GENETIC STUDIES OF NILE TILAPIA (OREOCHROMIS NILOTICUS) FOR
FARMING IN NORTHERN VIETNAM: GROWTH, SURVIVAL AND COLD
TOLERANCE IN DIFFERENT FARM ENVIRONMENTS

Genetiske studier av Nil-tilapia (Oreochromis niloticus) for oppdrett I Nord-Vietnam:
Tilvekst, overleving og kuldetoleranse i ulike oppdrettsmilja

Philosophiae Doctor (PhD) Thesis

Luan Dinh Tran

Department of Animal and Aquaculture Sciences
Norwegian University of Life Sciences

Thesis number: 2010 : 04
ISSN: 1503-1667
ISBN: 978-82-575-0916-3



Genetic studies of Nile tilapia (Oreochromis niloticus) for farming in northern Vietnam:
Growth, survival and cold tolerance in different farm environments

Luan Dinh Tran

Philosophiae Doctor (PhD) Thesis 2010 : 04

Department of Animal and Aquaculture Sciences
Norwegian University of Life Sciences
Uniersitetet for mljg-og biovitenskap (UMB)
P.0.Box 5003, N-1432, As, Norway

ISSN: 1503-1667
ISBN: 978-82-575-0916-3

Supervisors: Dr. Ingrid Olesen
Dr. Kari Kolstad
Nofima marine
P.0. Box 5010, N-1432, As
Norway



ACKNOWLEDGEMENTS

The data collection in this thesis was funded by the Norwegian government through the
Norwegian agency for development and cooperation (NORAD) and the Vietnamese
government in phase I and II of project SRV0033 entitled “Building advanced research,
education and extension capacity of the research institute for aquaculture No.1”. Data analysis
and write-up of the research presented in this thesis were carried out at the Department of
Animal and Aquaculture Sciences, Norwegian of University of Life Sciences (UMB) and
Nofima Marin, Norway on a Kvote Lanekassen scholarship. I gratefully acknowledge these

institutions for initiatives and support during my studies at UMB.

I wish to express my utmost gratitude to my main supervisors Dr. Ingrid Olesen and co-
supervisor Dr. Kari Kolstad for their support and constructive input. I really appreciate your
time, effort and for always being available for discussions and sharing your vast knowledge of
selective breeding. Your suggestions, guidance and insight have vastly improved my
knowledge in this field. Thank you very much for your patience whilst trying to improve my
scientific writing and for promptly reading through the various versions of the manuscripts.
Ingrid, I learnt a lot from you in these past years since your first trip to RIAT in 1999. I would
like to thank staff and colleagues, especially those in the breeding group at Nofima Marin and
those in the Department of Animal and Aquaculture Sciences, for all the support rendered
during my studies in Norway. I would like to thank Dr. Jgrgen @degard for his technical
support when problems arose during data analysis, his help in interpreting results and his
invaluable comments. I would also like to express my profound gratitude to Dr. Trygve
Gjedrem who reviewed the manuscripts of the last papers in this thesis. I am grateful to the

friends I have made during my stay in Norway.

The research in this thesis was conducted at the Research institute for aquaculture No.1
(RIA1), Bac Ninh, Vietnam. I would like to thank the former director, Dr. Tran Mai Thien, and
recent director Dr. Le Thanh Luu of RIA1 for their encouragement and support while using the
facilities for carrying out my experiments. Thanks also to Dr. Pham Anh Tuan, vice director of
the Department of sciences, technology and environment of the Ministry of agriculture and
rural development for useful discussions on the practical importance of selective breeding for
tilapia in northern Vietnam. I am also indebted to staff and colleagues, especially people who
worked in the tilapia breeding component of the NORAD project, for the assistance rendered

during the research work; none of the data would have been obtained had it not been for their

3



hard work during field experiments. The assistance of consultants at different research

institutes who contributed to the tilapia component of this project is also acknowledged.

I would like to thank all my friends and my parents for believing in me and for their
encouragement, support, sacrifice and advice during my study period. Lastly but not least, I
would like to thank my loving wife Vu Thi Hanh and our daughter Tran Vu Yen Nhi for all the
support, love, encouragement and sacrifice during my absence from home for study these past
years. Finally, to all of you who are not mentioned by name, but participated in any way to

make this thesis a success — you are definitely not forgotten.

Luan Dinh Tran

As, January, 2010



TABLE OF CONTENTS

ABSTRACT/SUMMARY ...ttt ettt sttt ettt ettt sttt nae e 7
SAMMENDRAG ..ottt ettt sttt et bt bt et sb e e bt et e b eaeenee 9
1. INTRODUCTION ..ottt ettt ettt ettt ettt et e st e e bt e sateenbeeeas 11
1.1. Aquaculture in VIEMAM ....cc.coooiiiiiiiriieiienieeeesteeee et et e 11
1.2. Tilapias for diversification of aqUACUITUTE ...........coceeriiiriiiriiiiiiceceeeeeeeeee 14
1.3. Breeding programs of Nile tilapia..........ccccveeriiiieriiiieiiieeiiee e e 17
2. OBJECTIVES OF THE STUDY ....ooittiititiittiieniteneetesit ettt sttt et s 19
3. THESIS OUTLIINE ......cottiitiiiteteeeee ettt sttt sttt sttt st nae e 19
4. MATERIALS AND METHODS ..ottt sttt s 20
4.1 Tilapia strains and production of families .........c..cccerviiiniiiiniiiiiiieeeeeeee e 20
4.2 TESt ENVITONIMEIIS ....eeuteeniiieiieeiteeteenite et et et e e st e eeteeseeesbeesaeeeareesaeeebeesbeeesneenseesreenaeens 21
4.3 DAt ANALYSIS .veeeuvvieeiiieeiiieeiiee et e et e e et e e et e e ste e e staeeetteeeta e e e bae e tbaeetaeeetaeeenbaeeenbeeeenaeens 22
5. SUMMARY OF RESULTS ...ttt sttt s 22
ST PAPET L.ttt ettt et ettt e ettt e e nanee s 22
5.2  PAPCT Ll e et e e ettt e e e et e e e e baaeeseatbaeeeenns 23
5.3 PaAPEI TIL: .ottt ettt e et eeaaee s 24
6. GENERAL DISCUSSION .....oiitiiiiieniteeeeetete ettt ettt sttt 25
6.1 Tilapia strains and ENVITONIMENES ........cveerrureeriureerrieerreeerreeesreessreessseeesseeessseeessseeessseens 25
6.2 GENELIC PATAMEGLETS. ...ceuvveeiuiieeriiieeriieeesiteeeriteeeiteeetteeebteesabeeesabeesabeesbbeesbbeesabaeesaseeenaseens 26
6.3 Genotype by environment INEIACLIONS ........eeerureerrureeriuteeriieeenieeesireesireesieeesreeesneessaneens 28
6.4 SCIECTION TESPOMSE....eeeuevieeirieeereeeitieeaiteeeatreeetreeesaeessseeessseeessseeassseeasseesssesssseeessseesssees 30
6.5 Correlated responses and SElection Strate@Y ........cceeevveerrieeeriieiriiieeiiee e eieeesiee e 32
7. CONCLUSIONS . ...ttt ettt ettt sttt ettt e b e et sbe et st e sbe et eatesbeebeeaeesaaes 33
8. FUTURE PROSPECTS ...ttt sttt et st 35
RETEIEIICES ....eeneeeiee et ettt et e be e st nane e 36
LIST OF PAPEIS: .ttt ettt et e st e et e e st e et e e s bt eesabteesabeeeeans 45






ABSTRACT/SUMMARY

Luan, T. D. (2010). Genetic studies of Nile tilapia (Oreochromis niloticus) for farming in northern
Vietnam: Growth, survival and cold tolerance in different farm environments. Philosophiae Doctor
Thesis 2010:04 Norwegian University of Life Sciences.

The present work explores genetic parameters for growth, survival and cold tolerance of
tilapia in different farm environments in northern Vietnam. The results are important for
further development of selective breeding programs for O. niloticus. It was found that the
GIFT strain grew significantly faster than the Viet strain in freshwater, but a smaller strain
difference was observed in brackish water. The estimated genetic parameters and genotype by
environment interactions were based upon; firstly, harvest body weight and survival recorded
in fresh and brackish water (Paper I); secondly, harvest body weight recorded in two tank
environments with controlled temperatures (O=optimum and L=low temperatures) and in a
natural pond environment (N=natural) located in the mountain province (Paper II); and thirdly,
cold tolerance recorded in short-term cold challenge tests, harvest body weight and growth
during overwintering (Paper III). Genetic parameters for weight gain (WGQG), relative weight
gain (RWG) and specific growth rate (SGR) were also estimated in this study (Paper II). Their
estimates were similar to those determined for harvest body weight with respect to magnitude

and direction.

The results indicate some genotype by environment interaction for harvest body weight
and survival recorded in brackish- and freshwater. The genetic correlations between records in
the two environments were low for both harvest body weight (0.45+0.09) and survival
(0.42+0.05). Furthermore, relatively high genetic correlations between the two traits within
each test environment were estimated (0.73+0.05 and 0.67+0.07 for fresh and brackish water
environments, respectively). The genetic correlations between harvest body weight records in
the different temperature environments were higher, (0.88+0.19 between O and L, 0.78+0.10
between L and N, and 0.6120.05 between O and N), indicating a low genotype by environment
interaction (Paper II). The estimated genetic correlation between harvest body weight (HW)
and growth during overwintering (OW) was high (0.94£0.05) (Paper III), while low but
favourable genetic correlations were estimated between HW and cold tolerance measured in
the challenge test; 0.17£0.18 with cooling degree hours (CDH), -14+0.17 with temperature at
death (TAD), 0.05+0.07 with survival (SUR) and 0.07+0.10 with survival at 50% mortality
(SURsp) respectively. Similarly, low and favourable genetic correlations were estimated
between OW on one hand and CDH (0.23+0.26), TAD (-0.2620.18), SUR (0.12+0.07), and
SURs5p (0.12+£0.09) on the other. The results indicate that selection for harvest body weight
may result in a high and favourably correlated response in growth during overwintering, and a

low but favourably correlated response in cold tolerance.



The heritability estimates for harvest body weight and growth were 0.24+0.04 for
freshwater, 0.19+0.06 for brackish water, 0.31+0.08 for controlled O tanks, 0.19+0.04 for
controlled L tanks, 0.26+0.09 for N pond environment and 0.18+0.06 for growth during
overwintering. The estimated heritability for pond survival was 0.27+£0.04 and 0.20£0.06 for
freshwater and brackish water environments, respectively. The heritability estimates for traits
measured in the cold tolerance test varied from 0.07 to 0.26. This study indicates that
substantial additive genetic variation exists for the growth traits and pond survival in different
farm environments that can be exploited through selective breeding. The heritabilities
estimated for cold tolerance were lower and less accurate. They do, however, indicate a
potential for using selective breeding to improve cold tolerance. It can also be concluded that
selection for higher harvest body weight does not have any negative consequences for survival
at harvest, growth during overwintering or cold tolerance. Additionally, a focus on improved
husbandry practices and management will be important to improve cold tolerance performance

of O. niloticus.

It is recommended that the ongoing breeding program for tropical freshwater farming of
tilapia in Vietnam should include harvest body weight and survival. In addition, it is suggested
that a separate breeding program be implemented in order to improve growth and survival in
brackish water aquaculture. In order to support tilapia farmers in the highlands of northern
Vietnam, one should also consider to include cold tolerance in the selection criterion for
freshwater farming. It is further recommended that a sample of each full-sib group may be
tested for growth and survival in a mountain pond in addition to family testing in the on-going
breeding program for freshwater farming. This would make it possible to select broodstock
from the best families in the mountain pond to then be disseminated to hatcheries in the
highland areas. Further research is recommended to validate and possibly improve the cold

challenge tests for genetic improvement of cold tolerance.

Keywords: Nile tilapia, GIFT, Oreochromis niloticus, harvest bodyweight, cold tolerance,

heritability, genetic correlation, genotype by environment interaction.



SAMMENDRAG

Arbeidet omhandler genetiske studier av vekst, overleving og kuldetoleranse hos tilapia i
ulike oppdrettsmilj¢ 1 Nord-Vietnam. Resultatene har betydning for videre utvikling av
avlsprogram for O. niloticus. Det ble dokumentert en raskere vekst hos GIFT-stammen
sammenlignet med Viet-stammen. Genetiske parametre og samspillseffekter mellom genotype
og miljg ble estimert for vekt ved slaktetidspunkt registret i ferskvann og brakkvann i studie 1,
levendevekt ved slaktetidspunkt registrert i tank under kontrollerte temperaturbetingelser
(O=optimal og L=lav temperatur) og i dam lokalisert i fjellomradet med naturlige
temperatursvingninger i studie 2, og kuldetoleranse registrert i kultetest samt vekt ved
slaktetidspunkt og vekst ved overvintring i studie 3. Genetiske parametre for tilvekst, relativ
og spesifikk tilvekst ble ogsa estimert (studie 2). Estimatene for disse egenskapene var

imidlertid svart like estimatene for levende vekt mht stgrrelse og retning.

Vekt og overleving malt ved slaktetidspunkt i hht ferskvann og brakkvann viste
signifikante samspillseffekter med genetiske korrelasjoner mellom de to miljgene pa hhv
0.45£0.9 og 0.42+ 0.05. Det ble funnet hgye genetiske korrelasjoner mellom vekt og
overleving i begge miljgene (0.73£0.05 og 0.67+0.07) (Artikkel I). Korrelasjonene var hgyere
mellom hgstevekt (HW) malt i de ulike temperaturregimene (0.88+0.19 mellom O og L,
0.7840.10 mellom L og N, og 0.61xmellom 0.05 mellom O og N) noe som indikerte lave
samspillseffekter (Artikkel II). Genetisk korrelasjon mellom HW og vekst ved overvintring
(OW) var hgy (0.94+0.05), mens lave og gunstige genetiske korrelasjoner ble funnet mellom
HW og ulike mal for kuldetoleranse registrert i kuldetest; hhv 0.17+0.18 for kuldetidgrader
(timegrader) (CDH), -0.14+0.17 for temperatur ved dgd (TAD), 0.05+£0.07 for overleving
(SUR) og 0.07+0.10 for overleving ved 50% dgdelighet (SUR5g) (Artikkel III). Likeens ble det
funnet lave men gunstige korrelasjoner mellom OW og hhv. CDH (0.23+0.26), TAD (-
0.26+0.18), SUR (0.12+£0.07), og SURsy (0.12+0.09). Resultatene indikerer at seleksjon for
hgstevekt kan fgre til en gunstig respons i vekst ved overvintring, og en lav men gunstig

respons 1 kuldetoleranse.

Arvegradene estimert for hgstevekt i ferskvann og brakkvann var hhv 0.24+0.04 og
0.19+£0.06, mens de var 0.31+0.08, 0.19£0.04 og 0.26£0.09 for temperaturregimene O, L og N,
og 0.28+0.06 for OW. Arvegraden for overleving var hhv. 0.20+£0.06 og 0.27+0.04 i brakkvann

og ferskvann. For egenskaper malt i kuldetesten varierte arvegradene fra 0.07 til 0.26. Studiene



indikerer en betydelig additiv genetisk variasjon for vekst og overleving under ulike
miljgforhold noe som gir mulighet for endring gjennom seleksjon. Arvegradene var noe lavere
og mer usikre for kuldetolerense malt i test. De viser likevel et potensial for endring av
kuldetolerense gjennom seleksjon. Det kan ogsa konkluderes med at seleksjon for gkt
hgstevekt ikke synes a ha negativ effekt pa overleving ved hgstetidspunkt, vekst ved
overvintring og kuldetoleranse. Miljgmessige forhold knyttet til drift vil, ogsa vere avgjgrende

for produksjon ved lave temperaturer.

Det anbefales at det pagaende avlsprogrammet for tropisk ferskvannsproduksjon av O.
niloticus i Vietnam bgr fokusere pa vekst og overleving. I tillegg foreslas det a introdusere eget
avlsprogram for brakkvannsproduksjon. For a stgtte produsenter i fjellomradene i nordre deler
av Vietnam bgr det vurderes a ta hensyn til kuldetoleranse i avlsprogrammet for
ferskvannsoppdrett. Det er videre anbefalt at man for hver generasjon av avlsfisk tester et
utvalg fra hver familie for testing i fjellomradene i tillegg til familietestingen som pagar i
dagens i avlskjerne. Pa den maten vil fisk fra de beste familiene i fjellomradene kunne velges
ut som avlsfisk og gjgres tilgjengelige for klekkerier nettopp i disse omradene. Mer forskning
anbefales for a validere og videreutvikle metodikken for kuldetesting for a selektere for hgyere

kuldetoleranse.
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1. INTRODUCTION

1.1. Aquaculture in Vietnam

* Roles of aquaculture for poverty reduction in Vietnam

Vietnam is a predominantly agrarian country with 80 % of the total population living in
rural areas and two-thirds of them dependent upon agriculture for a living (Tung, 2000). In
addition to agriculture, aquaculture provides an important source of animal protein for the
people of Vietnam. The current per capita consumption of aquaculture products is
approximately 15 kg per year and this figure is expected to increase to 25 kg in 2015. This
implies that aquaculture production currently has, and will continue to have an important role
in meeting the expected demand for fish products. The development of aquaculture has been
encouraged in many localities on a small-scale, as well as on a larger-scale, including inland,
brackish and marine environments (MoFI, 1994). According to the statistical handbook of
Vietnam (2008), the surface area of water for aquaculture has increased dramatically from
641.9 thousands ha with a total production of 589.6 thousand tons in 2000 to 1018.8 thousands
ha with 2123.3 thousand tons in 2007 respectively, while the wild capture remains at
approximately 2000 tons per year.

Aquaculture, especially small-scale culture systems, has contributed significantly to
poverty reduction as well as to improved food security, nutrition, economy and employment.
Approximately, 35% of the total animal protein intake of the nation comes from fish, and it is
higher in remote areas such as the highlands and coastal areas. Small-scale culture systems are
relevant to poor people due to the reduced need for investment and the potential for re-use of
waste from agricultural activities. Thus, poor farmers can afford to develop their own
aquaculture farms. Furthermore, large—scale culture systems or cooperatives of farmers are

also encouraged to address the increasing demands of aquatic production and quality.
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* Current status and potential for aquaculture development

Vietnam, with a coastline of 3,260 km, and with 12 lagoons, 112 estuaries, numerous
canals and thousands of islands scattering the coast, has a huge area of water available for
aquaculture. Inland alone, there is approximately 1.7 million ha of water surface suitable for
aquaculture (MoFI, 2005); out of which, the proportions of low-lying rice fields, reservoirs,
perennial tidal flats, lagoons, small lakes and ponds account for 39.8, 28.7, 21.1, 6.2 and 4.2
%, respectively. Only one third of the available water surface is being used and exploited for
aquaculture activities (MoFI, 2005). In inland aquaculture, more than 90% of the water surface
area is occupied by small-scale culture systems with earthen ponds, while the remainder is
integrated rice-cum-fish culture. In brackish water and marine areas, the water surface area
currently used for aquaculture is much lower than their potential. This indicates that the
potential has not been fully exploited for aquaculture and a lack of quality seed and productive
technologies are constraints for future development (Thien, 1993).

The aquaculture systems and species are diversified according to geography and climatic
conditions. The northern region is dominated by freshwater fish ponds, rice-cum-fish, brackish
and marine cage culture, whereas the central regions concentrate on the intensive culture of
giant tiger shrimp and marine cage culture for fin fish or lobster. The southern part of the
country has the most diversified farming activities which include pond, fence and cage culture
of catfish as well as several indigenous species, various intensification levels of giant tiger
shrimp and freshwater prawn culture and integrated culture such as rice-cum-fish, rice-cum-
prawn and mangrove-cum-aquaculture (Tuan, 2003). The catfish however, is commonly
cultured in the Mekong River delta with production at approximately 1.2 million tons
(Wilkinson, 2008). Aquaculture in Vietnam utilizes a wide range of species which provide

significant potential for future development.

* Tilapia in aquaculture systems

12



Tilapia was first introduced to Vietnam in 1951 with the Mozambique tilapia
(Oreochromis mossambicus). This species has not been commonly used in culture systems due
to its poor growth performance. Nile tilapia (Oreochromis niloticus) was subsequently
introduced to Vietnam in 1973 and in comparison with O. mossambicus, it has exhibited better
growth and shown better acceptance by farmers after its introduction. During the past few
decades, it has lost its role in culture systems due to degradation and contamination of the seed
quality. However, O. niloticus has started regaining its role in aquaculture in the region since
1994 after introduction of strains Thai and GIFT (Thien et al., 2001). Oreochromis niloticus
has become an important culture species after the introduction of fish from the fifth generation
of GIFT in 1997, and a selection program started with nationwide dissemination throughout
the country.

