91,5 117 51,3
2 33 33 400 93,3 122 55,7
1 39 29 400 81 98 52
2 39 29 400 99,3 128 59,4
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339
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235
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400
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302
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350
400
400
300
300
334
334
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300
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94,8
89,9
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81,3
93,7
79
93
89
89,3
90,7
94,5
87,6
90,5
86,9
92,7
91,3
90,8
92,2
94,1
90,3
92,9
93,5
96
84,5
95,5
81,3
96,3
88,9
89,3
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110
121
115
132
131
137
120
131
115
128
121
84
106
132
123
124
117
132
128
128
88
114
107
119
103
120
89
106
110
105

37,3
59,5
51,3
58,3
48,9
57,7
49,2
61,1
41,7
58,6°
47,5
63,1
49,1
62,1
51,2
62,9
53,8
54,5
50,8
53,1
51,1
64
55,1
53,8
61,2
62,5
47,2
50
49,1
61,9
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79
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81
87,3
94,7
91,7
81
85,3
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88,7
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82
85
65,3
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68,7
79,3
82
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88,3
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81,6
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132
102
123
133
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93
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112
127
106
124
114
126
128
121
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132
133
135
121
112
103
116
112
130
124
125
120
101
89

53
62,7
48
55,3
49,5
61,3
51,9
58,9
48,8
65,1
48,4
50
47,6
60,9
47,9
58,9
53
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95,8
81,3
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87,8
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91,2
85,3
89,7
90,5
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400
400
400
400
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400
400
400
400
300
300
300
300
300
300
300
300
300
300
300
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84,8
95,3
97,6
96,0
92,0
96,2
83,5
81,3
86,5
87,3
76,5
92,3
76,5
94,8
80,5
91,3
86,3
93,8
81,7
88,7
87,0
90,3
76,3
83,7
69,3
88,0
76,7
95,3
69,3
93,0
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115
123
108
117
109
111
111
108
82
106
94
109
68
129
117
116
109
92
120
91
124
90
110
114
129
93
131
102

46,7
39,8
52,2
43,9
51,9
41,9
51,4
40,5
50,5
40,7
51,2
42,5
51,2
41,3
51,5
48,8
51,3
50,9
49,5
41,9
52,5
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47,6
48,9
50,9
40,4
51,2
48,4
46,6
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39
44
44
39
39
72
72
72
72
74
74
52
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52
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60
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55
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64
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64
53
53
64
64
64
64
53
53
64
64
61
61
53
53
64
64
61
61
61
61
64
64
61
61

300
300
300
300
300
300
300
300
300
300
350
350
350
300
335
350
200
300
350
350
350
350
350
350
350
350
300
340
350
350

89,7
94,0
87,7
87,7
92,3
97,3
79,7
80,3
73,7
86,3
81,1
94,0
87,4
96,0
91,6
97,4
85,5
92,0
86,3
95,4
89,4
95,1
79,4
92,0
85,7
94,3
81,7
91,8
88,0
91,4
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117
119
119
99
130
103
125
119
117
119
126
121
113
107
103
126
107
116
114
108
96
118
94
104
107
109
112
100
105
99

47,9
47,9
47,1
41,4
50
41,7
49,6
47,1
49,6
42,9
47,6
43,8
51,3
46,7
53,4
43,7
45,8
41,9
50,9
46,3
49
48,3
48,9
41,3
52,3
45,9
47,4
40,8
48,6
43,4



1 55 64 200 78 101 49
2 55 64 278 88,5 92 39,1
1 68 61 350 86,9 104 46,2
2 68 61 350 93,4 105 43,8
1 68 64 300 81,3 58 48,1
2 68 64 350 97,7 102 41,2
1 57 64 350 85,1 90 52,2
2 57 64 350 93,1 103 39,8
1 49 48 500 90,2 81 49,4
2 49 48 500 93,2 91 45,1
1 48 52 500 76,6 114 48,2
2 48 52 500 74 94 44,7
1 55 60 500 78,8 97 49,5
2 55 60 500 79,2 102 44,1

Mreatment: 1=full sib control group kept continulgust 12 °C; 2=treatment group kept at 18 °C forda®s starting 42 dpf;
“Mother-No.= number of the female spawner of theimgatather-No.= number of the male spawner oftlaging;
3Survival rate=survival rate after temperature tresit; SR=sex ratio;

4 * * = significantly different from the full sib entrols £<0.05, 0.01).
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Raw data of realized response to selection, shouwable 1 of publication no. 2

Line,  Treatment Mother-No® Father-No- Nafter  Survival- N sexec Sex ratio  Sig.”