Tilapia production estimated in 2005, which mainly originated from O. niloticus, was
54.5 thousand tons, with 60% and 30% of it taking place in the Mekong and Red River deltas,
respectively, while the rest was in the central region (MoFI, 2006). The aquaculture area of this
species is increasing in both small-scale and commercial systems. Tilapia is now gaining
increasing importance in the output from freshwater farming and probably now constitutes 5-
7% of this production. The target is that tilapia is to begin being exported, supplementing other
important export products such as catfish from the south.

Most tilapia farming takes place in ponds, whereas smaller production takes place in
cages in rivers or reservoirs. Thus, vast water areas are still not utilized for aquaculture. It has
been recently suggested that tilapia is expected to replace low-valued carp species due to its
advantages in both small and large-scale commercial levels, as well as for its higher market
demand. According to the ambition of the ministry of fisheries, production should increase to
300,000-350,000 tons by 2015 (MoFI, 2006). Hence, the governmental investigation for

research and dissemination of tilapia has been approved.

13



* Characteristics of aquaculture in northern Vietnam

In the north, small-scale fish pond culture is dominated by polyculture of local carps,
indigenous and exotic species. The productivity is low and consumed in the local market only.
It is therefore difficult to intensify culture systems and increase production. The culture period
of carps may last for two years, with risks of disease or environment problems during
overwintering resulting in low profits for farmers. In addition, the deterioration of genetic
quality in several culture fish species since the late 1970s has been astounding (Thien, 1996).
Changing from extensive to semi-intensive culture systems at a commercial scale requires
high-value species and better seed quality. Hence, the introduction of improved strains to start
new culture systems in the northern provinces is given priority by the local government.
Furthermore, aquaculture is negatively affected by cold weather during the winter in the
northern provinces. It requires relevant species, strains and culture techniques for such
production conditions.

This study has targeted fish farmers in northern Vietnam, where traditional fish culture is
currently based on polyculture of carps. Introduction of new species to the region is expected
to replace traditional carps with effective species to culture systems. It is hoped that fast
growing fish species can contribute to improved livelihood of poor farmers and provide
initiative for more industrial, but sustainable aquaculture production using the potential areas

for aquaculture to meet future demands.

1.2. Tilapias for diversification of aquaculture

Tilapias are among the most important warm water fish species used for aquaculture
production and originate from Africa and the Middle East (Feryer and Iles, 1972). Tilapia
farming is considered to be the fastest developing fish farming in term of areas and production

(Fitzsimmons, 2000). One advantage of tilapia aquaculture is that they can feed on a wide
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range of food from natural organisms to artificial pellets (Bowen, 1982; Jauncey and Ross,
1982). To-date, several tilapia species and hybrids have been widely distributed throughout the
tropics, subtropics, and temperate continents for culture purposes (Eknath, 1995). Nile tilapia
(O. niloticus) is the most important, constituting 90% of all tilapia cultured outside Africa
(FAO, 2004). Most of the culturing of Nile tilapia in developing countries is carried out in
polyculture systems with carps or shrimp, and production is on semi-intensive or small-scale
levels. Recently, the production and areas of tilapia culture are increasing due to supplement of
quality seed and relevant production techniques (Little, 2004). Large gaps in tilapia
productivity between small-scale and commercial levels, as well as variation in production
conditions, require different research approaches to meet the future demands.

Evaluation of the Nile tilapia strain was conducted at several locations after the
introduction of tilapia. Macaranas et al. (1997) reported that the Chitralada strain of O.
niloticus showed the best reproduction, growth and survival between four strains evaluated.
The Egypt and Ivory Coast strains were more reproductive than the Victoria and Segana
strains, but they showed similar growth performance (Osure and Phelps, 2006). After GIFT
dissemination, this strain indicated a superior growth rate and it was recommended for
aquaculture in Asian countries (Dan and Little, 2000a; Dey et al., 2000; Sifa et al., 1999). Most
results of on-farm trials with GIFT showed higher growth rates than other strains (Dey et al.,
2000). Moreover, new O. niloticus strains such as GET EXCEL, GSTs and GMT have served
well in tilapia aquaculture (Tayamen, 2004; Zimmermann and Natividad, 2004). In general,
Nile tilapia plays an important role in aquaculture systems. To optimise productivity and
reduce costs, there needs to be studies to determine which strains are relevant for specific
environments or locations.

A limitation of tilapia culture is the fish’s sensitivity to low ambient temperatures which

leads to poor growth and mass mortality during over-wintering (Chervinski and Lahav, 1976;
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Tave et al., 1990). Depending on the geographic area, the restriction of grow-out period in
these regions is normally about three months (Hofer and Watts, 2002). To optimise the
production and grow-out season, fingerlings are usually produced indoor during the cold
months, or alternatively, fingerlings are produced in autumn months and then over-wintered
before being stocked during warmer summer months (Dan and Little, 2000a,b). The optimal
temperature for growth of O. niloticus species is around 30°C (Abdel-Fattah and Mamdouh,
2008; Azaza et al., 2008; Chervinski, 1982) and they cannot survive in temperatures less than
10-12°C for more than a few days (Chervinski, 1982). Sifa et al. (2002) reported that the GIFT
strain was less tolerant to low temperature than the Sudan 78 and Egypt 78 strains. Another
study showed strain variation for growth of Nile tilapia in declining water (Rezk et al., 2002).
Studies on cold tolerance of O. niloticus are limited, but overall, cold tolerance of tilapia is
affected by both husbandry practices and genetics. Improvement of cold tolerance, and hence
capability of growth in low temperatures as well as improved husbandry practices are
considered essential to enhance the productivity and the adaptation of tilapia outside Africa.
Limitation of, and conflicts over freshwater resources, have encouraged an expansion of
tilapia culture in marine environment. Because tilapia is an euryhaline fish, it can tolerate both
high salinity as well as freshwater environments (Chervinski, 1982; Philippart and Ruwet,
1982; Suresh and Lin, 1992). Nile tilapia is considered to be a species which grows
particularly well in freshwater, while other species such as O. mossambicus, O. spilurus and
Sarotherodon melanotheron, hybrid red tilapia can tolerate higher salinity than others (Kamal
and Mair, 2005; Nugon, 2003; Suresh and Lin, 1992; Villegas, 1990). A new strain of O.
niloticus or hybrid for certain brackish water environment have been developed (Rosario et al.,
2004a; Tayamen et al., 2002). Based on these efforts, the tilapia production in brackish water
has increased from just 65,989 MT in 1996 to 190,176 MT in 2001, an increase from 8.1% to

13.7% of total global tilapia production (FAO, 2002). This was also related to the abandoned
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monoculture in shrimp ponds or more recently, the expansion of polyculture with shrimp. This
culture system has shown potential for improving the overall productivity in brackish water,
disease control as well as increased shrimp yield in some cases (Fitzsimmons, 2001; Thien et

al., 2004; Yi and Fitzsimmons, 2004).

1.3. Breeding programs of Nile tilapia

Genetic improvement programs have contributed to increased productivity of cultured
aquatic species significantly (Dey and Gupta, 2000; Gjedrem, 2000b; Lymbery et al., 2000).
Breeding programs for a number of species have been carried out, such as for carps, shrimps,
oysters and other marine species. However, Nile tilapia has recently been investigated as a
highly potential species in aquaculture in both tropical and subtropical regions. A number of
selection experiments and testing programs that aimed to increase growth rate of tilapia culture
in ponds have been conducted for O. niloticus (Bentsen et al., 1998; Bolivar and Newkirk,
2002; Brzeski and Doyle, 1995; Charo-Karisa et al., 2006; Eknath et al., 1993; Hulata et al.,
1986; Luan et al., 2008; Ponzoni et al., 2005; Rezk et al., 2009; Rutten et al., 2005b). These
selective breeding programs have typically been done in favorable environments where growth
is expected to be high, and the results indicate an additive genetic variance that can be
exploited through selective breeding programs. Therefore, several selective breeding programs
have been implemented. Moreover, no evidence of genotype by environment interaction (GxE)
has been reported for harvest body weight traits in different freshwater environments, except
that a minor interaction of little practical importance was found for harvest weight by Bentsen
et al. (1998). However, recently a GXE was clearly found for harvest body weight and survival
of O. niloticus in fresh and brackish water environments (Luan et al., 2008).

Genetic parameters of salinity tolerance or selective breeding in brackish and marine
environments have not been documented for O. niloticus, except those reported by Luan et al.

(2008). Most research has been carried out to evaluate growth rate and to define suitable
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culture species in different salinity levels (e.g. Kamal and Mair, 2005), or to develop a strain
suitable for saline water (Rosario et al., 2004a; Tayamen et al., 2004). Furthermore, most
studies consider hybrid red tilapia and its potential for marine farming. In fact, the less saline
tolerant O. niloticus appear to grow as well as hybrid red tilapia in freshwater at moderate
salinities (Suresh and Lin, 1992). Hence, testing and genetic improvement of growth
performance and survival of O. niloticus in brackish water environment may be possible.

The genetic mechanism and control of cold tolerance is still poorly understood and little
is known about the differences in cold tolerance within and between tilapia species and strains.
Testing of cold tolerance for O. niloticus strains and hybrids have been conducted, but these
have been mainly limited to evaluate the magnitude of genetic parameters and potential for
selection program (Behrends et al., 1996; Charo-Karisa et al., 2005). Some studies however,
have reported low heritabilities for this trait (<0.10) (Behrends et al., 1996; Charo-Karisa et al.,
2005; Cnaani et al., 2000). Hence, cold tolerance of O. niloticus may be improved by both

selective breeding and improvement of husbandry practices.
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2. OBJECTIVES OF THE STUDY

The broad aim of this thesis project was to estimate genetic parameters and estimate
genotype by environment interaction for growth, survival and cold tolerance of Nile tilapia (O.
niloticus) under different farm environments. The results are intended to support the setup of
selective breeding and the further development of a selection program in Vietnam. This is
expected to contribute to the reduction of poverty in Vietnam in addition to contributions to the

further development of commercial tilapia aquaculture.

The specific objectives were to:
¢ Study genotype by environment interaction of growth and survival of tilapia in
different environments/production systems in northern Vietnam.
e Examine the need and potential for separate breeding programs for tilapia
farming in brackish water and mountain areas.
¢ Examine possibilities for genetic improvement of cold tolerance and growth of

tilapia at low temperatures.

3. THESIS OUTLINE

This work is based on three experiments that cover different evaluations of performance
of tilapia in a range of aquaculture environments such as brackish and freshwater, different
water temperatures, in addition to survival in cold tolerance challenge tests. These
environments are representative of aquaculture farming conditions in northern Vietnam. A
general introduction, materials and methods section, summary of results of the papers and a
general discussion precede the papers. All discussions, conclusions and recommendations for

further work are based upon results of the following three papers.
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In paper I, the aim of the study was to estimate heritabilities and correlations for harvest
body weight and survival of O. niloticus in brackish- (shrimp pond) and freshwater ponds. The
genotype by environment interaction was also evaluated for the two farm environments. This
analysis was based on data recorded from the test fish in the two environments for three years.
Strain comparison (Viet and GIFT) was also included in this study. In paper II, an evaluation
of the growth performance of O. niloticus in different controlled, as well as natural,
temperature regimes is presented. The genetic parameters and genotype by environment
interaction were estimated for fish tested in two controlled (optimum and low) temperature
tanks and in an open pond located in the mountain province. The experiments were conducted
in two different periods which illustrated late autumn and early spring. In paper III, a study
with the purpose to estimate heritabilites of cold tolerance in short-term challenge test, as well
as genetic correlation with harvest body weight and growth during overwintering is presented.
Data for this paper were based on different experiments in three years. The results show the
feasibility for improving harvest body weight and cold tolerance during the winter season with
low temperature. Thus, the result aids in improving the understanding of tilapia performance in

such climates.

4. MATERIALS AND METHODS
4.1 Tilapia strains and production of families

The first Nile tilapia (O. niloticus) strain was introduced to Vietnam in 1973 from
Taiwan and is known as the Viet strain (Thien, 1993). This strain was maintained at the
Research institute for aquaculture No.l (RIA1) and was reproduced for testing in fresh and
brackish water environments (Paper I). The GIFT strain was derived from the GIFT
international foundation Inc., The Philippines. This strain was introduced to RIA1 in 1997

(ICLARM, 1998). It was reproduced for the breeding program and tested in all three papers.
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Families were produced using a hierarchical mating design and natural mating through
all generations. Each male was mated to two females in a hapa to simulate natural spawning.
Swim-up fry were collected and transferred to individual fine mesh nursing hapas. Each full-
sib family was reared separately in hapas until reaching the size required for tagging. The fish
were tagged with electronic PIT tags and were then tested in different environments. About 60-
80 identified fingerlings from each full-sib family were tested in each generation. The method
applied for production of families is described in the manual of GIFT technology (WorldFish
Center, 2004).

Production of families was carried out from April to June, and separate rearing of
families continued until August. Experiments were typically carried out from August to
December, with exception of the tests presented in Paper II. The fish were overwintered from
December to March in hapas within the pond with sex separated (Paper III). This management

and selection cycle was repeated in all years (2004-2007) in this study.

4.2 Test environments

Earthen ponds located on-site at RIA1 were used to test the growth performance of fish
in freshwater. This location is representative of the vast majority of freshwater aquaculture
environments in the Red river delta. The brackish water pond was located in Nghe An
province, and was representative of coastal areas from where shrimp farming typically occurs
in the northern provinces. A highland natural pond environment was selected in the mountain
province, Lao Cai. This area is representative of the mountain provinces in northern Vietnam.
Overall, these environments were chosen to represent mountain, delta and coastal aquaculture
farming conditions. In addition, fish were also tested in two controlled (optimum and low)
temperature environments at RIA1 in cement tanks. The cold tolerance test was conducted
using an automatic temperature adjusting cooling system, where fish were evaluated for

survival in declining water temperatures.
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In growth experiments, harvest body weight, sex, pond, tank, environment and time of
harvest were recorded for each individual. For the cold tolerance tests, the time and water

temperature at death were recorded for each individual fish.

4.3 Data analysis

For estimation of the fixed effects of strain and environments, the data (for Paper I, II)
were initially analyzed using the statistical software SAS (SAS Institute Inc., 2003). Genetic
parameters were estimated using a restricted maximum likelihood method as implemented in
the Asreml software package (Gilmour et al., 2002). Linear animal and threshold sire-dam
models were used to obtain these genetic parameters and genetic correlations, for normally

distributed and binary data, respectively (Paper I-1II).

5. SUMMARY OF RESULTS

5.1 Paper I: Genetic parameters for harvest body weight and survival of Nile tilapia (O.
niloticus) in brackish water and freshwater and studies of genotype by environment
interaction

The objectives of this study were first to compare growth and survival performance of
Vietnam and GIFT strains of Nile tilapia, and then to estimate genetic parameters for harvest
body weight and survival of GIFT tilapia in freshwater and brackish water environments. The
results from this study showed that the GIFT strain performed significantly better with respect
to growth rate in both fresh and brackish water ponds compared to the Viet strain. Heritability
estimates for harvest body weight in brackish- and freshwater were moderate (0.19-0.24). The
common environmental effect due to separate rearing of families in hapas was substantial
(0.09-0.10) for harvest weight in both test environments. Heritability estimates for survival at

harvest were relatively high (0.20-0.27). Estimates of genetic correlations were rather low
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between the traits recorded in the two environments. However, they were relative high
between survival and body weight recorded in the same environment. The results indicate that
substantial additive genetic variation exists for both harvest body weight and survival that can
be exploited through selective breeding. However, considerable genotype by environment
interactions exist for both traits, and hence separate breeding programs for tilapia farming in

fresh and brackish water should be considered.

5.2: Paper II: Genetic parameters and genotype by environment interaction for growth
of Nile tilapia (0. niloticus) in low and optimal temperatures

The objective of this study was to estimate genetic parameters to consider genotype by
environment interaction for growth of O. niloticus in controlled temperatures (optimal=0 and
low=L) and natural pond (N) environments. The results showed high genetic correlations
between harvest body weight (HW) recorded in O and L temperatures and between HW at L
and N temperatures, while a slightly lower genetic correlation was estimated between O and N
environments. Similarly, general moderate to high genetic correlations were estimated between
test environments for weight gain (WQ), specific growth rate (SGR) and relative weight gain
(RWG), with one exception of low genetic correlation for RWG between O and N
environments (r,=0.46). The heritability estimates ranged from 0.19 to 0.31 for harvest body
weight, 0.21-0.29 for weight gain, 0.19-0.39 for specific growth rate and from 0.16 to 0.42 for
relative weight gain. The genetic parameters show that there is a substantial additive genetic
variance for growth traits for the breeding population studied, and potential for selective
breeding for higher body weight in low temperature environments. Some genotype by
environment interaction was detected, but a low tilapia production volume and low ability to
invest for small-scale fish farmers in the mountain and highland areas in Vietnam are reasons
to question whether investments in a highland breeding program can be justified. Nevertheless,

the results show that it may be important to continue the testing and selection in a natural pond
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environment with natural temperature variation, in order to avoid the development of a more

sensitive and less robust fish for inland aquaculture.

5.3: Paper III: Genetic parameters of cold tolerance and growth of Nile tilapia (O.
niloticus)

The objective of this study was to estimate genetic parameters for cold tolerance, harvest
body weight and growth during overwintering of O. niloticus. Cold tolerance was expressed as
cooling degree hours (CDH), temperature at death (TAD), survival at 50% mortality (SUR5)
and survival (SUR). The estimated heritabilities were generally low for the cold tolerance traits
studied. However, the heritability estimates were moderate for harvest body weight (HW) and
growth during overwintering (OW). Genetic correlation between CDH and TAD was strongly
negative, while positive and moderate to high genetic correlations between CDH and SURs,
and CDH and SUR were obtained. The estimated genetic correlation between SUR and SURj5
was relatively high. A high genetic correlation between HW and OW was also estimated. The
estimated genetic correlation between cold tolerance and growth traits were low but
favourable. Our results indicate that selecting for higher harvest body weight will not give any
unfavourable response on short-term survival of fish in cold water at 12°C and below.
Moreover, high survival rate, weight gain during overwintering and a high genetic correlation
between harvest body weight and overwinter weight gain suggest a potential to extend the
grow-out period in the cold season for tilapia farming to reach the marketable size of fish in
northern Vietnam. The results indicate a potential for selection for both cold tolerance and
growth during winter. Further research is however needed to more efficiently improve and

apply selection for cold tolerance using cold challenge tests.
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6. GENERAL DISCUSSION

The research in this thesis aimed to estimate genetic parameters and genotype by
environment interactions of the current Nile tilapia population in northern Vietnam in response
to their subsequent introduction to new environments. The different farm environments in
which this research was undertaken varied from mountainous to coastal regions, with different
aquaculture and climatic conditions. The test environments included freshwater, brackish
water, and a natural pond in the mountain province, in addition to different temperature
regimes in tank environments, including a cold tolerance test. The research focused on
potentials for genetic improvement of harvest body weight, survival and cold tolerance. The
knowledge obtained from the results of this thesis will be integral in supporting the further
development and implementation of breeding programs for O. niloticus, in order to supply

high quality genetic material of tilapia to different aquaculture farms in northern Vietnam.

6.1 Tilapia strains and environments

The growth performance of the GIFT strain was higher in both freshwater and brackish
water compared to the Viet strain, although not significantly higher in brackish water (Paper I).
This is concordant with other reports for this strain following its dissemination to different
locations and when compared with other strains (Dan and Little, 2000a; Dey et al., 2000;
Eknath and Acosta, 1998a) in freshwater. The low harvest body weight of the Viet strain may
be explained by long-term poor broodstock management and contamination (Thien et al.,
2001). Therefore, the GIFT strain is recommended as a base population for a breeding program
and for dissemination of seed to farmers in Vietnam. However, to fully exploit the potential of
this species for a breeding program, it needs to be tested and examined in new environments.

Genetic variation for salinity tolerance and growth rate has been documented for tilapia

species and strains, with some studies reporting that a hybrid tilapia descending from O.
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mossambicus and T. zillii parents are highly tolerant to saline water (Romana-Eguia and Eguia,
1999; Suresh and Lin, 1992; Watanabe et al., 1990). However, O. mossambicus shows lower
growth rates when compared to O. niloticus; and consequently, O. niloticus has recently been
recommended for stocking in freshwater environments. This is in agreement with a report
concerning O. niloticus by the FAO (2004), where they considered O. niloticus to be an
important species for farming, as it constitutes 90% of all farmed tilapia outside Africa. This
species has also performed well in moderate salinity or brackish water ponds as concluded by
Suresh and Lin (1992). However, there may be a potential to improve growth of O. niloticus in
brackish water through selective breeding.

The GIFT strain is found less tolerant to low temperatures than other O. niloticus strains
such as Sudan 78 and Egypt 88 as reported by Sifa et al. (2002). In addition, Rezk et al. (2002)
found that O. niloticus performed better than O. aureus in cooler aquaculture conditions. Based
on results from this thesis on growth and survival of fish in freshwater (Paper II), the GIFT
strain has the potential to further adapt to subtropical climatic conditions and thus improve the
production in these regions. Results from this thesis (Papers I, II, III) also suggest that the
GIFT strain can meet the requirements of the farm conditions in northern Vietnam to match,

and indeed perform better than, the competing strains, through the use of selective breeding.

6.2 Genetic parameters

The genetic parameter values estimated in the present study indicate additive genetic
variation for the tilapia population for most traits in the environments under investigation. The
most important function of the heritability is its predictive role and as an expression of the
reliability of the phenotypic value as a guide to the breeding value (Falconer and Mackey,
1996). The size of the heritability is decisive for the choice of an appropriate breeding strategy.

The heritability estimates for harvest body weight varied from moderate to high for fresh- and
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brackish water, and for different temperature environments (Papers I, II, III). These estimates
were in the range of most heritabilities reported for O. niloticus (Bentsen et al., 2003; Eknath
et al., 2007; Ponzoni et al., 2005; Rezk et al., 2009; Rutten et al., 2005b), although lower than
those reported by Charo-Karisa et al. (2006). The heritabilities estimated for survival in this
study (Paper 1), for both fresh and brackish water, were higher than those reported by Rezk et
al. (2009). The heritability estimates for cold tolerance (Paper III) were generally low, but
similar to the estimates reported for O. niloticus (Charo-Karisa et al., 2005). In another study,
Behrends et al. (1996) reported a low realized heritability for cold tolerance of O. niloticus (-
0.05), while it was 0.33 for O. aureus and 0.31 for their hybrids.

The estimated heritabilities in freshwater were higher than those in brackish water (Paper
I) for both harvest body weight and survival traits. Unfortunately, no heritability estimates
have been published to-date for harvest weight and survival of tilapia in brackish water. The
highest heritability for harvest body weight and its related traits (weight gain and relative and
specific weight gain) were obtained in the optimum temperature environment (Paper II), while
lower heritabilities were estimated in the low temperature environment, the natural mountain
pond and for growth during overwintering (Papers I, II, III). This shows that the heritabilities
are lower in harsh environments due to larger environmental variance. Nevertheless, these
results strongly indicate a substantial additive genetic variance for growth and survival that can
be exploited through selective breeding. According to the obtained heritabilities, the expected
genetic gain for cold tolerance traits measured in the cold challenge test is also promising,
especially for cooling degree hours (CDH) and survival (SUR). There were substantial
common environmental variance for the cold tolerance estimates, suggesting a significant
effect of husbandry practices on these traits which is also suggested by others (Charo-Karisa et
al., 2004; Dan and Little, 2000b). However, the common environmental variance can be

reduced by maintaining uniform rearing environment and feeding. Rearing period can be

27



reduced by supplying high quality feed and using synchronised methods to obtain a sufficient
number of families in a limited period of time. The introduction of DNA markers for
individual tagging can provide possibilities to keep the fish in common rearing tanks very soon
after hatching, which will reduce the variance due to common environment of full-sib families.

The genetic correlations between harvest body weight and survival within fresh and
brackish water environments, representing the delta and coastal environments, were high,
positive and significantly deviated from zero (Paper I). These results imply that selecting for
growth rate will have a positive correlated response in the overall survival rate. The estimated
genetic correlation between harvest body weight and survival was higher than those reported
for O. niloticus in freshwater by (Rezk et al., 2009), but it was in the range reported for
common carp by Nielsen et al. (Nielsen et al., 2010).

The genetic correlations between growth and cold tolerance presented in Paper III
indicated a favorable, but low, correlation between the two traits. It indicated that selection for
higher harvest body weight does not cause any reduction in cold tolerance. As mentioned
previously, cold tolerance and survival may also be improved by environmental factors such as
maternal effects (Tave et al., 1989), rearing condition (Charo-Karisa et al., 2004; Cnaani et al.,

2003), and management during overwintering (Dan and Little, 2000b).

6.3 Genotype by environment interactions

The genetic correlation for harvest body weight or survival between recordings in fresh
and brackish water environments was low (Paper I). This indicates that there is a genotype by
environment interaction (GxXE). To our knowledge, there are no corresponding published
estimates for comparison. The genetic correlations of harvest body weight recorded in
optimum and low temperatures and the natural pond, were medium to high (Paper II) and

significantly different from zero. The results confirmed that selection for harvest weight in a
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favorable environment will also improve growth performance in cooler environments. In
addition, a high genetic correlation was estimated between harvest body weight in a favorable
environment and growth during overwintering (Paper III). These results clearly indicate that
farmers in different environments can benefit from the on-going selective breeding program
for tilapia in Vietnam.

The estimated genetic correlations between records in the different environments for
weight gain, specific growth rate and relative weight gain are similar to those estimated for
harvest body weight (Paper II). Besides the GXE detected in Paper I, a low genetic correlation
(<0.5) was also estimated for relative weight gain between optimal temperature and natural
pond (Paper II). This indicates a GXE between the two environments for this trait. According
to the conclusions by Mulder et al., (2006), separate selection programs are needed for
optimising genetic gain when the genetic correlations between two environments is less than
0.7-0.8. However, the decision depends on how much the breeding goals differ for the different
environments, the need for additional investments, as well as the production volume in
question. Although a certain GXE interaction is documented in the present study (Paper II), a
low tilapia production volume and low ability to invest for small-scale fish farmers in the
mountain and highland areas in Vietnam are reasons to question whether investments in a
highland breeding program can be justified.

The presence and magnitude of GXE is important when establishing a breeding program
and when defining the breeding goal. In our study, both fresh and brackish water are very
important culture environments, while tilapia production in the mountain provinces are not
well-developed and consist mostly of small-scale production. According to suggestions by
Mulder et al. (2006), where both environments were equally important and the genetic
correlation was higher than 0.61, the highest average genetic gain was achieved with a single

breeding program. Running two environment-specific breeding programs was found to be the
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optimal situation for genetic correlations up to 0.7. However, this strategy was less appropriate
for situations where one of the two environments had a relative importance below 10 to 20%.
Based on this suggestion, two separate selection programs should be considered in order to
optimize genetic gains of harvest body weight and survival for fresh and brackish water
environments.

The ultimate goal of a selection program for O. niloticus in northern Vietnam is to obtain
higher harvest body weights and to maximize survival in low or winter temperatures. The
investment ability is limited in specific highland environments while reducing poverty is of
significant importance. Increased aquaculture production is given priority among the
freshwater tilapia farmers in the region. The challenge is thus to run a cost-efficient breeding
program which will benefit these farmers. Based on the genetic parameters for growth
performance of fish in different temperature regimes (Paper II), growth in favorable
environments and during overwintering, as well as cold tolerance (Paper III), a combined
breeding program can be considered. Testing of families could be conducted in both favorable
temperature and mountain environments as well as for survival in cold tolerance tests, and
combined in a selection index. Furthermore, selecting survivors within cold tolerant families
from cold challenge tests may increase the selection response and genetic improvement in cold
tolerance. Also, testing of families in highland areas may allow for selection and dissemination
of broodstock and seed fit for tilapia farming in the mountain areas using optimal
dissemination schemes as suggested by Skagemo et al. (2010). By this, fish fit for both semi-
intensive and intensive tilapia freshwater culture systems can be obtained, which will also

contribute to aquaculture development in the remote areas of northern Vietnam.

6.4 Selection response
The realised genetic gain for each trait in the breeding goal should be estimated to
consider how much predicted genetic gain is actually being reached (Gjedrem and Baranski,

30



2009). The selection response can be estimated by different methodologies (Bolivar and
Newkirk, 2002; Gall et al., 1993; Gjedrem and Baranski, 2009; Rye and Gjedrem, 2005), but
most conclusions indicate agreement among the methods that have been used (Maluwa and
Gjerde, 2007; Ponzoni et al., 2005; Rezk et al., 2009). According to Gjedrem and Baranski
(2009), using a control population may be an appropriate method for the first two to three
generations of selection, while average breeders or repeated mating approaches tend to be
more appropriate for a long-term breeding program. However, a genetic trend analysis using
mixed model methodology will be a good alternative when complete pedigree information is
available for several generations and genetic ties are continuously produced between
generations.

Preliminary and unpublished estimates of selection response for the on-going selection
program in Vietnam based on least squares means of overlapping generations (2002, 2004 and
2006), showed that the average realized selection response was 10.5% per generation for
harvest body weight, while a selection response of 4.0% was found for CDH in the cold
tolerance test (Luan et al., in preparation). This estimated response of selection for harvest
body weight is similar to most corresponding studies (8.4-20% per generation) reported for
tilapia as well as other aquaculture species of per generation (Bolivar and Newkirk, 2002;
Charo-Karisa et al., 2006; Eknath et al., 1998; Gjedrem, 2000b; Mai and Luan, 2008; Ponzoni
et al., 2005), although it is higher than those estimated by Khaw et al. (2008), Maluwa and
Gjerde (2007), Rezk et al. (2009). The variation in selection responses between studies may be
due to differences in species/strain, experimental design and the methodology used for
analysis. To-date, no estimated selection responses have been reported for cold tolerance of
tilapia. In the study mentioned above, the estimate was approximately 4% per generation for
CDH, while the genetic gain for TAD and survival was not significant and lower than

expected. This may suggest that selection should focus on increasing harvest body weight and
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survival. Further research and development may however increase the heritability and variance
of cold tolerance measures by i.a. improving and developing the methodology for cold
challenge testing. Hence, the prospects for selection for cold tolerance may be improved. The
cold tolerance can also be improved by enhancing the rearing condition and husbandry
practices as suggested in other studies (Atwood et al., 2003; Charo-Karisa et al., 2004; Cnaani
et al., 2003). Overall, testing and selection should be performed in environments which reflect
real farm environments, in order to develop a robust fish for different farming conditions in

northern Vietnam.

6.5 Correlated responses and selection strategy

The number of traits to be included in a selective breeding program may be minimized to
keep the breeding program focused and the costs low (Shultz, 1986). Indirect selection can be
utilized when the genetic correlations between traits in the breeding goal are sufficiently high
(Falconer and Mackey, 1996). The genetic change could be estimated by using correlated
response of selection for other traits that are not included in the selection index. Estimates of
direct and correlated response to selection are described by Falconer and Mackay (1996). The
equation estimates are given by equation (1) and (2), below:

The direct response to selection of trait X: Rx =1ihxoax (D

The correlated response of trait Y based on selection for X: CRy =ihxhyracpy (2)
where Rx and CRy is the direct and correlated response for trait X and Y, respectively; hx and
hy are the square root of heritabilities of traits X and Y; oax is the standard deviation of
additive genetic variation for trait X; opy is the phenotypic standard deviation for the correlated
trait Y; and 1 is the intensity of selection.

This approach can be used to compare direct and correlated selection responses for the

traits in the present study. Estimated direct and correlated responses based on equations 1 and

32



2 are presented in Table 1. Based on results from paper I, the direct response to selection for
growth in brackish water is estimated to 14.3 g per generation, while the correlated response is
only the half, 7.2 g when selection is based on recording in freshwater. Direct selection for
growth in low temperature will result in a lower response when compared to indirect selection
based on recordings in optimum temperature conditions (Table 1). Direct selection for growth
under natural pond conditions in mountain areas will result in a 42% higher response than
indirect selection based on recordings under optimum temperature conditions (Paper II).
Hence, the response achieved by direct versus indirect selection varies, and needs to be
considered when defining breeding strategies for different environments. As we see, the
biggest reduction in response when applying indirect selection is for HW in brackish water,

and hence a separate breeding program for brackish water should be given priority.

Table 1: Estimated direct and correlated response to selection for harvest weight based on

genetic parameters in Paper I and II and using equations 1 and 2 (Falconer and Mackey 1996).

Environment Source of Direct Correlated Trait selected for
genetic selection selection regarding correlated

parameters  response (g)  response (g) response

Brackish water Paper | 14.3 7.2 HW in freshwater
Low temperature Paper 11 10.4 11.7 HW in optimum
Mountain pond Paper 11 18.5 13.0 temperature

* Normal selection intensity: 15% selected, i=1.55 applied as in the on-going breeding program in

Vietnam

7. CONCLUSIONS
In conclusion, the results of this thesis assist in defining the breeding strategy and
breeding goal corresponding to realistic tilapia production conditions as well as future

perspectives in northern Vietnam. The main findings obtained in research paper I-11I are:
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e The GIFT strain from the on-going selection program is recommended for tilapia
farming in both fresh and brackish water environments in Vietnam. This strain performed well
with respect to both survival and harvest body weight.

e There is substantial genetic variation for harvest body weight and survival in the
population of O. niloticus studied, which can be exploited via selective breeding in all test
environments. There is significant genetic variation for CDH and survival in the cold tolerance
test. In general, there seems to be potential for improving cold tolerance through selective
breeding. However, high standard errors of estimates and relatively high common
environmental variance make further development of the challenge test necessary.
Furthermore, the challenge testing needs to be validated to mimic subtropical farm
environments during the winters in northern Vietnam.

e There is substantial evidence of GXE for harvest body weight and survival of O.
niloticus in fresh and brackish water and for relative weight gain in controlled optimum
temperature and the natural pond in the mountain region. Based on the genetic correlation for
harvest body weight, survival in brackish and freshwater, and the importance of both these
environments, separate breeding programs for fresh and brackish water environments are
recommended.

e The on-going tilapia breeding program in northern Vietnam should continue with
testing and selection in real farming conditions with temperature variation during the year, in
order to develop a robust fish for both small-scale and commercial large-scale aquaculture.
Additional testing of families in highland areas may allow for selection and dissemination of

broodstock and seed fit for tilapia farming in mountain areas.
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8. FUTURE PROSPECTS

The improved strains from the on-going tilapia breeding program should be
disseminated throughout the country to replace the fish that were disseminated prior to the
introduction of the GIFT strain to Vietnam. The improved fish should first be disseminated to
national broodstock centers for freshwater and provincial freshwater hatcheries. These
hatcheries should continue dissemination to other hatcheries or farmers. Replacement plans
should be conducted every second year and associations between the selection program and
hatcheries will ensure the highest quality of seed supply for aquaculture farmers as well as
high quality management of broodstock.

Improvement of the harvest body weight in brackish water environment is needed, and
as concluded in the present study, selective breeding will be an efficient tool to enable this.
However, crossbreeding may also be considered to add certain characteristics to the breeding
population. These strains must however be sufficiently productive.

A main focus should be to improve growth rate in mountain environments through
selective breeding by testing fish in both tropical and mountain environments. The genetic
correlation for survival trait between studied environments has not yet been exploited. It
should be examined together with survival in cold tolerance test. Moreover, improved cold
tolerance test methodologies to control and reduce the common environmental effects are
needed to estimate more accurate genetic parameters for cold tolerance in tilapia. The realized
genetic gain should be properly estimated using BLUP methodology, which will allow for
separation of the genetic and environmental trends in the data accumulated over generations of
selection. Finally, disease outbreaks cause serious problems in many locations. To reduce the
risk of disease outbreak, future genetic studies of tilapia should assess genetic variation of

disease resistance before introducing such traits into the breeding program.

35



References

Abdel-Fattah, M. E., Mamdouh, K., 2008. Optimum water temperature boosts the growth
performance of Nile tilapia (Oreochromis niloticus) fry reared in a recycling system.
Aquaculture Research 39, 670-672.

ADB, 2005. An Impact Evaluation of Development of Genetically Improved Farm Tilapia and
Their Dissmination in Selected Countries Published by the Asian Development Bank
http://www.adb.org/Documents/Books/Tilapia-Dissemination/default.asp.

Atwood, H. L., Tomasso, J. R., Webb, K., Gatlin III, D. M., 2003. Low-temperature tolerance
of Nile tilapia, Oreochromis niloticus: effects of environmental and dietary factors.
Aquaculture Research 34, 241-251.

Azaza, M. S., Dhraief, M. N., Kraiem, M. M., 2008. Effects of water temperature on growth
and sex ratio of juvenile Nile tilapia Oreochromis niloticus (Linnaeus) reared in
geothermal waters in southern Tunisia. Journal of Thermal Biology 33, 98-105.

Baras, E., Jacobs, B., Mélard, C., 2001. Effect of water temperature on survival, growth and
phenotypic sex of mixed (XX-XY) progenies of Nile tilapia Oreochromis niloticus.
Aquaculture 192, 187-199.

Behrends, L. L., Kingsley, J. B., Bulls, M. J., 1990. Cold tolerance in maternal mouthbrooding
tilapias: Phenotypic variation among species and hybrids. Aquaculture 85, 271-280.

Behrends, L. L., Kingsley, J. B., Bulls, M. J., 1996. Cold tolerance in maternal mouthbrooding
tilapias; heritability estimate and correlated growth responses at suboptimal
temperature. In: R.S.V. Pullin, J. Lazard, M. Legendre, K.J. Amon & J.B. Pauly (Eds.).
Processding of the Third International Symposium on Tilapia in Aquaculture.
ICLARM Conference Proceeding, 41, 257-265.

Bentsen, H. B., Eknath, A. E., Rye, M., Thodesen, J., Gjerde, B., 2003. Genetic improvement
of farmed tilapia: response to selection for growth performance in the GIFT project.
Genetic in Aquaculture VIII, Puerto Varas November 9-15, Scientific Program-Book of
Abstract, p. 68.

Bentsen, H. B., Eknath, A. E., Palada-de Vera, M. S., Danting, J. C., Bolivar, H. L., Reyes,
R. A., Dionisio, E. E., Longalong, F. M., Circa, A. V., Tayamen, M. M., Gjerde, B.,
1998. Genetic improvement of farmed tilapias: growth performance in a complete
diallel cross experiment with eight strains of Oreochromis niloticus. Aquaculture 160,
145-173.

Bolivar, R. B., Newkirk, G. F., 2002. Response to within family selection for body weight in
Nile tilapia (Oreochromis niloticus) using a single-trait animal model. Aquaculture 204,
371-381.

Bowen, S. H., 1982. Feeding, digestion and growth - qualitative considerations. In: Pullin,
R.S.V., Lowe-McConnell, R.H. (Eds.). The Biology and Culture of Tilapias. ICLARM
Conference Proceedings 7, pp.141-156.

Brzeski, V. J., Doyle, R. W., 1995. A test of an on-farm selection procedure for tilapia growth
in Indonesia. Aquaculture 137, 219-230.

Charo-Karisa, H., Rezk, M. A., Bovenhuis, H., Komen, H., 2004. Effect of rearing conditions
on low-temperature tolerance of Nile tilapia, Oreochromis niloticus juveniles In:
Bolivar, R., Mair, G., Fitzsimmons, K. (Eds.), New Dimensions in Farmed Tilapia.
Proceedings of the 6th International Symposyum on Tilapia in Aquaculture, Manila,
pp- 30-41.

Charo-Karisa, H., Rezk, M. A., Bovenhuis, H., Komen, H., 2005. Heritability of cold
tolerance in Nile tilapia, Oreochromis niloticus, juveniles. Aquaculture 249, 115-123.

36



Charo-Karisa, H., Komen, H., Rezk, M. A., Ponzoni, R. W., van Arendonk, J. A. M.,
Bovenhuis, H., 2006. Heritability estimates and response to selection for growth of Nile
tilapia (Oreochromis niloticus) in low-input earthen ponds. Aquaculture 261, 479-486.

Chervinski, J., 1982. Environmental physiology of tilapias. p. 119-128. In R.S.V. Pullin and
R.H. Lowe-McConnell (eds.) The biology and culture of tilapias. ICLARM Conf. Proc.
7, 360 p.

Chervinski, J., Lahav, M., 1976. The effect of exposure to low temperature on fingerlings of
local tilapia (Tilapia aurea) (Steindacher) and imported tilapia (Tilapia vulcani)
(Trewavas) and Tilapia nilotica (Linne) in Israel. Bamidgeh 28, 25-29.

Cnaani, A., Gall, G. A. E., Hulata, G., 2000. Cold tolerance of tilapia species and hybrids.
Aquaculture International 8, 289-298.

Cnaani, A., Hallerman, E. M., Ron, M., Weller, J. 1., Indelman, M., Kashi, Y., Gall, G. A.
E., Hulata, G., 2003. Detection of a chromosomal region with two quantitative trait
loci, affecting cold tolerance and fish size, in an F2 tilapia hybrid. Aquaculture 223,
117-128.

Dan, N. C,, Little, D. C., 2000a. The culture performance of monosex and mixed-sex new-
season and overwintered fry in three strains of Nile tilapia (Oreochromis niloticus) in
northern Vietnam. Aquaculture 184, 221-231.

Dan, N. C., Little, D. C., 2000b. Overwintering performance of Nile tilapia Oreochromis
niloticus (L.) broodfish and seed at ambient temperatures in northern Vietnam,
Aquaculture Research, pp. 485-493.

Dey, M. M., Gupta, M. V., 2000. Socioeconomics of disseminating genetically improved Nile
tilapia in Asia: an introduction Aquaculture Economics and Management 4 5 - 11.

Dey, M. M., Eknath, A. E., Sifa, L., Hussain, M. G., Thien, T. M., Hao, N. V., Aypa, S.,
Pongthana, N., 2000. Performance and nature of genetically improved farmed tilapia: a
bioeconomic analysis. Aquaculture Economics and Management 4, 85 - 103.