Mating Treatment rate’, % In %
High
1 1 79 61 276 92,0 104 51,9
1 2 79 61 283 94,3 106 54,7
2 1 79 45 275 91,7 96 47,9
2 2 79 45 283 94,3 99 55,6
3 1 79 47 280 93,3 83 48,2
3 2 79 47 286 95,3 109 52,3
4 1 74 61 255 85,0 90 51,1
4 2 74 61 278 92,7 99 58,6
5 1 74 45 260 86,7 120 48,3
5 2 74 45 281 93,7 100 72,0 *
6 1 74 47 287 95,7 108 48,1
6 2 74 47 272 90,7 102 57,8
7 1 65 61 290 96,7 109 47,7
7 2 65 61 284 94,7 106 58,5
8 1 65 45 283 94,3 88 51,1
8 2 65 45 286 95,3 121 57,0
9 1 65 47 271 90,3 115 48,7
9 2 65 47 291 97,0 127 58,3
10 1 39 61 272 90,7 112 48,2
10 2 39 61 266 88,7 123 53,7
11 1 39 45 270 90,0 112 49,1
11 2 39 45 260 86,7 117 58,1
12 1 39 47 266 88,7 111 52,3
12 2 39 47 287 95,7 105 56,2
13 1 73 61 299 85,4 109 51,4
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73
73
73
73
73
45
45
45
45
45
45

64
64
64
64
61
61
61
61
78
78
78
78
71
71
71
71

61
59
59
44
44
61
61
59
59
44
44

59
59
44
44
59
59
44
44
44
44
59
59
44
44
59
59

302
275
312
282
286
275
282
245
279
278
288

279
297
293
280
304
279
317
294
275
286
245
266
257
268
263
288

86,3
78,6
89,1
80,6
81,7
91,7
94,0
81,7
93,0
92,7
96,0

79,7
84,9
83,7
80,0
86,9
79,7
90,6
84,0
91,7
95,3
81,7
88,7
85,7
89,3
87,7
96,0

94
98
110
97
94
95
115
100
99
95
115

96
121
100
119
110

98
102
109
109
103
120

99
105
115

94
111

59,6
48,0
60,9 *
51,5
48,6
51,6
58,3
47,0
60,6 *
48,4
56,5

50,0
48,8
45,0
46,2
49,1
43,9
52,0
45,9
52,3
41,7
49,2
43,4
47,6
47,8
52,1
38,7 *



9 1 77 44 242 80,7 108 50,9
9 2 77 44 282 94,0 102 49,0
10 1 77 59 270 90,0 107 47,7
10 2 77 59 284 94,7 96 325"
11 1 78 60 256 85,3 108 48,1
11 2 78 60 277 92,3 94 447
12 1 78 65 268 89,3 104 51,0
12 2 78 65 288 96,0 96 43,8
13 1 79 60 269 89,7 93 51,6
13 2 79 60 281 93,7 90 45,6
14 1 79 65 283 94,3 109 48,6
14 2 79 65 292 97,3 102 44,1

Treatment: 1=full sib control group kept continulgust 12 °C; 2=treatment group kept at 18 °C forddys starting 42 dpf.;

“Mother-No.= number of the female spawner of theimgat-ather-No.= number of the male spawner oftiaging;
3Survival rate=survival rate after temperature tresait; SR=sex ratio.

4 * = significantly different from the full sib carols (P<0.05).

71



Raw data (in gram) for the body weight comparibetween the treated fish and the full sib

control groups, shown in publication no. 2

Treatment Control Treatment  Control Treatment  Control
265,3 248,8 248,9 2925 251,1 279,3
256,4 254,3 2440 287,3 278,9 287,3
302,3 269,5 313,4 248,7 282,0 267,3
276,4 287,3 298,6 324,1 291,2 297.,4
263,1 277,3 304,8 308,1 287,6 280,5
247,6 271,4 294,3 275,4 255,4 274,2
266,7 270,0 257,3 286,5 267,1 278,4
281,0 284,1 299,1 304,6 274,3 284,3
244.,6 289,8 308,4 301,7 276,4 297,9
257,9 257,3 267,9 287,3 281,3 309,8
266,1 271,0 283,7 291,6 274,5 285,6
268,9 279,3 281,5 293,4 268,9 297,2
278,3 287,3 286,3 268,3 268,4 293,4
268,6 267,3 276,4 287,8 276,8 289,7
300,8 297,4 296,4 282,2 288,2 291,4
289,0 280,5 291,0 291,3 297,6 295,4
285,4 274,2 255,6 266,7 258,4 304,6
277,4 278,4 249,7 289,6 287,0 300,8
275,1 284,3 264,3 290,8 268,4 2845
273,0 297,9 268,4 273,5 282,8 281,4
275,1 309,8 271,3 286,4 286,7 292,3
279,2 285,6 274,1 283,0 278,3 293,1
269,4 298,5 275,9 314,0 248,8 276,4
266,8 278,6 277,8 290,1 254,3 259,3
294,0 285,4 276,4 287,3 269,5 285,4
275,4 287,3 287,6 276,4 287,3 287,3
279,1 304,2 275,1 287,6 277,3 332,1
285,7 300,4 288,4 299,4 271,4 300,4
286,4 284,1 273,3 284,2 264,9 284,1
290,8 290,1 286,1 287,8 270,0 290,1
274,8 294,3 281,1 288,0 284,1 290,8
268,4 283,7 304,6 291,4 289,8 289,3
279,1 290,7 282,6 290,6 271,7 286,5
248,8 271,4 271,4 285,2 285,4 312,5
254,3 291,2 270,0 295,1 287,3 271,4
269,5 284,1 284,1 285,0 274,0 270,0
287,3 291,1 289,8 269,5 274,2 284,1
290,4 271,4 295,5 287,3 284,1 289,8
271,4 296,4 291,8 277,3 280,4 296,4
296,4 284,1 255,6 281,9 271,4 291,0
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