Doudet, T., 1992. Brackishwater tolerance of some species and hybrids of Oreochromis for use
in lagoon aquaculture (Ivory Coast). Aquaculture 102, 275-288.

Eknath, A. E., 1995. The Nile Tilapia, Conservation of Fish and Shellfish Resources.
Academic Press, London, pp. 177-194.

Eknath, A. E., Acosta, B. O., 1998a. Genetic Improvement of Farmed Tilapia (GIFT) Project.
Final Report, March 1998 to December 1997. International Center for Living Aquatic
Resources Management, Manila City, Philippines.

Eknath, A. E., Bentsen, H. B., Ponzoni, R. W., Rye, M., Ninh, N. H., Thodesen, J., Gjerde,
B., 2007. Genetic improvement of farmed tilapias: Composition and genetic parameters
of a synthetic base population of Oreochromis niloticus for selective breeding.
Aquaculture 273, 1-14.

Eknath, A. E., Dey, M. M., Rye, M., Gjerde, B., Abella, T. A., Sevilleja, R. A., Tayamen,
M. M., Reyes, R. A., Bentsen, H. B., 1998. Selective breeding of Nile tilapia for Asia.
In: Proceedings of the 6th World Congress on Genetics Applied to Livestock
Production, 27, 89-96. Armidale, Australia.

Eknath, A. E., Tayamen, M. M., Palada-de Vera, M. S., Danting, J. C., Reyes, R. A.,
Dionisio, E. E., Capili, J. B., Bolivar, H. L., Abella, T. A., Circa, A. V., Bentsen, H.
B., Gjerde, B., Gjedrem, T., Pullin, R. S. V., 1993. Genetic improvement of farmed
tilapias: the growth performance of eight strains of Oreochromis niloticus tested in
different farm environments. Aquaculture 111, 171-188.

Eknath, A. E. , Acosta, B., 1998b. Genetic improvement of farmed tilapia project-final report
(1988-1997). WorldFish Center, Manila, Philippines.

37



El-Sayed, A. M, Kawanna, M., 2008. Optimum water temperature boosts the growth
performance of Nile tilapia (Oreochromis niloticus) fry reared in a recycling system.
Aquaculture Research 39, 670-672.

Falconer, D.S., 1952. The Problem of environment and selection. Am.Nat. 86, 293-289.

Falconer, D.S., Mackey, T.F.C. , 1996. Introduction to quantitative genetic. 4th Edition,
Prentice Hall, Longman Group Limited.

FAO, 2002. Fisheries Department, Fisheries Information Data ans Statistic Unit. Fishstat Plus:
universal software for fishery statistical time series. Version 2.3.2000.

FAO, 2004. Tilapias as alien aquatics in Asia and the Pacific: A review. FAO Fisheries
Technical Papers - T453. ISBN: 9251052271: 74 pp.

Feryer, G., lles, T. D., 1972. The Cichlid Fishes of the Great Lakes of Africa, their Biology
and Distribution, Oliver and Boyd; Edinburgh, Scotland, 641pp.

Fitzsimmons, K., 2000. Tilapia: The most important aquaculture species of the 21st century In:
Fitzsimmons, K., Carvalho F. J. (Eds.), Tilapia Aquaculture in the 21st Century,
Proceedings from the Fifth International Symposium on Tilapia Aquaculture, vol. 1.
Ministry of Agriculture, Rio de Janeiro, Brazil, p.3.

Fitzsimmons, K., 2001. Polyculture of tilapia and penaeid shrimp. Global Aquaculture
Advocate 4 (3), 43-44.

Gall, G. A. E., Bakar, Y., 1999. Stocking density and tank size in the design of breed
improvement programs for body size of tilapia. Aquaculture 173, 197-205.

Gall, G. A. E., Bakar, Y., 2002. Application of mixed-model techniques to fish breed
improvement: analysis of breeding-value selection to increase 98-day body weight in
tilapia. Aquaculture 212, 93-113.

Gall, G. A. E., Bakar, Y., Famula, T., 1993. Estimating genetic change from selection.
Aquaculture 111, 75-88.

Gianola, D., Foulley, J.L. , 1983. Sire Evaluation for Ordered categorical data with a threshold
model. Genetic selection evolution 15 (2), 201 - 204.

Gilmour, A.R., Gogel, B.J., Cullis, B.R., Welham, S.J., Thompson, R., 2002. ASReml User
Guide Release 1.0 VNS International Ltd. Hemel Hempstead, HP1 1ES, UK.

Gitterle, T., Odegard, J., Gjerde, B., Rye, M., Salte, R., 2006. Genetic parameters and
accuracy of selection for resistance to White Spot Syndrome Virus (WSSV) in Penaeus
(Litopenaeus) vannamei using different statistical models. Aquaculture 251, 210-218.

Gitterle, T., Rye, M., Salte, R., Cock, J., Johansen, H., Lozano, C., Arturo, S. J., Gjerde, B.,
2005. Genetic (co)variation in harvest body weight and survival in Penaeus
(Litopenaeus) vannamei under standard commercial conditions. Aquaculture 243, 83-
92.

Gjedrem, T., 2000. Genetic improvement of cold-water fish species. Aquaculture Research 31,
25-33

Gjedrem, T., Baranski, M., 2009. Selective breeding in aquaculture: an introduction. Springer
Dordrecht Heidelberg London New York.

Gjerde, B., Terjesen, B. F., Barr, Y., Lein, 1., Thorland, 1., 2004. Genetic variation for
juvenile growth and survival in Atlantic cod (Gadus morhua). Aquaculture 236, 167-
177.

Hofer, S.C., Watts, S.A., 2002. Cold tolerance in genetically male tilapia (GMT®),
Oreochromis niloticus. World Aquac. 33, 19-21.

Hulata, G., Wohlfarth, G. W., Halevy, A., 1986. Mass selection for growth rate in the Nile
tilapia (Oreochromis niloticus). Aquaculture 57, 177-184.

Hung, D., 2005. Genetic Analysis of Survival to Furunculosis and ISA Challenge test in
Atlantic Salmon. Master thesis. Norwegian University of Life Sciences. 40 p.

38



ICLARM 1998. Dissemination and evaluation of genetically improved tilapia species in Asia.
Final Report. International Centre for Living Aquatic Resources Management, Manila,
Philippines. pp. 35-45.

Jauncey, K., Ross, B., 1982. A guide to Tilapia Feeds and Feeding. University of Sterling,
Scotland.

Jonassen, T. M., Pittman, K., Imsland, A. K., 1997. Seawater acclimation of tilapia,
Oreochromis spilurus spilurus G&uuml;nter, fry and fingerlings, pp. 205-214.

Jonasson, Jonas, 1993. Selection experiments in salmon ranching. I. Genetic and
environmental sources of variation in survival and growth in freshwater. Aquaculture
109, 225-236.

Kamal, A. H. M. M., Mair, G. C., 2005. Salinity tolerance in superior genotypes of tilapia,
Oreochromis niloticus, Oreochromis mossambicus and their hybrids. Aquaculture 247,
189-201.

Kenway, Matthew, Macbeth, Michael, Salmon, Matthew, McPhee, Cameron, Benzie, John,
Wilson, Kate, Knibb, Wayne, 2006. Heritability and genetic correlations of growth and
survival in black tiger prawn Penaeus monodon reared in tanks. Aquaculture 259, 138-
145.

Khaw, H. L., Bovenhuis, H., Ponzoni, R. W., Rezk, M. A., Charo-Karisa, H., Komen, H.,
2009. Genetic analysis of Nile tilapia (Oreochromis niloticus) selection line reared in
two input environments. Aquaculture 294, 37-42.

Kronert, U., Horstgen-Schwark, G., Langholz, H. J., 1989. Prospects of selecting for late
maturity in tilapia (Oreochromis niloticus) : I. Family studies under laboratory
conditions. Aquaculture 77, 113-121.

Lemarie, Gilles, Baroiller, Jean Francois, Clota, Frederic, Lazard, Jerome, Dosdat, Antoine,
2004. A simple test to estimate the salinity resistance of fish with specific application
to O. niloticus and S. melanotheron. Aquaculture 240, 575-587.

Likongwe, J. S., Stecko, T. D., Stauffer, J. R., Carline, R. F., 1996. Combined effects of water
temperature and salinity on growth and feed utilization of juvenile Nile tilapia
Oreochromis niloticus (Linneaus). Aquaculture 146, 37-46.

Little, D. C., 2004. Delivering better quality tilapia seed to farmers. In: Bolivar, R., Mair, G.,
Fitzsimmons, K. (Eds.), New Dimensions in Farmed Tilapia. Proceedings of the 6th
International Symposyum on Tilapia in Aquaculture, Manila, Philippines.

Longalong, F. M., Eknath, A. E., Bentsen, H. B., 1999. Response to bi-directional selection
for frequency of early maturing females in Nile tilapia (Oreochromis niloticus).
Aquaculture 178, 13-25.

Luan, T. D., Olesen, 1., @degard, J., Kolstad, K., Dan, N.C., 2008. Genotype by environment
Interaction for harvest body weight and survival of Nile tilapia (Oreochromis niloticus)
in brackish and fresh water ponds. In: H. Elghobashy, K. Fitzsimmons, A.S. Diab
(Eds.). The Eighth International Symposium on Tilapia in Aquaculture. Cairo, Egypt,
12-14 August. Vol. 1, p.231-240.

Lymbery, A. J., 2000. Genetic improvement in the Australian aquaculture industry, pp. 145-
149.

Lymbery, A. J., Doupe, R. G., Jenkins, G., Thorne, T., 2000. Genetic improvement in the
aquaculture industry. Aquaculture Research 31, 145-149.

Macaranas, J. M., Mather, P. B., Lal, S. N., Vereivalu, T., Lagibalavu, M., Capra, M. F.,
1997. Genotype and environment: A comparative evaluation of four tilapia stocks in
Fiji. Aquaculture 150, 11-24.

Mai, N. T., Luan, T. D., 2008. The realised heritability and selection response for harvest body
weight of the 8™ selected generation for Oreochromis niloticus in earthen pond.

39



Proceeding of the Second National Workshop for Aquaculture. Research Institute for
Aquaculture No.1, Vietnam (in Vietnamese, abstract in English).

Maluwa, A. O., Gjerde, B., 2007. Response to selection for harvest body weight of
Oreochromis shiranus. Aquaculture 273, 33-41.

Maluwa, Alfred Ochanza, Gjerde, Bjarne, Ponzoni, Raul W., 2006. Genetic parameters and
genotype by environment interaction for body weight of Oreochromis shiranus.
Aquaculture 259, 47-55.

Manuegl G., Renata, L., Villa, Tzetzangamr, M. M., 2001. Growth and Feed Utilization of the
Tilapia Hybrid Oreochromis mossambicus X 0. niloticus Cultured at Different
Salinities under Controlled Laboratory Conditions. Journal of the World Aquaculture
Society 32, 117-121.

Martinez, V., Neira, R., Gall, G. A. E., 1999. Estimation of genetic parameters from pedigreed
populations: lessons from analysis of alevin weight in Coho salmon (Oncorhynchus
kisutch). Aquaculture 180, 223-236.

McKay, L. R., Friars, G. W., lhssen, P. E., 1984. Genotype x temperature interactions for
growth of rainbow trout. Aquaculture 41, 131-140.

MoFI, 1994. Key program of fisheries extension from 1994 -1995 to 2000 of the fisheries
sector. In: Five years of fisheries extension activities (1993-1998), Ministry of
Fisheries. Agriculture Publisher, Hanoi, p. 32-45. (In Vietnamese).

MoFI, 2005. Annual report on the state achievements of 2004 and action plan of 2005 of the
fisheries sector. 25 pp. (in Vietnamese). Ministry of Fisheries, Hanoi, Vietnam.

MoFI, 2006. National planning for development of tilapia culture in the period of 2006 - 2015.
. Ministry of Fisheries, Hanoi, Vietnam.

Mulder, H. A., Veerkamp, R. F., Ducro, B. J.,, van Arendonk, J. A. M., Bijma, P., 2006.
Optimization of Dairy Cattle Breeding Programs for Different Environments with
Genotype by Environment Interaction. J. Dairy Sci. 89, 1740-1752

Nielsen, HM., @degard, J., Olesen, I., Gjerde, B., Ardo, L., Z., Jeney., 2010. Genetic parameters
and heterosis estimates for growth traits and pond survival in four Hungarian carp strains.
Aquaculture accepted.

Nugon, R. W, 2003. Salinity Tolerance of Juveniles of four varieties of Tilapia. Master thesis.
The School of Renewable Natural Resources. 76 p.

@degard, J., Olesen, I., Gjerde, B., Klemetsdal, G., 2006. Evaluation of statistical models for
genetic analysis of challenge test data on furunculosis resistance in Atlantic salmon
(Salmo salar): Prediction of field survival. Aquaculture 259, 116-123.

@degard, J., Olesen, 1., Gjerde, B., Klemetsdal, G., 2007. Evaluation of statistical models for
genetic analysis of challenge-test data on ISA resistance in Atlantic salmon (Salmo
salar): Prediction of progeny survival. Aquaculture 266, 70-76.

Oldorf, W., Kronert, U., Balarin, J., Haller, R., Horstgen-Schwark, G., Langholz, H. J.,
1989. Prospects of selecting for late maturity in tilapia (Oreochromis niloticus) : II
Strain comparisons under laboratory and field conditions. Aquaculture 77, 123-133.

Osure, G. O., Phelps, R. P., 2006. Evaluation of reproductive performance and early growth of
four strains of Nile tilapia (Oreochromis niloticus, L) with different histories of
domestication. Aquaculture 253, 485-494.

Pante, M. J. R., Gijerde, B., McMillan, 1., Misztal, 1., 2002. Estimation of additive and
dominance genetic variances for body weight at harvest in rainbow trout,
Oncorhynchus mykiss. Aquaculture 204, 383-392.

Philippart, J. Cl., Ruwet, J. CI., 1982. Ecology and distribution of tilapias. p. 15-60. In: R.S.V.
Pullin and R.H. Lowe-McConnell (eds.) The biology and culture of tilapias. ICLARM
Contf. Proc. 7.

40



Ponzoni, R. W., Hamzah, A., Tan, S., Kamaruzzaman, N., 2005. Genetic parameters and
response to selection for live weight in the GIFT strain of Nile Tilapia (Oreochromis
niloticus). Aquaculture 247, 203-210.

Pullin, R.S.V., 1985. Tilapias - Everyman's fish Biologist 32, 84-92.

Pullin, R.S.V., 1996. World tilapia culture and its future prospects. In: R.S.V. Pullin, J. Lazard,
M. Legendre & K.J. Amon (Eds.). The Third International Symposium on Tilapia in
Aquaculture, p.1-16. ICLARM, Manila, Philippines.

Pullin, R.S.V., 1997. World tilapia culture and its future prospects. In: Pullin, R.S.V., Lazard,
J., Legendre, M., Amon Kothias, J. B., Pauly, D. (Eds.). The Second International
Symposium on Tilapia in Aquaculture, ICLARM conference Preceding 41.
International Center for Living Aquatic Resources Management, Manila, Philippines.

Rezk, M. A., Kamel, E. A., Ramadan, A. A., Dunham, R. A., 2002. Comparative growth of
Egyptian tilapias in response to declining water temperature. Aquaculture 207, 239-
247.

Rezk, M. A., Ponzoni, R. W., Khaw, H. L., Kamel, E. A., Dawood, T., John, G., 2009.
Selective breeding for increased body weight in a synthetic breed of Egyptian Nile
tilapia, Oreochromis niloticus: Response to selection and genetic parameters.
Aquaculture 293, 187-194.

Romana-Eguia, M. R. R., Eguia, R. V., 1999. Growth of five Asian red tilapia strains in saline
environments. Aquaculture 173, 161-170.

Rosario, W. R., Georget, C., Chevassus-Au-Louis, B., Morissens, P., Muyalde, N. C., Cruz,
A.E., Vera, E., Poivey, J. P. , 2004a. Selection from an interspecific hybrid population
of two strains of fast growing and salinity tolerant tilapia. In: New Dimensions on
Farmed Tilapia eds. by Remedios B. Bolivar, Graham C. Mair, Kevin Fitzsimmons.
Tilapia 6th International Symposium on Tilapia in Aquaculture Philippine International
Convention Center Roxas Boulevard, Manila, Philippines September 12-16, 2004.

Rutten, M. J. M., Komen, H., Bovenhuis, H., 2005a. Longitudinal genetic analysis of Nile
tilapia (Oreochromis niloticus 1..) body weight using a random regression model.
Aquaculture 246, 101-113.

Rutten, M. J. M., Bovenhuis, H., Komen, H., 2005b. Genetic parameters for fillet traits and
body measurements in Nile tilapia (Oreochromis niloticus L.). Aquaculture 246, 125-
132.

Rye, M., Lillevik, K. M., 1990. Survival in the early fresh-water period in Atlantic salmon
(Salmo salar) and rainbow trout (Salmo gairdneri): heritabilities for survival and
genetic correlation between survival and growth. Aquaculture 85, 328-329.

Rye, M., Mao, I. L., 1998. Nonadditive genetic effects and inbreeding depression for body
weight in Atlantic salmon (Salmo salar L.). Livestock Production Science 57, 15-22.

Rye, M., Gjedrem, T., 2005. Measuring genetic change. In: Gjedrem, T. (Ed.), Selection and
Breeding Programs in Aquaculture. Springer, Netherlands, pp. 243-250.

Rye, M., Lillevik, K. M. , Gjerde, B. , 1990. Survival in early life of Atlantic salmon and
rainbow trout: estimates of heritabilities and genetic correlations. Aquaculture 89, 209-
216.

Saillant, E., Dupont-Nivet, M., Haffray, P., Chatain, B., 2006. Estimates of heritability and
genotype-environment interactions for body weight in sea bass (Dicentrarchus labrax
L.) raised under communal rearing conditions. Aquaculture 254, 139-147.

SAS Institute Inc., 2001. SAS/STAT Userguide, verson 8.1

SAS Institute Inc., 2003. Post-Installation Guide for SAS® 9.1.3 Foundation for Microsoft®
Windows®, Cary, NC, USA.

Shultz, F. T., 1986. Developing a commercial breeding program. Aquaculture 57, 65-76.

41



Sifa, L., Chenhong, L., Dey, M., Dunham, R., 1999. Seinability of four strains of Nile tilapia,
Oreochromis niloticus, in Chinese ponds. Aquaculture 174, 223-227.

Sifa, L., Chenhong, L., Dey, M., Gagalac, F., Dunham, R., 2002. Cold tolerance of three
strains of Nile tilapia, Oreochromis niloticus, in China. Aquaculture 213, 123-129.

Skagemo, V., Sonesson, A. K., Meuwissen, T. H. E., Rye, M., 2010. Increased profits in
aquaculture through optimised dissemination schemes. Aquaculture, in press In Press.

Standal, M., Gjerde, B., 1987. Genetic variation in survival of Atlantic salmon during the sea-
rearing period. Aquaculture 66, 197-207.

Su, G., Liljedahl, L., Gall, G. A. E., 1996. Genetic and environmental variation of body
weight in rainbow trout (Oncorhynchus mykiss). Aquaculture 144, 71-80.

Suresh, A. V., Lin, C. K., 1992. Tilapia culture in saline waters: a review. Aquaculture 106,
201-226.

Sylven, S., Rye, M, Simianer, H., 1991. Interaction of genotype with production environment
for slaughter weight in rainbow trout (Oncorhynchus mykiss). Livest. Prod. Sci. 28,
253-263.

Tave, D., Smitherman, R. O., Jayapraks, V., 1989. Estimates of additive genetic effects,
maternal effects, specific combining ability, maternal heterosis, and egg cytoplasm
effects for cold tolerance in Oreochromis niloticus (L.). Aquaculture Research 20, 159-
166.

Tave, D., Jayprakas, V., Smitherman, R. O., 1990. Effects on intraspecific hybridization in
Tilapia nilotica on survival under ambient winter temperature in Alabama. World
Aquac. 21, 201-204.

Tayamen, M. M., 2004. Nationwode dissemination of GET EXCEL tilapia in the Philippines.
In: Bolivar, R., Mair, G., Fitzsimmons, K. (Eds.), New Dimensions in Farmed Tilapia.
Proceedings of the 6th International Symposyum on Tilapia in Aquaculture, Manila,
Philippines, September 12-16, 2004.

Tayamen, M. M., Reyes, R. A., Danting, M. J., Mendoza, A. M., Marquez, E. B., Salguet,
A. C., Gonzales, R. C., Abella, T. A., Vera-Cruz, E. M. , 2002. Tilapia Broodstock
development for saline waters in the Philippines. NAGA-ICLARM Quarterly 25 (1)
32-36.

Tayamen, M. M., Abella, T. A., Reyes, R. A., Danting, M. J., Mendoza, A. M., Marquez, E.
B., Salguet, A. C., Apaga, M. M., Gonzales, R. C. , 2004. Development of Tilapia for
Saline Water in the Philippines. In: New Dimensions on Farmed Tilapia eds. by
Remedios B. Bolivar, Graham C. Mair, Kevin Fitzsimmons. Tilapia 6th International
Symposium on Tilapia in Aquaculture Philippine International Convention Center
Roxas Boulevard, Manila, Philippines, September 12-16, 2004, 463-478.

Thien, P. C., Yi, Y., Fitzsimmons, K., 2004. Effect of ddding shrimp (Penaeus monodon) into
intensive culture ponds of Nile tilapia (Oreochromis niloticus) at different densities. In:
New Dimensions on Farmed Tilapia eds. by Remedios B. Bolivar, Graham C. Mair,
Kevin Fitzsimmons. Tilapia 6™ International Symposium on Tilapia in Aquaculture
Philippine International Convention Center Roxas Boulevard, Manila, Philippines
September 12-16, 2004, 794-805.

Thien, T. M., 1993. A review of the fish breeding research and practices in Vietnam. In: Main,
K. L and Reynolds, B. (Eds.). Selective Breeding of Fishes in Asian and the United
States. The Oceanic Institute, Hawaii, United States. .

Thien, T. M., 1996. Carp breeding in Vietnam. Final Report. IFS.

Thien, T. M., Dan, N. C., Tuan, P. A., 2001. Review of fish genetics and breeding research in
Vietnam. In M.V. Gupta and B.O. Acosta (eds.) Fish genetics research in member
countries and institutions of the International Network on Genetics in Aquaculture.
ICLARM Conf. Proc. 64, 179 p, 91-96.

42



Tuan, L. A., 2003. Status of aquaculture and associated environmental management issues in
Vietnam. Tropeca Working Paper No.4.

Tung, N. T., 2000. Aquaculture and poverty reduction: Experiences of UNDP Vietnam. EC
workshop on Sustainable Rural Development in the Southest Asian Mountainous
Region. Hanoi, 28-30 November.

Villegas, C. T., 1990. Evaluation of the salinity tolerance of Oreochromis mossambicus, O.
niloticus and their F1 hybrids. Aquaculture 85, 281-292.

Wangila, B.C.C., Dick, T. A., 1998. Influence of genotype and temperature on the relationship
between specific growth rate and size of rainbow trout. Trans. Am. Fish. Soc 117, 560-
564.

Watanabe, W. O., Ellingson, L. J., Olla, B. L., Ernst, D. H., Wicklund, R. 1., 1990. Salinity
tolerance and seawater survival vary ontogenetically in Florida red tilapia. Aquaculture
87,311-321.

Watanabe, W. O., Kuo, C., Huang, M., 1985. The ontogeny of salinity tolerance in the tilapias
Oreochromis aureus, O. niloticus, and an O. mossambicus x O. niloticus hybrid,
spawned and reared in freshwater. Aquaculture 47, 353-367.

Wilkinson, S., 2008. Better for management practices for Viernamese catfish. Aquaculture
Asia Magazine, p. 8-11.

World Fish Center, 2004. GIFT Technology Manual: An Aid to Selective Breeding. WorldFish
Center, Penang, Malaysia. 56 pp.

Yi, Y., Fitzsimmons, K., 2004. Tilapia-Shrimp Polyculture in Thailand. In: New Dimensions
on Farmed eds. by Remedios B. Bolivar, Graham C. Mair, Kevin Fitzsimmons. Tilapia
6th International Symposium on Tilapia in Aquaculture Philippine International
Convention Center Roxas Boulevard, Manila, Philippines September 12-16, 2004.
Pages 777-790.

Zimmermann, S., Natividad, J., 2004. Comparative pond performance evaluation of GenoMar
ASA and GenoMar Supreme tilapiaTM GST1 and GST3 groups. In: Bolivar, R., Mair,
G., Fitzsimmons, K. (Eds.), New Dimensions in Farmed Tilapia. Proceedings of the 6th
International Symposyum on Tilapia in Aquaculture, Manila, Philippines, September
12-16, 2004.

43



44



List of papers:

Paper I: Genetic parameters for harvest body weight and survival of Nile tilapia (Oreochromis
niloticus) in brackish and fresh water and studies of genotype by environment

interaction.

Paper II: Genetic parameters and genotype by environment interaction for growth of Nile

tilapia (Oreochromis niloticus) in low and optimal temperatures.

Paper III: Genetic parameters of cold tolerance and growth of Nile tilapia (Oreochromis

niloticus).

45



46



Paper 1






Genetic parameters for harvest body weight and survival of Nile tilapia (Oreochromis
niloticus) in brackish water and freshwater and studies of genotype by environment
interaction
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Abstract

Experiments to evaluate the Viet and GIFT strain performance and estimate genetic
parameters of GIFT tilapia (Oreochromis niloticus) were conducted at Research Institute for
Aquaculture No.l (RIA1) in northern Vietnam during 3 years from 1999. The fish were
reproduced and stocked in fresh and brackish water (previous shrimp farming) earthen ponds.
Strain comparisons were based on least squares means of harvest weight data for three year
classes/generations. Genetic parameter estimates for harvest body weights and survival of
GIFT tilapia were obtained from 13,464 fish of a total of 261 full-sib families from three
generations. The results from this study show that the GIFT strain performed significantly
better with respect to growth rate in both fresh and brackish water ponds compared to the Viet
strain. Heritability estimates for harvest weight in brackish and fresh water were moderate
(0.1940.06 and 0.24+0.04, respectively). The common environmental effect due to separate
rearing of families in hapas was substantial for harvest weight in both test environments (0.09 -
0.10 of total phenotypic variance). Heritability estimates for survival at harvest were relatively

high (0.27£0.04 and 0.20£0.06 in fresh and brackish water, respectively). Estimates of genetic
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correlations were rather low between the same trait in different environments (0.45+0.09 and
0.42+0.05 for harvest body weight and survival, respectively). However, they were rather high
between survival and body weight measured within the same environment (0.73£0.05 and
0.67£0.07 for fresh and brackish water, respectively). The study indicates that substantial
additive genetic variation exists for both traits that can be exploited through selective breeding.
However, considerable genotype by environment interactions exist for both traits, and separate

breeding programs for tilapia farming in fresh-, brackish water should thus be considered.

Keywords: Nile tilapia; Oreochromis niloticus; GIFT; Harvest weight;, Survival;, Heritability; Genetic

correlations; Fresh water; Brackish water

1. Introduction

Tilapias are widely recognized as one of the most important fish species for freshwater
aquaculture in a range of production systems (Pullin, 1985). The tolerance of tilapias to a range
of environments and intensification systems have resulted in a rapid expansion of tilapia
farming as well as dissemination worldwide, in which Asian countries are the largest producers
(FAO, 2004; Pullin, 1997). Among the variety of tilapias, Nile tilapia (Oreochromis niloticus)
is the most common in aquaculture. Tilapias are euryhaline fish, so they can tolerate a high
salinity level as well as freshwater, whereas some tilapia species tolerate a wider range of
salinity than others (Chervinski, 1982; Philippart and Ruwet, 1982).

The published research on growth and survival of tilapias in brackish water and salt water
show different results. Nile tilapia (O. niloticus) is considered to be a species which grows
particularly well in fresh water, but has a low tolerance to salinity. Meanwhile, species such as
0. mossambicus, Sarotherodon melanotheron and O. spilurus have lower growth rate, but
higher salinity tolerance compared to other tilapia species (Nugon, 2003; Villegas, 1990).

Different experiments for testing and comparing salinity tolerance (growth) have been reported
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with focus on stock performances at different salinity concentrations (Jonassen et al., 1997;
Kamal and Mair, 2005; Lemarie et al., 2004). The increasing demand for tilapia and the
availability of vast brackish water in some regions have encouraged attempts to develop new
strains which are more suitable for growth and cultivation in such areas (Manuegl Garcia-
Ulloa, 2001; Rosario et al., 2004b; Tayamen et al., 2002). Therefore, the tilapia production has
increased dramatically in brackish water as well as in freshwater. Besides farming in
increasing intensification of culture systems, tilapias are good candidates for polyculture
farming with shrimp (Thien et al., 2004; Yi and Fitzsimmons, 2004). Polyculture of shrimp
and tilapia in brackish water is beneficially with respect to productivity as well as to reduce
waste discharge to the environment and to prevent shrimp diseases (Thien et al., 2004).

Genetic improvement programs have contributed to increase the productivity of cultured
aquatic species significantly (Gjedrem, 2000a; Lymbery, 2000). In order to implement and
maintain a breeding program for improving economically important traits, knowledge about
the genetic parameters, such as heritability and genetic correlations among the traits under
selection are required. Tilapia-breeding programs have almost exclusively focused on growth
rate in freshwater. Several estimates of heritability, for harvest weight, fillet yield and growth
rate in fresh water have been published. The reported heritability estimates of these traits vary
from 0.11 to 0.55 (Bolivar and Newkirk, 2002; Ponzoni et al., 2005; Rutten et al., 2005b). The
estimates for the tropical Nile tilapia are of the same magnitude as reported for cold water fish
species in a review by Gjedrem (2000a).

The heritability estimates for survival of tilapias in different environments are limited. Low
heritabilities (0.04-0.09) were reported for survival in early life in Atlantic salmon estimated
by linear models and sire variance components (Rye et al, 1990), while higher estimates (0.34)
on the underlying liability scale were presented by Nielsen et al. (submitted) for pond survival

during the second growth season for common carp. Furthermore, genetic analysis of survival
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in disease challenge tests have been reported for Pacific White Shrimp and Atlantic salmon
(Gitterle et al., 2005; Hung, 2005; Odegard et al., 2006). The moderate genetic correlations
(0.23 and 0.37) between survival and growth at early fresh water stages for Rainbow trout and
Atlantic salmon were reported (Rye and Lillevik, 1990) whereas higher genetic correlation
(0.65) was estimated between pond survival (second growth season) and harvest weight for
common carp (Nielsen et al., submitted).

Genetic parameters are functions of the specific population and environment studied
(Falconer and Mackey, 1996). The estimates of these parameters need to be obtained by using
information for each species and population under the actual farming conditions. By estimating
the genetic correlation between performances in different environments, genotype by
environment interaction (GxE) can be analyzed. A high genetic correlation between the same
traits measured in different environments indicate non-significant GXE, as the same genes
affect the trait in both environments. Contrary, a low genetic correlation implies significant
GxE, as performance in the two environments actually are two different traits. Low genetic
correlations and thus significant GXE may reduce genetic gain, and in extreme cases a separate
breeding program is required for each type of farm environment, implying higher costs.
Several studies of genotype by environment interactions in aquaculture species are reported in
the literatures (Bentsen et al., 1998; Eknath et al., 1993; Maluwa et al., 2006; McKay et al.,
1984; Sylven et al., 1991; Wangila and Dick, 1998). However, genetic parameters can vary
over time and for different test environments. Hence, the estimates of genetic parameters and
GxE should be studied for any (new) breeding program and (new) farm environments.

The main objective of this study was to estimate genetic parameters and the magnitude of
GxE for harvest weight and survival of Nile tilapia (O. niloticus) in fresh and brackish water
(coastal areas) in Northern Vietnam. Furthermore, we wanted to compare harvest weight of

two Nile tilapia (O. niloticus) strains, Viet and GIFT. Genetic parameters and the effect of the
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test environment on growth and survival of Nile tilapia are also discussed with respect to

selection strategy for tilapia breeding in Vietnam.

2. Materials and methods
2.1. Original Nile tilapia strains

The genetic analyses were based on data of harvest weight and survival of two strains (Viet
and GIFT strain) of Nile tilapia (O. niloticus) in two environments, freshwater and brackish
water ponds. The Viet strain has been maintained in Northern Vietnam since its introduction
from Taiwan, via Southern Vietnam, in 1977 (ICLARM, 1998). The GIFT strain was derived
from GIFT International foundation Inc., Philippines. A total of 106 families from the fifth
generation selected for growth rate in the project, “Genetic Improvement of Farmed Tilapia”
(GIFT) were imported to Research Institute for Aquaculture No.1 (RIA1) in 1997 (ICLARM,

1998). The two strains were reared and reproduced in fresh water ponds at RIA1 for this study.

2.2. Mating design and seed production

The reproduction and management schedules applied in 1999 — 2001 are shown in Table 1.
During early spring (March-April), all selected broodstock were removed from overwintering
hapas, transferred to rearing hapas for conditioning before they were assigned to breeding
hapas. When females were ready to spawn, they were placed individually in 3 m’ mating hapas
with one male for natural spawning. Family groups of swim-up fry were collected and stocked
in separate nursing hapas.

For the GIFT strain, hierarchical mating design was applied. Each male was mated with
two females in a mating hapas for natural spawning. Seven days after stocking, mating hapas
were inspected twice every day. Swim-up fry resulting from the successful mating were

transferred to individual fine mesh nursing hapas and the spawned females were removed to
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allow the male to mate with a second female for production of a second batch of fry. The
methodology used is described in the manual of GIFT technology (WorldFish Center, 2004).

The broodstock of the Viet strain were mass spawned in three 25m’ fine mesh hapas. A
total of 50 pairs of males and females were placed in each hapa. Groups of swim-up fry were
collected twice per week during the same time as collection of GIFT families. A total of 6-8
groups were produced each year for testing (Table 2).

Each full sib family/group was reared separately in a nursing hapa at the same density,
feeding regime and in the same pond until tagging with electronic AVID PIT tags (average
body weight of 12-15 g). A total of 60 fingerlings from each full-sib family/group were

individually identified with electronic PIT tags.

2.3. Test environments and acclimation

Following tagging, a random sample of 40 fish from each of the families/groups was
stocked in earthen freshwater ponds at RIA1 located near Hanoi in Northern Vietnam. The
remaining 20 fish in each family/group was acclimatized and stocked in an earthen brackish
water pond at a shrimp farm in Nghe An province, 300 km South of Hanoi (Middle of North
Vietnam). This area is representative for coastal farm environments with a salinity level similar
to most shrimp farms in Vietnam. The salinity level increased approximately from 8.0 ppt. in
August to 20.0 ppt. in December during each of the 3 years of the experiment (Fig.1). All
individually tagged fish were kept in fine net hapas for 5-7 days to recover after the tagging
stress, mortality control and re-injecting of lost PIT tags in order to keep the same number of
fish in each family/group. Average temperature during the grow-out period was about 28°C
with a range from 25°C to 34°C. The temperature recorded in the brackish water was slightly

higher than in the fresh water ponds (Table 1) and with little variation between different years.
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Acclimation was conducted at RIA1 before transferring fingerlings to the brackish water
farm. Salt was mixed with the freshwater in tanks and then added to the fish tanks to increase
salinity level gradually to the level of the brackish water pond. The daily increase of salinity
level was 2 ppt. Other environmental factors such as temperature, dissolved oxygen (DO) and
pH were monitored regularly. Aeration was supplied to maintain DO level in the tanks.

For each test environment and pond, the fish were stocked at a density of 2-3 fish per m”.
In fresh water, two ponds with the size of 1,200 m? were used to stock the fish for the first two
years. In the third year, they were replaced by one bigger pond of 1,800 m”. For testing the fish
in brackish water, a pond of 1,000 m” was used. The fish were fed with pellet feed containing
22% crude protein at a rate of 2-3% of the fish biomass per day. The water level in the ponds
was maintained at 1.2 m (Table 1). Other environmental factors such as temperature, DO, pH

and salinity were monitored and recorded daily.

2.4. The fish and data

The data structure and mating design with number of sires, dams and progeny tested for
each strain, environment and different generation/year are shown in Table 2. The data of
harvest weight and survival were obtained from the three selected generations (F1, F2 and F3)
of O. niloticus from the tilapia breeding program at RIA1. A total of 261 full-sib families were
produced including 90 families in both F1 and F2 and 81 families in F3 were produced (Table
2). Individual body weight at harvest was recorded for the fish that survived. Selection was
conducted from F1 to F3 based on ranking with respect to estimated breeding values for
harvest weight in fresh water ponds. The data for harvest weight of the Viet strain was
recorded at the same time as recording of harvest weight of GIFT fish. Viet strain was only
selected for the first year based on high breeding value, and then they were randomly selected

based on phenotype in the years later during harvest time.
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Descriptive statistics for harvest weight and survival from tagging to harvest for each
strain and environment are given in Table 3. Here, the number of observations, means,
standard deviations, coefficients of variation, sex ratios and survival rates are presented. Table
3 shows that the mean harvest weight varied substantially between strains and environments,
and that harvest weights were higher in freshwater compared to brackish water. The Viet strain
performed poorer than GIFT fish, especially in brackish water. The different sex ratios in
different environments and strains as well as mean harvest weight of males and females are
also given. A higher survival rate was obtained in fresh water (82.0 and 91.6 % for Viet and
GIFT strain, respectively) compared to brackish water (77.6 % for Viet and 87.0 % for GIFT
strain). The coefficient of variation for harvest weight varied according to environment and
strain and was particularly high for the Viet strain in brackish water.

Survival was scored as binary (0/1) trait, where fish was recorded as survived (1) if

harvest weight was recorded, and recorded as dead (0) otherwise.

2.5. Data analyses
Weight and survival of fish at harvest in both environments were analysed using different

models as given below.

2.5.1 Strain and environment comparison using a fixed effect model

For strain and environment comparison, a Proc Mixed procedure (SAS Institute Inc., 2001)
was used to analyze the data with the following Model 1, while taking into account
heterogeneous variances within sexes and year/generation:
Yijmnklg = 1 + E; + 8; +Li + Gy + Py(E;) +(E*S);; + (E*L)ig + (G*S)mj + A(E)+ €jmnkig
where yjjunkig 18 harvest weight of the gth individual, p is overall mean, E; is the fixed effect of

the i" test environment (fresh or brackish water), S; is the fixed effect of the jth sex (female or
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male), Ly is the fixed effect of the K strain (Viet or GIFT strain), G,, is the effect of the m™
year/generation (m = 1,2 or 3), P,(E;) is the effect of the n™ pond within the i environment,
(E*S);; is the interaction effect between test the i™ environment and the j’h sex, (E*L); is the
interaction effect between the i test environment and the k™ strain, (G*S),,; is the interaction
effect between the m™ year/generation and the j sex, A(E;) is the covariate of the "' age
within the i environment and eijkmnglg 15 the random residual error for the g’h individual.

For the analysis of variance for survival a model comparable to Model 1 was applied. The
covariate of the age and the pond nested within test environment were not significantly
different. Further, sex was not recording for the dead fish. Hence, those effects were not
included in the model. However, we found significant effects of generation/year by strain and
environment by generation/year interactions, and hence those effects were included in the
model.

During the analysis, the non-significant two- and three-way interactions among the
varieties were removed from the model by a stepwise procedure. Least squares means of body
weights at harvest and survival were estimated for each strain, environment and strain by

environment.

2.5.2. Estimation of genetic parameters

Due to insufficient pedigree records of the Viet fish resulting from mass spawning, genetic
parameters were estimated using data of GIFT fish only. For estimation of variance
components, heritability and genetic correlations, the ASReml software (Gilmour et al., 2002)

was used.

2.5.2.1. Analysis of harvest weight
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Variance components for the random effects of harvest weight in freshwater and brackish
water were obtained from the mixed animal model. Both models used for harvest weights had
the following general characteristics:
y=Xb+Za+Zx+e.
where y is a vector of the observed weight (g) at harvest for either fresh- or brackish water, b is
a vector of fixed effects (sex, pond, generation and their significant interactions), including a
covariate effect of age at harvest, a is a vector of random additive genetic effects for each
individual fish, ¢ is a vector of random common environment effect (effects due to mouth
incubation of dams and other possible maternal effects as well as separate rearing of full-sib
families in hapas until tagging), e is a vector of random residual errors, and X, Z; and Z; are
known design matrices assigning observations to levels of b, a and c, respectively.

A full pedigree for individual fish provided the additive genetic relationships among the
fish recorded and analysed. Unfortunately, sex was not recorded for individual fish in brackish
water at the second year. Hence, the genetic analyses of harvest weight in brackish water were
based on data for only two years/generations (1999 and 2001). However, pedigree for all
generations was utilized.

Two analyses using animal models were carried out; a univariate analysis (Model 2) for
harvest weight in each test environment (including a fixed generation, sex, pond and
generation by sex interaction effects), and a bivariate analysis (Model 3), where harvest weight
in fresh and brackish water were treated as two different traits (Falconer, 1952). The residual
covariance between the harvest weights in brackish and freshwater was set to zero because
each fish was only recorded in one test environment. Covariate of age (days) was included in
these statistical models.

For each trait, heritability was estimated as: W = 0,,2/ (aa2 + 062 + 062 ), where caz, 6C2 and

c.~ are estimated additive genetic, common environmental and residual variance components,
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respectively. The variance ratio of common environmental effect was further estimated as: ¢ =

062/ ( aaz + 062 + 0'62 ) for each trait. The genetic correlation between harvest weight in fresh and
brackish water was estimated as r.ij) = 0Ouij) / Oai)0aj)» Where oy ) is the additive genetic
covariance between two traits, o), 04 are additive genetic standard deviations (square root of

th

the additive genetic variances) of the i and j” traits, respectively. Correspondingly, the

correlation due to the common environment was estimated as 7 j) = 0(ij) / Oc(i)Oc(j)-

2.5.2.2. Analysis of survival

Survival of fish in fresh and brackish water was classified as binary traits, based on
whether or not the individual survived until harvest. Survival was coded as ‘1’ if the fish was
alive at harvest and ‘O’ if record of harvest weight was missing. Information about time of
death during grow-out period was not available. Variance components for survival at harvest in
different test environments were estimated by the threshold model (Gianola and Foulley,
1983); assuming a normal underlying liability variable, 4, determining categorical outcomes of
survival such that 4;; < 0 corresponds with Y;;=1. Residual variance of 4 was assumed to be 1.
The model can be written as:
Pr(Yiju=1) = Pr(Ajx > 0) = D(u + s; + di + cjx)
where Yy is survival at the end of testing period (0 = dead, 1 = alive) for fish /, in full-sib
family jk, with sire j and dam k, u is the overall mean (fixed effects were fitted to the models as
explained above), s; is the random additive genetic effect of sire j, di is the random additive
genetic effect of dam k, cj is the random common effect of full-sib family jk, and ®(.) is the
cumulative standard normal distribution.

As for harvesting weights, genetic parameters were estimated in univariate models,

analyzing survival in fresh- and brackish water separately (Model 4). Further, genetic and

common environmental correlations were estimated in bivariate models, either including
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survival for the two environments as separate traits (Model 5) or bivariate threshold linear sire-
dam models for harvesting weight and survival within the same environment (Model 6), the
model specified above was used for the harvest weights. The heritability was calculated as h° =
40“12 / (20“12 + af + 062 ), where std is additive genetic sire-dam variance, and the other

parameters are as defined above.

3. Results

3.1. Strain comparison, growth and survival performance

Results from the analysis of variance for harvest body weight and survival using Model 1
are shown in Tables 4 and 5. Model 1 explained 46.1% of the total variation in harvest body
weight (Table 4) and 14.3% of the total variation for survival (Table 5). Based on marginal
increases in RZ, Table 4 shown the main sources of variation in harvest weight were the effects
of years/generations and pond, followed by sex, and age within test environment. Most effects
were highly significant (P<0.001). The main sources of variation for survival were the effects
of environment by generation/year, followed by strain and generation/year (Table 5). Most of
effects were highly significant (P<0.001), except for test environment and strain was not
significant (P>0.05). Furthermore, the effect of interaction between strain and environment
was significant for both traits in this analysis.

Least squares means (LSM) of harvest weight and survival for the two strains and
environments are shown in Table 6. The GIFT strain performed significantly better with
respect to growth and survival than the Viet strain irrespective of environment (P<0.05), and
both strains performed significantly better in fresh than in brackish water (P<0.05). However,
harvest weight of the GIFT strain was higher than the Viet strain in brackish water, but not
significantly different (P>0.05). Survival of the GIFT strain in freshwater was higher than in

brackish water and the GIFT strain performed also better than Viet strain with respect to
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survival in brackish water, but it was not significantly different (P>0.05). Survival of the GIFT

strain in brackish water was similar as survival of the Viet strain in freshwater (Table 6).

3.2. Heritability and common environmental effect for harvest weight and survival

The estimates of heritability and variance due to common environment for harvest weight
and survival in each test environment (Model 2) are shown in Table 7. The heritability
estimates for harvest weight in both environments were moderate. The heritability estimated
for harvest weight in fresh water (0.24+0.04) was slightly higher than for the same trait
obtained in brackish water (0.19+£0.06). The estimated variance due to common environment
for full-sibs was substantial for harvest weight and significantly different from zero in both
fresh- and brackish water.

The heritability estimates for survival in both environments were also moderate and
significantly different from zero (P<0.05). The estimate of heritability for survival in fresh
water (0.27£0.04) was slightly higher than the same trait in brackish water (0.20+£0.06) (Table
7). The variance due to common environment estimated for survival in both environments
were low. However, the effect was still included for survival due to biological reasons for such
effects on survival and results from other genetic studies on tilapia (Maluwa et al., 2006;

Martinez et al., 1999; Ponzoni et al., 2005; Rutten et al., 2005b).

3.3 Correlations

Estimates of genetic and common environmental (family) correlation between and within
the two test environments are shown in Table 8. The estimated genetic correlation between
harvest weights in fresh and brackish water (0.45+0.09) was relatively low (Table 8). This
indicates that growth in fresh and brackish water environments are clearly distinct traits. The

same was the case for the survival analysis; the corresponding estimate of genetic correlation

61



for survival in fresh and brackish water (0.42+0.05) was also relatively low, and significantly
different from zero as well as from unity (P<0.05).

The genetic correlation between harvest weight and survival in each test environment are
given in Table 8. The genetic correlations between harvest weight and survival in both
freshwater (0.73+£0.05) and brackish water (0.67+£0.07) were relatively high (Table 8), while
the estimated common environmental correlations between fresh and brackish water
environments was relative low, 0.36+0.13 and 0.47+0.11 for harvest weight and survival,
respectively.

Within environment, the common environmental correlations between the two traits were

high; 0.93+0.03 and 0.89+0.03 for fresh and brackish water, respectively (Table 8).

4. Discussion
4.1 Strain and environmental interaction effects

An objective of the Vietnamese government is to increase polyculture with tilapia and
shrimp to reduce stress-associated disease problems in intensive shrimp farming. Moreover,
suitable strains of tilapia for better growth in brackish water environment are needed to utilize
effectively the large potential of areas along the coastal basin. Therefore, the question of which
tilapia strain is the best choice (quality of stocks) for use in brackish water is addressed here.
Further, more knowledge is needed about genetic parameters of relevant traits in order to
outline efficient breeding programs and to determine whether separate breeding programs are
needed for tilapia farming in fresh- and brackish water environments in Vietnam.

For fish breeding and farming, high genetic variation and good performance with respect

to growth and survival in real farming conditions is imperative. The Viet strain was introduced
from Taiwan ca 30 years ago, and was considered favourable in freshwater ponds. However,

GIFT performed better with respect to both growth and survival in this study. A similar
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observation for body weight and survival was reported earlier by ICLARM (1998) and Dan
and Little (2000a). These results are probably and mainly due to the five generations of
selection for growth of the GIFT population (Dey and Gupta, 2000; Eknath and Acosta,
1998b), for which a genetic gain from 6.2% to 19.1% in harvest weight over five selected
generations was reported. Furthermore, the poor performance of the Viet strain may be due to
poor management (i.e. inbreeding) of the broodstock for a long time (Thien et al., 2001). Also,
a relatively low number of Viet family/groups were tested in this study, potentially sired by a
limited number of males, and may thus not be fully representative for the Viet population in
Vietnam. The fifth selected generation of GIFT showed better harvest weight and survival, and
thus it should be a natural choice as a base population for breeding and farming in Vietnam.
The significant strain by environment interaction effect on harvest body weight and
survival, but the low marginal R? increase of the same interaction (Tables 4 and 5) showed that
the strains performed relatively different in both test environments. Consequently, both growth
and survival of GIFT were higher compared to Viet strain in both environments, however,
growth and survival of the GIFT in brackish water was not clearly higher than Viet strain
(Table 6). Bentsen et al. (1998) found a significant, but low, interaction effect between strains
and test environments (1.8%) on harvest weight in O. niloticus, while Maluwa and Gjerde
(2006) found no significant GXE for harvest weight in O. shiranus strains. Neither of the two

latter reports did however consider brackish water environments.

4.2 Heritabilities of harvest weight and survival

The achievements of the GIFT strain has been reported by Eknath and Acosta (1998a) and
Bentsen et al. (1998). Furthermore, (Ponzoni et al., 2005) found that there was still additive
genetic variance in the GIFT population after five generations of selection. The heritability

estimates for harvest weight in fresh water (0.24) and in brackish water (0.19) (Table 7) are in
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accordance with several previous findings in Nile tilapia O. niloticus (Gall and Bakar, 2002;
Luan et al., 2008; Rutten et al., 2005b; 2005a) and O. shiramus (Maluwa et al., 2006).
However, they are lower than the estimates for O. niloticus reported by some other authors
(Bolivar and Newkirk, 2002; Kronert et al., 1989; Ponzoni et al., 2005). Charo-Karisa et al.
(2006) found much higher heritability of harvest weight for O. niloticus reared in low-input
earthen pond. Moreover, our estimates of heritabilities were comparable with those reported
for other species such as Pacific White shrimp (Gitterle et al., 2006), but lower than those
estimated for tiger shrimp (Kenway et al., 2006), cold-water fish species (Gjedrem, 2000a; Su
et al., 1996) and seabass (Saillant et al., 2006). Unfortunately, no heritability estimates are
published for harvest weight of tilapia in brackish water.

The estimate of common environmental variance (10%) for harvest weight of fish in fresh
water in this study is similar to those reported from most genetic studies of tilapia (Maluwa et
al., 2006; Ponzoni et al., 2005; Rutten et al., 2005b; Rutten et al., 2005a), Atlantic salmon
(Rye and Mao, 1998) and in rainbow trout (Pante et al., 2002). In this study, the rearing of
families in separate hapas for ca 50-60 days seem to cause significantly different
environmental conditions for the different families. The results therefore suggest that reduced
age at tagging and earlier communal stocking may be used to reduce the effects of early
separate rearing. Rutten et al. (2005a) showed that the common environmental effects on
harvest weight diminished over time (from 100 to 365 days to recording), thus increasing the
culture period after communal stocking may reduce the variance of common environment.
Most rearing periods until harvesting for tilapia vary between 180 and 220 days. In our study,
the range of rearing period was 220 — 230 days.

There are few published estimates of genetic parameters for survival at harvest of farmed
tilapia. The present heritability estimates for survival in fresh (0.27+0.04) and brackish water

(0.20+0.06) ponds were moderate (Table 7). These estimates are much higher than reported by
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Charo-Karisa et al. (2006) for O. niloticus in low input fresh water ponds (0.03 - 0.14).
However, a linear model was used in their study, and the estimated heritability is thus expected
to be lower than with the threshold model used in the present study. As for harvest weights, no
reported estimates of heritability for survival of tilapia in brackish water is published.
However, for Nile tilapia (O. niloticus) the mortality usually increases at higher salinity level
as reported by different authors (Doudet, 1992; Kamal and Mair, 2005; Lemarie et al., 2004;
Watanabe et al., 1985). In this study, the salinity level increased naturally from stocking to
harvesting (Fig. 1) in brackish water pond, and thus increasing mortality is expected during the
culture period. Also, a higher mortality was observed in brackish water. Time of death for
the individual fish were not recorded during the rearing period due to practical reasons, and
variation in survival time could thus not be taken into account in the genetic analysis of
survival. However, Gitterle et al. (2006) and @degard et al. (2006,2007) showed that simple
linear or non-linear (threshold) models were robust, at least when using data from well
designed challenge tests with specific diseases. Our heritability estimates for survival were
comparable with others reported for other aquaculture species, such as Atlantic salmon
(Jonasson, 1993; @degard et al., 2006; Standal and Gjerde, 1987), rainbow trout (Rye et al.,
1990) and white shrimp (Gitterle et al., 2005), but much higher than those obtained from less

domesticated and juvenile Atlantic cod (Gjerde et al., 2004).

4.3 Correlations

The estimates of within-test environment genetic correlations between harvest weight and
survival were 0.67 in brackish and 0.73 in fresh water (Table 8). The sign and the magnitude of
the genetic correlation between two traits found in this study indicate that selecting for growth
will cause a positive correlated response in overall survival in both environments. No estimates

of genetic correlation between harvest weight and survival of tilapia are reported so far.
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However, our estimates between the two traits were higher than corresponding estimates in
early life of Atlantic salmon (0.37) and rainbow trout (0.23) (Rye et al., 1990). Gitterle et al.
(2005) reported a correlation between P. vannamei full-sib family breeding values of harvest
weight and survival of around 0.4. However, our estimates were closer to the genetic

correlation between pond survival during second growth season and harvest weight (0.65 =+

0.15) for common carp, reported by Nielsen et al. (submitted). The common environment
correlation between harvest weight and survival in both test environments estimated in the
present study was relatively high.

The low genetic correlation between harvest weights (Table 8) in the fresh and brackish
water test environments suggests that GxE is relatively high, which implies that growth in the
two environments can be considered as two different traits affected by different sets of genes
or that the same genes have different pleiotropic effects. From studies on GXE based on genetic
correlations between harvest weight of tilapias in a range of different farm environments,
positive and moderate to high genetic correlations are reported. Some of them were high and
not significantly different from unity in fresh water (Eknath et al., 1993; Maluwa et al., 2006),
whereas others were lower (Bentsen et al., 1998). A moderate to high slaughter weight
correlation (0.58-0.86) reported for rainbow trout in fresh- and brackish- and salt water
environments (Sylven et al., 1991). Similarly, a relatively low genetic correlation between
survival in the two environments (0.42) was estimated in this study, suggesting substantial
GxE also for the latter trait. Rye et al. (1990) found low to medium genetic correlations
between survival of Atlantic salmon at different life stages (0.2-0.5), while Gitterle et al.
(2005) reported a highly positive genetic correlation between survival in ponds and tanks of P.
vannamei. Although the GXE, analysed by Model 1 as strain by environment interaction, was
not significant, the resulting genetic correlations strongly indicate substantial GXE within the

GIFT population for both harvest weight and survival in the fresh and brackish water ponds.
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5. Conclusions

The findings in this study indicate that the GIFT strain performed better than the Viet strain
with respect to growth and survival, especially in freshwater environment. The GIFT strain is
thus a good candidate for tilapia farming, especially in freshwater in Vietnam. Despite several
generations of selection, the GIFT population still shows high additive genetic variance of both
growth and survival in both fresh and brackish water. For both environments, growth showed a
highly favourable genetic correlation with survival. Hence, further genetic improvement of
both traits is therefore possible within both fresh- and brackish water environments. However,
the across-environment genetic correlations were low, albeit positive, for both traits. This
suggests that separate selection programs should be considered for tilapia to be farmed in fresh

and brackish water environments.
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LIST OF TABLES

Table 1: Physical and environmental conditions and management of farming ponds with fresh

and brackish water during the performance tests of three generations of Nile tilapia and the

scheme of family production and testing.

Pond management data

Test environments

Freshwater Brackishwater
Test location RIA.1 Nghe An province,
Fish stocking density (fish m™) 2-3 2
Pellet feeding rate (% BW day™) 2-3 2-3
Pond water dept (m) 1.2-14 1.2
Selection of broodstock & conditioning ~ March — April March — April
Mating April - June April - June
Nursing of fry in hapas May - June May - June
Rearing of fingerlings in hapas June - July June - July

Tagging

Fish per full-sib family at start of test
Harvest

Temperature ‘c)

Salinity (ppt.)

Late August — Sept.

40

Late December
25-34

0

Late August — Sept.
20

Early December
27-36

8-20
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Table 2: Data structure including number of sires/groups, dams and progeny (N) by strain and

generation/year class and environments

Generation/year Strain  Sires Dams  Progeny

class Freshwater ~ Brackish Total
water

1 GIFT 50 90 3600 1800 5400

2 GIFT 50 90 3600 1800 5400

3 GIFT 46 81 3240 1620 4860

Sub-total 146 261 10440 5220 15660

1 Viet 8 groups* 320 160 480

2 Viet 6 groups™ 240 120 360

3 Viet 8 groups* 320 160 480

Sub-total 880 440 1320

Total 11320 5660 16980

* batch of fry collected in different hapas and date
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Table 3: The number of recorded fish (N), mean, coefficient of variation (CV) of harvest
weight, sex ratio and survival rate from tagging to harvest for GIFT and Viet strains tested in

fresh and brackish water ponds.

Environment N Mean Cv Sex ratio  Survival
(€9) (%) (M/F) (%)
Freshwater
Viet 653 144.36 36.36 0.95 82.0
GIFT 9144 179.56 31.33 1.14 91.6
Brackish water
Viet 297 111.05 45.51 1.27 77.6
GIFT 4320 160.19 38.58 0.97 87.0

Across strains
Freshwater 9797 177.57 31.89 1.12 86.8
Brackish water 4617 157.53 42.40 0.98 82.3
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Table 4: Results of the analysis of variance of body weight at harvest in Nile tilapia (O.
niloticus) by using Model 1. Degrees of freedom (df), marginal sum of squares (Type III) and
marginal increase in the proportion of the total variance explained by the model (R?) associated

to each effect.

Effect df Marginal (Type III) Marginal R
sum of squares increase x 100
Test environment 1 933.4 0.02%*
Sex 1 395727.5 7.13%%%
Strain 1 11062.8 0.207%**
Generation 2 1567085.6 28.22%%*%
Pond(Environment) 2 679386.5 12.23%%3*
Environment x Sex 1 966.9 0.02%*
Environment x Strain 1 3855.7 0.07%%*
Generation x Sex 2 11805.6 0.21 %%
Age(Test environment) 2 145393 .4 2.62%%%
Error 12632 2992578.9
Model 13 2561144.1 46.12

Test level of significant from zero (*** P < 0.001 and *P<0.05)
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Table 5: Results of the analysis of variance of survival in Nile tilapia (O. niloticus) by using
Model 1. Degrees of freedom (df.), marginal sums of squares (Type III) and marginal increase

in the proportion of the total variance explained by the model (R?) associated to each effect.

Effect df. Marginal (Type III) Marginal R
sums of squares increase x 100
Test environment 1 0.05 0.021™
Strain 1 0.17 0.073™
Generation 2 3.66 1.580%#*
Environment x Strain 1 1.92 0.829%**
Environment x Generation 2 14.63 6.313%#%*
Generation x Strain 2 4.17 1.7798%%**
Error 16605 198.74
Model 9 33.09 14.27

Test level of significant from zero (*** P < 0.001), ns is not significant (P>0.05)
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Table 6: The least squares means (LSM) for harvest weight (g + se) and survival (%zse) trait
for different strains in fresh and brackish water ponds and different GXE combinations of Nile

tilapia (O. niloticus)

Trait Environment  Strain LSM*
Harvest Freshwater ~ Viet 153.75+2.11°
weight GIFT 179.27+0.51°
Brackish Viet 134.01+4.02°
water GIFT 140.58+1.07¢
Survival Freshwater Viet 82.41+0.34°
GIFT 87.62+1.36
Brackish Viet 81.36+0.48°
water GIFT 82.50+2.01°

* LSM with the same subscript are not significantly different (P>0.05).
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Table 7: Estimates of heritability (h2 + se) and common environmental effect (c2 + se) for

harvest weight and survival of GIFT tilapia farmed in fresh and brackish water ponds.

Environment h’ + se c +se

For harvest weight *

Freshwater 0.24 £0.04 0.10 £0.02

Brackish water 0.19 +0.06 0.09 £0.05
For survival?

Freshwater 0.27 £0.04 0.00 £ 0.00

Brackish water 0.20 +0.06 0.01 £0.01

“estimated by a linear animal model

® estimated by a threshold sire-dam model
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Table 8: Genetic correlations (r, = se) and common environmental correlations (r. + se)
between and within body weight at harvest (HW) and survival (S) of Nile tilapia in two test

environments.

Correlation I * se I. +se

Between test environment

HW in fresh- and brackish water 0.45 +0.09 0.36 +0.13

S in fresh- and brackish water  0.42 + 0.05 0.47+£0.11
Within test environment

HW vs. S in freshwater 0.73 £0.05 0.93 +0.03

HW vs. S in brackish water 0.67 +0.07 0.89 +£0.03
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Figure 1: A plot of mean salinity level (ppt.) in the brackish water pond for different months

and years.
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Genetic parameters and genotype by environment interaction for growth of Nile tilapia
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Abstract

The objective of this study was to estimate genetic parameters to consider genotype by
environment (GxE) interaction for growth of Oreochromis niloticus at optimal (~30°C), low
(~21°C) and natural (subtropical) temperature environments as a basis for establishing a
breeding strategy for tilapia in Vietnam. The fish were reproduced and stocked in tanks for
testing in three different environments; two types of tanks with controlled temperature
environments (O=optimal and L=low temperature), and one natural subtropical environment
conducted in an open pond located in the mountain province, Lao Cai. The experiment was
carried out in two batches (spring and autumn), and each batch lasted for three months. Growth
performance was recorded on 7,053 fish from 102 full-sib families originating from the GIFT
population. Linear animal models (univariate and multivariate) were applied for genetic
analyses. High genetic correlations were estimated between harvest body weights (HW)
recorded in O and L environments (0.88+0.19) and between harvest body weights at L and N
environments (0.78+0.10), while a slightly lower genetic correlation (0.61£0.05) was estimated

between optimal and natural environment. Similarly, generally moderate to high genetic
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correlations were estimated (0.61-0.90) between test environments for weight gain (WG),
specific growth rate (SGR) and relative weight gain RWG) with one exception (r,=0.46
between O and N environments for RWG). The heritability estimates ranged from 0.19 to 0.31
for HW, 0.21 to 0.29 for WG, 0.19 to 0.39 for SGR and from 0.16 to 0.42 for RWG. The
estimated heritabilities were higher in the O than in the L tanks, while the estimate for N pond
environment was intermediate. It is concluded that there was a substantial additive genetic
variance for growth traits in the breeding population studied. Estimated genetic correlations
suggest that there is some GxE interaction for growth traits in controlled optimal temperature
and natural subtropical mountain pond environments. However, the genetic correlation for
growth between the two environments indicate that a moderate and favorable correlated
selection response can be obtained for growth in natural pond environments when selecting
and testing in optimal temperature conditions. It is recommended that testing and selection
should be carried out in natural tropical ponds to improve growth and robustness of fish to be
fitted for farming in different commercial environments of Vietnam. However, additional
samples of families may be tested in a subtropical pond in the mountain area to allow for some

selection and dissemination of broodstock and/or seeds that are more fit for mountain farming.

Keywords: Oreochromis niloticus; Genetic parameters; Genotype by environment interaction;

Temperature; Harvest weight.

1. Introduction

Tilapia is an economically important species cultivated mostly in tropical countries. They
are primarily cultured in a wide range of production systems, from simple small-scale waste-
fed fresh water ponds or rice paddy fields, to highly intensive culture systems. The adaptability
and tolerance of this species to diverse environments and systems has resulted in a rapid

expansion of tilapia farming not only among fish farmers in Asia, but also an increasing
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interest in other parts of the world (Pullin, 1996). Nile tilapia (Oreochromis niloticus) is well
suited for farming in a range of environments. It is important to ensure farmers in the Northern
part of Vietnam access to robust fish material which can produce under their harsh
environmental conditions.

Water temperature is recognized as one of the most important factors influencing growth.
The optimal temperature for growth of most tilapias range from 26°C to 30°C, while the lethal
temperature is 10°C. Activity and feed utilization will decrease when temperature falls below
20°C (Chervinski, 1982). Therefore introduction of Nile tilapia O. niloticus to subtropical
regions, will lead to poor growth and massive mortality during over-wintering (Chervinski and
Lahav, 1976; Tave et al., 1990).

Selective breeding has contributed significantly to faster domestication of tilapia
worldwide (ADB, 2005). Growth rate is one of the most economically important traits in fish
breeding programs. Several estimates of heritability for harvest body weight of Nile tilapia are
reported in the literature, ranging from 0.12 to 0.65 (Bolivar and Newkirk, 2002; Charo-Karisa
et al., 2006; Kronert et al., 1989; Luan et al., 2008; Oldorf et al., 1989; Ponzoni et al., 2005;
Rutten et al., 2005b). Estimates of heritability for O. mossambicus, O. hornorum and O.
shiranus were in the range of 0.20 - 0.32 (Gall and Bakar, 1999,2002; Maluwa et al., 2006).
However, none of these estimates are based on growth in temperate environment. Cold
tolerance may be considered as an important trait for developing a more robust fish. A few
studies have documented genetic variation for cold tolerance between tilapia species or strains
(Behrends et al., 1990; Cnaani et al., 2000; Rezk et al., 2002; Sifa et al., 2002). However, the
limited estimates of heritability reported for cold tolerance in O. niloticus were based on
survival data from cold tolerance tests and were below 0.10 (Behrends et al., 1996; Charo-
Karisa et al., 2005). Furthermore, Cnaani et al. (2000) suggested that there was a large

dominance genetic component for cold tolerance. Standardized short term cold tolerance
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challenge tests were applied in these studies. However, performance and robustness of tilapia
in temperate climates may also be improved by increasing growth rate and pond survival at
low temperatures. This will contribute to increased production of tilapia by either extending
the growth season or by increasing the number of crops per year.

Genetic parameters for growth at low or suboptimal temperature has so far not been
reported, and the potential for genetic improvement of growth during periods with decreased
temperature or in highland areas has neither been explored nor exploited.

Northern Vietnam has a subtropical climate with lower temperature from December to
March compared to the summer. Occasionally, water temperature drops to 20°C for a period
during the winter. This is considered as an important limitation for growth of farmed Nile
tilapia.

A selective breeding program for tilapia was implemented in the North Vietnam and has
improved growth significantly in natural ponds under favorable (optimal) temperature or
tropical conditions (Luan et al., 2008). The improved strain has become popular among fish
farmers and the fish has been disseminated all over the country. However, the performance at
lower temperature such as during the winter and fall also needs to be improved. Although the
tilapia production volume and market value of sales in the mountain areas is not high (> 5,000
tones), the production may still have relatively high social importance for the small and poor
households and communities in these areas. However, justifying the relatively high costs of an
additional breeding program implies that the GxE interaction must be large and contribute to a
considerably lower realized (correlated) selection response through a significantly lowered
correlation between growth in optimal and e.g. cooler mountain environment. Mulder et al.
(2006) indicated that a genetic correlation between performances in different farm
environments of 0.7-0.8 or lower would justify separate breeding programs for the two farm

environments. Hence, the main objective of the present study was 1) to investigate the
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potential for improving growth under low temperature conditions by estimating genetic
parameters for growth traits at different temperature regimes of O. niloticus, and 2) to explore
the need for region specific breeding programs by studying the possible degree of GxE

interaction.

2. Materials and Methods
2.1 Experimental design and test environment

The on-going selective breeding program of Nile tilapia at Research Institute for
Aquaculture No.1 (RIA1) provided the experimental fish. A total of 102 family groups were
produced and nursed in accordance with the GIFT guidelines (WorldFish Center, 2004).

The schedule of reproduction and management of the experiment is presented in Table 1.
Families were produced in breeding hapas using a hierarchical design, where every sire was
stocked with two different dams. However, high water temperature often prevented mating of
males with the second female, resulting in a lower number of half-sib families than planned.
The first batch consisted of 40 full-sib families produced during autumn 2006 by 38 sires and
40 dams. The second batch consisted of 62 full-sib families produced during spring 2007 by 51
sires and 62 dams. In each batch, 300 swim-up fry were collected from each full-sib family in
the breeding hapas. They were reared separately in 1 m’ hapas in 30 days before being
transferred to a 3 m’ hapas with a total of 150 fingerlings, and hence a lower stocking density.
All hapas were kept in a 1,200 m” earthen pond. Fish was randomly chosen from each full-sib
family and tagged with electronic PIT tags. They were further stocked in hapas for recovering
and for checking of tag losses. Initial body weights were recorded before an equal number of
fish from each family were stocked together in the experimental tanks and pond.

The first batch of full-sib families (Batch 1) were produced from end of September to end

of October, 2006, while the test period for these fish was carried out from February until June
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2007 at RIA1 and in the Lao Cai province (Table 1). Note that the rearing period of Batch 1
corresponds to early seed stocking season in the North of Vietnam. The second batch of full-
sib families (Batch 2) were produced between May and June, 2007, while the test period for
these fish was carried out from October 2007 until early January 2008 (Table 1). Note that the
rearing and test period of Batch 2 corresponds to winter time in North Vietnam.

The fish was tested in three temperature regimes; in an on-station trial with controlled
temperature in four tanks holding 30°C (Optimal = O) and four tanks holding 21°C (Low = L),
and in an on-farm trial in the mountain province (Lao Cai) where the fish were kept in an
earthen pond without any control of the temperature (Natural pond = N). A total of 8 cement
tanks, each with the dimension of 25 m? and water depth of 1.2 m were used for the on-station
test with controlled temperature in each batch.

Stocking density in each tank was 12.4-14.0 fish per m’. Water temperature was
monitored in each tank every day. In the four tanks with optimal temperature, the temperature
was maintained at approximately 30°C by using electric heating. In the remaining tanks, low
water temperature was maintained at approximately 21°C by using a cooling system. Each tank
was constantly aerated using five air-stones connected to an air pump. Dissolved oxygen (DO)
and pH were measured every morning, while total ammonia, nitrate and nitrite were measured
every week, using a DO meter (YSI model 58), digital pH meter (model 1290) and HACH kits
respectively. Tanks were also cleaned by a siphon once a day to remove feces. Water lost
during cleaning was compensated with clean pre-treated water. The pH, DO, total ammonia,
nitrite and nitrate was kept at acceptable levels for the experimental fish (Table 1).

The on-farm trial was conducted in a natural household pond of 500 m? in the mountain
province (Lao Cai), 350 km North of Hanoi and more than 1,200 m above the sea level. The

pond was managed at a water depth of 1.2 m and continuously exchange of water by irrigated
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water from the mountain. Tagged fish was stocked at a density of 2.5-2.8 fish per m”. Water
temperature was measured every morning.

All experimental fish were fed with floating pellet feed (20-25% crude protein) at a rate
of 3.0% of body weight per day during the first month, and 2.0% of body weight per day from
the second month until the end of the experiment. Feeding rate adjustments were conducted

every second week. Body weight was recorded for all fish at stocking and harvesting.

2.2 Traits included in the analysis

Individual body weight was recorded at tagging (IW) shortly before the fish were
transferred to the experimental facilities, and at the end of the test period or harvest (HW). To
account for the considerable individual variation in IW at the start of the experiment, the
following derived variables related to growth were calculated: body weight gain (WG, g) =
HW - IW; relative weight gain (RWG, %) = (WGx100)/IW; and specific growth rate (SGR,
g.day'l) = (LnHW- LnIW)/(t-t;) where t; and t, were the recording date of IW and HW,
respectively, to-t; is number of days from tagging to harvesting.

Detailed information about sex, age, batch of test, test management between
environments are presented in Table 1. The IW and HW as well as survival rate for each batch
and test environment are presented in Table 2. The IW ranged from 38.2 g to 43.3 g for batch
1, while lower weights were observed at stocking for batch 2 (Table 2). Table 2 shows that the
mean HW ranged between 128.1 to 207.8 g and 142.5 to 221.1 g for the batch 1 and batch 2,
respectively. The survival rate was high in all test environments, except the survival rate in the
natural pond in the first batch, which was relatively low (78%) due to stress after long
transportation and many escapees during exchange of water. Consequently, survival was not

included in the analysis. The coefficient of variation was high for both IW and HW (Table 2).
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2.3 Statistical analyses

The least squares means (LSM) were estimated for all growth traits and batches and test
environments by using the Mixed procedure of SAS (SAS Institute Inc., 2003). The fixed
effects included in the statistical model were sex, batch, tank/pond nested within test
environment and their significant interactions, while taking into account heterogeneous
variances within sexes. Age (days) at harvest was included in the model as a covariate. The
regression coefficient of harvest body weight on body weight at tagging was obtained for each
environment and sex in a separate simple regression analysis.

Genetic and environmental variances and co-variances was estimated based on a linear
animal model using the Asreml software (Gilmour et al., 2002). In matrix notation, the model
can be written as:
y=Xb+Za+Wc+e
where y is a vector of body weight or growth observed for each fish in different test
environments and batches; b is the vector of fixed effects of tank/pond, batch, sex and batch by
sex interaction, and the linear and quadratic covariate effects of age at end of test nested within
test environment and batch; a ~(0, Ao‘za) is the vector of random additive genetic effects for
each fish; ¢~(0, Io‘zc) is the vector of random effects common to full-sibs (i.e., environmental
effect caused by the separate rearing of each full-sib family until communal stocking after
tagging, non additive genetic and/or maternal effects); and e~(0, I6%,) is the vector of random
residual effects. X, Z and W are known incidence matrices assigning the observations to the
fixed effects, the random additive genetic effects of the fish and the residual random effects,
respectively. Six generations of pedigree information was included in the analysis.

A univariate animal model was used to estimate genetic parameters for each test
environment. Common full-sib effect (¢%) was successfully included in this univariate analyses.

A multi-trait animal model was used to obtain (co)variance components for body weight and
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derived growth variables for different test environments and across batches. The genetic
correlation between body weights recorded in different test environments was calculated as
Talij) = Oa(ij/Oai)Oag) Where a4 1s the additive genetic covariance component between the pairs
of body weights in different test environments and 6,;), 64 are the additive genetic standard
deviations for body weights in the ith and jth test environments, respectively. The heritability
for body weights was calculated as KW = O'az/(O'az + O'CZ + aez) and the common full-sib effect
was calculated as ¢ = acz/(aaz + O'CZ + aez), where O'az is the additive genetic variance, 0'02 is the
variance due to common rearing of full-sibs, non-additive genetic and maternal effects, and aez
is the residual variance.

The residual covariances between the traits recorded in the different test environments
was set to zero in multi-trait analysis, because the trait was recorded on different fish in the
different environments. Unfortunately, only genetic and phenotypic correlation between IW
and HW were obtained from a model including the common full-sib effects, while the other
genetic correlations between environments were estimated without including common full-sib

effects due to convergence problems for these multi-trait models analyses.

3. Results
3.1 Growth performance

Least squares means for IW, HW and the derived variables are shown in Table 3. As
expected, IW did not differ between the three test environments (P>0.05). HW recorded in the
optimal environment (215.85 g) was significantly higher than in the other two test
environments, while lower HW was recorded (150.56 g) in the natural pond and the last was
HW recorded (136.96 g) in low temperature environment, and significant differences were

estimated (P<0.05). Similarly, WG was significantly higher in the optimal temperature
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(179.83 g) compared to lower in the natural conditions (115.84 g) and in the low temperature
(100.41 g) (Table 3).

The SGR (g.day') was significantly (P<0.05) lower at low temperature (1.28 g)
compared to optimal temperature (1.73 g) and natural pond conditions (1.75 g), while no
differences were found between SGR at optimal temperature and in natural pond environment
(Table 3). RWG differed significantly between all environments (P<0.05). Optimal
temperature resulted in the highest RWG (100¥*WG/IW), while intermediate RWG was found
in natural pond and lowest at low temperature environment.

Estimated linear regression coefficients of WG on IW within test environment and sex
were all positive for both males and females and significantly different from zero (P<0.001)
(Table 4). The males had significantly higher regression coefficients than the females. This

regression coefficient was larger in optimal temperature and natural pond (Table 4).

3.2 Heritabilities

Estimates of the heritability (hz) and common full-sib effects (c2) for different traits in
each test environment across batches are shown in Table 5. The 4’ estimates for HW was
lowest at low temperature (0.19+0.04), and highest at optimal temperature (0.31+0.08).
Similarly, the I’ estimates for WG was 0.2940.08, 0.21+£0.04 and 0.28+0.07 for optimal and
low temperatures and natural pond environment, respectively (Table 5). The ¢ for the two
traits, HW and WG, were relatively low and not significantly different from zero (P>0.05).
The heritability estimates for IW (0.32+0.12) was relatively high. However, the standard errors
(SE) of this estimate and the estimate of ¢ (0.1820.09) were also high.

The h* estimated for SGR and RWG at optimal temperature was 0.3940.11 and 0.42+0.07
respectively, while it was lower for the other environments (Table 5). In general, the estimated

h* for SGR and RWG were higher than for HW and WG. The estimates of ¢’ were relatively
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low and varied from 0.03 to 0.12, with relatively high SE (Table 5). They were however lower
than the SEs estimated for the heritabilities in this study. The A* of IW was 0.32+0.18 and a
high ¢* was estimated (0.18) for this trait reflecting a substantial common environmental

effects of full-sib families during the nursing period.

3.3 Correlations

Estimated genetic and phenotypic correlations between IW and HW within each
environment were positive and ranged from medium to high (Table 6). A high genetic
correlation (0.86+0.03) was estimated for low temperature environment, while relatively lower
correlations, 0.80+0.09 and 0.75+0.04 respectively, were estimated for optimal temperature
and natural pond environments.

The genetic correlations between pairs of test environments for HW, WG, SGR or RWG
were generally high (Table 7) and significantly different from zero (P<0.05). The correlations
ranged from 0.61 to 0.88 for HW, from 0.65 to 0.90 for WG, from 0.62 to 0.87 for SRG, and
from 0.46 to 0.85 for RWG (Table 7). The highest correlations were found between the
controlled optimal and low temperature environments. The correlations between optimal and
natural temperature environments were lower than between optimal and low, and was

particularly low for RWG (0.46%0.03).

4. Discussion
4.1 Growth performance in different environments

An optimal temperature range of 26-32°C is recommended for Nile tilapia (El-Sayed and
Kawanna, 2008; Likongwe et al., 1996). In a selective breeding program for tilapia in North
Vietnam the main aim has been to improve growth performance in favorable temperature farm

environments (Luan et al., 2008). The question is whether low temperature regions will benefit
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from using improved fish from the on-going selective breeding programs. The present study
aimed at answering this question, by examining growth traits in controlled optimal and low
temperature tanks, as well as a natural pond in a mountain province to reflect different
temperature conditions during winter or the harsh conditions in highland areas.

The levels of HW, WG, SGR and RWG increased with increasing temperature (Table 3).
This is in accordance with Azaza et al. (2008) who found maximum growth of O. niloticus at
30°C as well as high performance for other production traits. Others have also reported that 28-
30°C was optimal for growth of tilapia at fry and fingerlings stages (Baras et al., 2001; El-
Sayed and Kawanna, 2008). Although the average recorded morning temperature in the natural
pond was not significantly higher than the controlled low temperature environment (Table 1), a
higher performance was detected in the natural pond. This may be explained by a higher
temperature during day time in the pond, which was not reflected when temperature was
recorded in the morning. The results may suggest that tilapia farming in the North Vietnam can
be extended to periods with short-term temperature drops to 20°C during the winter, which is
also supported by Maluwa et al. (2006).

The positive regression coefficient of WG on IW indicates that initial weight at stocking
has a highly significant and positive effect on WG in both sexes at harvest. The variation in
stocking weight is caused by the variation in time of the production and the separate nursing of
families as well as genetic effects. The age of fingerlings at stocking varied from 74 to 120
days in this test and may also explain some of the individual variation in IW. Similar results
were found by Eknath et al. (2007) and Longalong et al. (1999), who also reported that
increased stoking body weight resulted in an increased average harvest body weight. However,
Maluwa and Gjerde (2007) found no significant relationship between harvest weight and
stocking weight for females of O. shiranus. This may due to differences between species

and/or management in these studies.
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4.2 Genetic parameters and GxE interactions

Heritability estimates were moderate for all traits presented in Table 5. The 4’ estimated
for HW, WG, SGR and RWG in this study varied for the different environments. Generally, W
estimated for optimal temperature and natural environments were higher than in low
temperature environment. This is expected as increasing the water temperature to optimal level
increase the growth rate of tilapia and the genetic potential of the fish for growth may be
expressed better (Azaza et al., 2008; Baras et al., 2001; El-Sayed and Kawanna, 2008). The
estimated /” for HW (0.19-0.31) in this study were within the range of estimates published for
O. niloticus by Gall and Bakar (1999,2002), Luan et al. (2008), Ponzoni et al. (2005) and
Rutten et al., (2005) and for O. shiranus by Maluwa et al. (2006). Our estimates of W’ for HW
are slightly lower than the estimate reported by Charo-Karisa et al. (2006) for growth of fish in
low input environment. However, estimates of W for WG, SGR and RGW is not reported
earlier in the literature. The magnitude of h° estimates for growth traits show that the
population has sufficient additive genetic variance for growth to be utilized in selective
breeding programs. So far, most studies have focused on cold tolerance of tilapias using cold
challenge test survival data (Behrends et al., 1996; Charo-Karisa et al., 2005; Sifa et al., 2002),
and in some studies, a low heritability for cold tolerance was found (Behrends et al., 1996;
Charo-Karisa et al., 2005). The present study indicates, however, a large potential for
improving production in cold climates by selecting for growth in low temperatures and in
mountain pond environment. Expanding tilapia farming to subtropical and temperate regions is
thus possible and beneficial for the farmers if such testing and selection is implemented in the
breeding program as also concluded by Rezk et al. (2002).

Estimated genetic correlations between IW and HW were relatively high and varied from

0.75 to 0.86 for each test environment (Table 6). This suggests a potential for indirect selection
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of HW based on IW. However, the separate rearing of full-sib families may also increase the
proportion of common environment effects in early weight and reduce the level of the
heritability. Due to high common environmental rearing of families effects, thus improved
management and husbandry practices will reduce this effect considerably.

In the present study, the genetic correlations between HW recorded in different
environments were moderate to high and significantly different from zero. A certain degree of
GxE interaction between optimal temperature and natural pond in mountain areas is indicated
through a moderate genetic correlation. Other studies report similar results of GxE interaction
for HW in different test environments (Bentsen et al., 1998) and between “low and high input”
pond environments (Khaw et al., 2009). The estimated genetic correlations were similar and
lower than reported earlier between cage and pond for harvest weight of O. niloticus (Eknath et
al., 2007), but much higher than found for harvest weight of O. shiranus at different farm
environments (Maluwa et al., 2006), and between brackish and fresh water in O. niloticus
(Luan et al., 2008). According to the conclusions by Mulder et al., (2006), separate selection
programs is needed for optimising genetic gain when the genetic correlations between two
environments is less than 0.7-0.8. However, the decision depends on how much the breeding
goals differ between the environments, the need for additional investments as well as the
production volumes in question. Although a certain GxE interaction is documented in the
present study, a low tilapia production volume and low ability to invest among small-scale fish
farmers in the mountain and highland areas in Vietnam are reasons to question whether
investments in a highland breeding program can be justified. However, the results show that it
may be important to continue the testing and selection in a natural pond environment with
natural temperature variation in order to avoid that a more sensitive and less robust fish is

developed.
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Estimates of the genetic correlations between different environments for WG, SGR and
RWG in tilapia are previously not reported. However, the estimated genetic correlations
between environments for WG, SGR and RWG in the present study were similar to the
estimates for HW between different environments. The estimated genetic correlation for HW,
WG, SGR and RGW may be biased upwards because common full-sib effects were not
included in the statistical model, and should therefore be treated with care.

Due to limitations in the mating design implying relatively few half-sib families
produced and the fact that only one generation with data was included, the common
environmental effect could not be included in the multi-trait analysis due to convergence
problems. Although, there were six generations of pedigree information, this may have caused
biased correlation estimates. However, in the univariate analyses the estimates of common
environmental effects (¢°) were generally less than 10%. This is lower than found in several
other studies (Charo-Karisa et al., 2006; Khaw et al., 2009; Ponzoni et al., 2005; Rutten et al.,

2005b), but within the same range as reported by Maluwa et al. (2006).

5. Conclusion and implications

The present study shows a potential for improving growth of tilapia in subtropical farm
environment, which will benefit farmers in the mountain areas of North Vietnam. This can be
achieved either through direct selection for performance in the natural cold climate ponds or to
a smaller extent through indirect selection for performance in optimal temperature ponds.
Although there is an evidence of GxE interaction, this is considered to be of less practical
importance in tilapia breeding and farming in Vietnam. Moreover, the magnitude of genetic
variation indicated a large potential for further improvement by selective breeding in both low
and optimal temperature farming environment. Consequently, one selection program in

optimal temperature environment will benefit farming of tilapia in other and cooler freshwater
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environments in North Vietnam. Anyhow, testing and selection should be based on growth
performance in farm pond environments with natural variation in temperature to develop a
robust fish for commercial farming. Furthermore, additional testing in a subtropical pond in the
mountain area to allow for some selection and dissemination of broodstock and/or seeds that

are more fit for mountain farming.
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LIST OF TABLES

Table 1: Schedule of reproduction and management of experiments

Experimental management

Test temperature environments

Optimal * Low * Natural pond °
Test location On-station On-station On-farm
Pellet feeding rate (% BW day™) 3.0-2.0 3.0-2.0 3.0-2.0
Sex ratio (M/F) 1.40 1.46 1.14
1" batch (2007)
Test duration Feb.-June Feb.-June March-July
Fish stocking density (fish m?) 14.0 14.0 2.8
Production of family in hapas & nursing Nov. - Feb. Nov. - Feb. Nov. - Feb.
No. stocked per family 35 35 35

Temperature (°C)
pH
DO (mgL™)
2" batch (2007 — 2008)
Test duration
Fish stocking density (fish m)
Production of family in hapas & nursing
No. stocked per family
Temperature C)
pH

DO (mgL™)

30.1 (28.1-32.7)
7.5 (6.7-8.0)

4.1 (3.66.1)

Oct. - Jan.

12.4

April - Sept.
20

29.2 (27.8-31.1)
7.7 (7.0-8.5)

5.4 (4.1-6.0)

20.9 (18.5-22.5)
7.7 (1.2-7.8)

3.47 (2.9-4.8)

Oct. - Jan.
12.4

April - Sept.
20

21.1 (18.6-22.0)
7.9 (6.83-8.5)

5.0 (3.0-6.0)

23.5 (19.0-27.5)

Oct. - Jan.
2.5

April - Sept.
20

22.1 (18.0-25.2)

* cement tanks at RIA-1, ° pond in mountainous province. Max. & min. values in brackets
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Table 2: Number of fish recorded at harvest (N), mean body weight (g) and coefficient of

variation (CV) of tagging and harvest body weight and survival at each test environment and

batch
Batch  Test N Initial body weight Final body weight Survival
Environment * Mean CcvV Mean Ccv rate (%)
1 (0) 1260 41.8 49.1 207.8 289 99.6
L 1209 433 46.2 128.1 33.1 95.7
N 916 38.2 56.8 173.1 249 77.9
2 (0] 1243 29.6 49.5 221.1 314 98.3
L 1234 28.2 50.0 142.5 39.3 97.6
N 1191 30.7 48.3 158.8 34.1 94.2

* 0 is optimal; L is low and N is natural temperature regime of the test environment
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Table 3: Least squares means for traits measurement (+se) recorded in each test environment of

Oreochromis niloticus

Trait Environments*

(0] L N
Body weight at tagging (IW) 35.8840.62° 37.66+0.57" 35.50+0.71°
Harvest body weight (HW) 215.8545.17° 136.96+4.11" 150.56+7.33
Weight gain (WG g) 179.8343.68° 100.41+2.97* 115.84+5.12°
Specific growth rate (SGR g.day™) 1.7340.05° 1.2840.05" 1.7540.09
Relative weight gain (RWG %) 634.5645.56° 345.07+45.26" 429.96+6.33

E3
O is optimal; L is low and N is natural temperature regime of the test environment

Values followed by the same letter within row is not significantly different (P>0.05)
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Table 4: The linear regression coefficients (f+se) of body weight gain (WG) on tagging body weight

(IW) within each test environment and sex of Oreochromis niloticus.

Test environment Sex* Ptse”
Optimal temperature (O) M 0.44+0.09
F 0.25+0.09
Low temperature (L) M 0.38+0.08
F 0.23+0.07
Natural temperature pond (N) M 0.50+0.06
F 0.32+0.06
“ M male and F female

Y all significant deviation from zero (P<0.001)
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Table 6: Genetic (r,%se) and phenotypic (r,+se) correlation between initial body weight (at tagging)

and harvest body weight of Oreochromis niloticus at different environments.

Environments* Ty r,

0) 0.80+0.09 0.63x0.05
L 0.86+0.03 0.61x0.02
N 0.75£0.04 0.68+0.03

* O is optimal; L is low and N is natural temperature regime of the test environment
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Table 7: Genetic correlation (+se) for traits recorded of Oreochromis niloticus between the pairs of test

environments for different growth variables.

. E3
Environment

Trait Ovs. L Ovs. N Lvs. N

HW 0.88+0.19 0.61+0.05 0.78+0.10
WG 0.90+0.17 0.65%0.05 0.83+0.12
SGR 0.87+0.19 0.62+0.05 0.77+0.09
RWG 0.85+0.17 0.46+0.03 0.61+0.04

* O is optimal; L is low and N is natural temperature regime of the test environments
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Abstract

The objective of  this study was to estimate genetic parameters for cold tolerance,
harvest body weight and growth rate during overwintering of Nile tilapia (Oreochromis
niloticus) in North Vietnam. A total of 323 full-sib families were produced by mating each sire
with two dams in three subsequent years/generations (2004-2006). Swim-up fry of each family
were collected and nursed in separate hapas until tagging with PIT tags. The individually
tagged fingerlings were tested for cold tolerance as well as harvest body weight and growth
during overwintering after communal rearing. The cold tolerance were expressed as cooling
degree hours (CDH), temperature at death (TAD), survival at 50% survival for the test
population as a whole (SURsp) and survival (SUR) at the end of the test. The estimated
heritabilities with standard errors (hzi-se) were 0.15+0.07 for CDH, 0.07+0.03 for TAD,
0.26£0.13 for SUR and 0.11£0.02 for SURsy. The heritability estimates were 0.22+0.06 and
0.18+0.06 for harvest body weight (HW) and growth during overwintering (OW), respectively.
Genetic correlations between CDH and TAD (-0.85%£0.03), between TAD and SURso (-
0.35+0.08) and between TAD and SUR (-0.69+0.05) were all strongly negative, while strongly

positive genetic correlations were estimated between CDH and SURsy (0.89+0.09) and

* Corresponding author: Tel.: +47 64966063; fax: +47 64965101
Email address: tdluanait@yahoo.com
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between CDH and SUR (0.50+0.08). Furthermore, the estimated genetic correlation between
SUR and SURsj (0.79+0.08) was high. A high genetic correlation (0.94+0.05) between harvest
body weight and growth during overwintering was also estimated. Although not significantly
different from zero, low genetic correlations were estimated between CDH, SUR or SURj5y on
one hand and HW or OW on the other. Our results indicate that selecting for harvest body
weight will not cause any negative consequences in cold tolerance. Moreover, one may
increase the possible benefit from extending culture period into the winter season when
selecting for harvest body weight. The results indicate a potential for selection for both cold
tolerance and growth during winter as well as the summer. Further research is however needed

to more efficiently improve and apply selection for cold tolerance using cold challenge tests.

Key worlds: Cold tolerance; Harvest body weight; Overwintering; Oreochromis niloticus; Genetic

parameters, Nile tilapia

1. Introduction

Nile tilapia (Oreochromis niloticus) is one of the most important culture species,
constituting 90% of all tilapia cultured outside Africa (FAO, 2004). However, tilapia is highly
sensitive to low ambient temperatures leading to poor growth and mass mortality during winter
(Chervinski and Lahav, 1976; Tave et al., 1990). Depending on the climatic region, the grow-
out period is normally restricted to three months (Hofer and Watts, 2002). To optimise the
production and grow-out season, fingerlings are usually produced indoor during the cold
spring months. Fingerlings may also be produced during the late autumn and then over-
wintered (Dan and Little, 2000) before stocking for grow-out during warmer summer months.
The optimal temperature for growth of O. niloticus species is around 30°C (Abdel-Fattah and
Mamdouh, 2008; Azaza et al., 2008; Chervinski, 1982) and they cannot survive in a

temperature below 10-12°C for more than a few days (Chervinski, 1982). Improved
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management during overwintering of tilapia fry to improve harvest body weight has been
demonstrated (Behrends et al., 1990; Cruz and Ridha, 1994; Dan and Little, 2000). This may
however be impossible or too costly in many regions.

In North Vietnam, seasonally low temperature during winter months between
December and March affects both growth rate and survival of tilapia. The water temperature is
then normally around 20°C , but will frequently drop to a minimum of 11°C. Suitable
production time for growing tilapia is between April and November, but it may be challenging
for many farmers to obtain marketable size of fish during this short culture period.

Improving growth in optimal and cold temperature as well as improving cold tolerance
(survival) through selective breeding can reduce cost and losses associated with over-wintering
as suggested by several authors (Behrends et al., 1990; Charo-Karisa et al., 2005; Sifa et al.,
2002). However, only a few genetic studies of cold tolerance in tilapia have been carried out
(Charo-Karisa et al., 2005; Luan et al., submittedb). Cnaani et al. (2000) concluded that a large
component of the cold tolerance variance was due to dominance effects for some tilapia
species and their hybrids. Other studies suggested a relatively low heritability of -0.05-0.09 for
cold tolerance (Behrends et al., 1996; Charo-Karisa et al., 2005). Genetic correlations
estimated between body weight at cold challenge testing on one hand and CHD and TAD on
the other were 0.72 and -0.68, respectively (Charo-Karisa et al., 2005).

A breeding program for tilapia has been implemented at Research Institute for
Aquaculture No. 1 (RIA1), Vietnam, to improve performance of a Nile tilapia strain in a range
of environmental conditions in North Vietnam. The purpose of the present paper is to provide
knowledge about genetic parameters for growth and cold tolerance traits to consider the
outcomes of different breeding strategies. The study is based on genetic analysis of survival

data from three years of challenge testing for cold tolerance in addition to harvest body weight
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in the on-going breeding program for Nile tilapia and weight gain during overwintering these

years.

2. Materials and methods
2.1 Fish material and production of families

The brood fish population was obtained from an on-going breeding program of Nile
tilapia at RIA1 (Luan et al., submitted®). The objective of the breeding program included cold
tolerance, and selection was based on breeding values using both survival records from cold
challenge tests as well as harvest weight since 2003. Full-sib families were produced at RIA1
during the spring breeding season (April — June) each year from 2004 to 2006. Body weight
was recorded at harvest time (December) and after overwintering (March). Detailed
information about the family production and fry collection is given in Table 1. Mating design,
fry collection and nursing of families was carried out in accordance with the GIFT guidelines
(WorldFish Center, 2004).

The pairs mating gave 106 full-sib families (63 sires and 106 dams) in 2004, 103 full-sib
families (64 sires and 103 dams) in 2005 and 114 full-sib families (74 sires and 114 dams) in
2006. Swim-up fry were produced during a period of max 50 days per year (Table 1). In each
generation, 300 swim-up fry from each full-sib family were randomly collected. They were
reared in separate Im’ hapas for 30 days, before being transferred to a 3 m’ hapas with 150
fingerlings until tagging size (ca 10-12 g). All spawning hapas were installed in a 1.200 m*
earthen pond. Supplemental powder feed containing 25-30% crude protein was fed at a rate of
6-8% of fish biomass. Fingerlings of 70 — 120 days of age were randomly chosen from each
full-sib family and injected with electronic PIT tags for grow-out test in ponds or challenge

testing. Two weeks after tagging, the cold challenge test was carried out. Detailed information
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about each test is presented in Table 2 and Table 3. Data from three generations were analysed

together with six generations of pedigree information.

2.2 Cold challenge test

After 5-7 days recovering from the stress of tagging (PIT tags), 20 healthy fingerlings
from each family were transferred to the cooling tank for cold tolerance challenge testing. The
test was conducted by using an automatically temperature adjustment cooling system. Water
was supplied in a 6.0 m’ tank located indoor. Water temperature was adjusted every hour
according to the schedule given in Figure 1. Dissolved oxygen (DO) was supplied by constant
aeration using 10 air-stones connected to an air pump to maintain a DO of minimum 5 mg/I.
Total ammonia, nitrate, nitrite and pH were measured twice per day by using HACH kits and
pH meter. These parameters were maintained at a level considered safe for the fish. Water and
tank was cleaned by a recirculation system during the challenge test. The tank bottom was
cleaned daily by using a siphon.

The fingerlings were kept at a temperature of around 30°C before being transferred to the
tank for challenge testing. As shown in Figure 1, the temperature was first reduced from 30°C
to 20°C at a rate of 1°C per 2.5 hours, and then reduced from 20°C to 15°C at a rate of 1°C per
5 hours. From 15°C to 12°C, water temperature was reduced at a rate of 1°C per 8 hours.
Finally, the temperature was reduced at a rate of 0.1°C per 3 hours until the end of the test. The
water temperature was monitored and controlled every hour during the test. All fish were kept
in the same tank during the cold challenge test. The test was stopped at 85-90% mortality. Feed
was provided when the water temperature was above 20°C, whereas no feed was supplied
when the temperature was below 20°C. The fish was confirmed dead if they lost balance, fell
on their side, generally ceased movements and lost response to external stimuli. Dead fish were

removed from the tank every hour with a scoop net, and tag number and temperature at death
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(TAD) was recorded. Furthermore, survival at the end of the test (SUR) was recorded as ‘1’ for
survived and ‘0’ for dead individuals. Similarly, SURs, expresses survival when 50% of the
test fish was dead. The fish started to die at 12°C , and cooling degree hours (CDH) was
calculated for each dead fish as the sum of hours the fish survived after the temperature passed
12°C multiplied by the difference between 12°C and individual temperature at death.
Surviving fish had missing lethal temperature and CDH. General information and raw means
of traits recorded in the challenge tests is presented in Table 3. Overall mean body weight was
15.8 g, and the age of fingerlings in the test was 107 days on average. Overall mean CDH and
TAD was 107.7 and 10.3, respectively. Survival rate at the end of test was 10.4 % for overall

three test years, which varies from 8.8% to 15.0% for each year.

2.3 Grow-out and overwintering of fish

A total of 40 individually tagged fish were randomly selected from each full-sib family
and stocked together in 20 m” fine mash hapas after 5-7 days recovering from tagging. The
grow-out period was from August to December in a pond of 1800 m” with water temperature
of 26-35°C. The fish were fed twice a day with pellet feed containing 22% crude protein. Total
daily feed corresponded to 2-3% of the fish biomass. The water level in the pond was
maintained at 1.2-1.4 m. Other environmental factors such as temperature, DO and pH were
monitored and recorded every morning. The feeding level was adjusted every two weeks. All
the fish were collected for recording of body weight, sex, date after more than 200 days of
grow-out.

The fish overwintered in hapas from December to March, where males and females were
kept separate. A total of 10 hapas (6x4x1.5 m) were installed in a 1,200 m* pond where water
level was maintained at minimum 2.0 m. The pond was cleaned and disinfected with

agricultural lime before the hapas were installed. Sufficient level of dissolved oxygen was
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maintained by two aerators. The fish were randomly distributed in ten hapas; i.e. five for each
sex. Stocking density was 14-17 fish per m” During overwintering, fish were fed a daily
amount of 1% of fish biomass during day time when the water temperature was above 20°C.
The initial body weight, sex, date at harvest and weight after overwintering were recorded and
are presented in Table 2. The overall average HW was 218.3 g, while average growth during

overwintering (OW) was 83.4 g.

2.4 Statistical analysis

Variance components of additive genetic and common full-sib effects (other than additive
genetic effects) for CDH, TAD, harvest body weight and growth during overwintering were
estimated by restricted maximum likelihood, using a single trait animal model (Model 1). In
matrix notation the model can be written as:
y=Xb+Za+Wc+e (D)
where y is the vector of observations of CDH, TAD, harvest body weight or growth during
over-wintering; b is the vector of fixed effects including year, sex and year by sex (for growth
traits), and year (for CDH and TAD) and fixed regression for first and second order
polynomials of age; a is the vector of random additive genetic effects for each individual; ¢ is
the vector of random effects common to full-sibs caused by factors other than additive genetic
effects (i.e., environmental effect caused by the separate rearing of each full-sib family until
tagging); e is the vector of residuals; X, Z and W are known design matrices assigning the
observations to the fixed effects, the random additive genetic effect of the individual animal
and the common full-sib effects included in the model, respectively. All non-significant effects
were eliminated from the model by a stepwise procedure. Unfortunately, effect of
overwintering hapa was not included model analyzing growth during overwintering due to

missing recording.
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A corresponding threshold model (Model 2) was used to analyse the traits coded as
binary data (SUR and SURs) (Odegard et al., 2006). Variance components were estimated by
the threshold model, assuming a normally distributed underlying liability variable, [,
determining categorical outcomes of survival such that /;3<0 correspondents with Y;3=0 and
liz>0 correspondents with Y;3=1. Residual variance of / was assumed to be 1. In matrix
notation this model can be written as:

Pr(Yiu=1) = Pr(lz>0) = @(u + s; + d; + ¢jj) (2)

where Yjj is survival recorded (SUR or SURsy) for fish k™ in the test , in full-sib family #j (sire i
and dam j), u is overall mean (fixed effects were fitted to the model as described in Model 1),
s; is the random additive genetic effect of sire i, d; is the random additive genetic effect of dam
J» ¢ij 1s the random common effect of full-sib family ij, and &(.) is the cumulative standard
normal distribution. Pedigree information of seven generations was included in the analysis to
account for the relationship between all animals.

Genetic correlations between responses to cold tolerance and harvest body weight and
growth during overwintering were obtained using the additive genetic components of
(co)variance estimated by fitting a multivariate linear animal model (Model 1) for all traits
including the binary recorded survival traits (SUR and SURsy). The model included both the
additive genetic (animal) and common full-sib effects (dam), except for the analyses of SUR
and harvest body weight, which included only random additive genetic effects, because of
convergence problems. The residual covariance between cold tolerance traits (CDH, TAD,
SURs5p, SUR) and growth traits (HW, OW) was set to zero, because the traits were recorded on
different fish. Variance components obtained from the univariate analyses were used as
starting values in the multivariate analyses.

The data was analyzed using the Asreml software package (Gilmour et al., 2002). The

heritability (hz) estimates based on Model 1 was calculated as 4’ :aza(,-/(aza(,-ﬁazc(i)+026(,-)) and
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the common full-sib effect (cZ) as ¢’ =026(,~/( aza(,')+azc(,')+02€(,~) ), where aza(i), aZC(i), and 026(,) are
the additive genetic, common full-sib and residual variance for trait i respectively. The h’
estimates for the binary traits based on Model 2 was calculated as W =402sd/ (202“1 + aZC + 026),
where azsd is the additive genetic sire-dam variance, aZC is the common environment variance
and o, is the residual variance (set to 1 in this model). The genetic correlation (7 ;) between
traits was estimated as 7ru.j)= 0Ouijy/0ui0aj), Where og;j) is additive genetic covariance
component between two traits and o, and o, are the genetic standard deviations of the i
and j™ traits, respectively. Phenotypic correlation was also estimated using corresponding

phenotypic covariances and standard deviations.

3. Results
3.1 Cold tolerance challenge test

The survival curves for different test years are presented in Figure 2. They show that the
mortality started at approximate 12.0°C, and increased dramatically between 11.0 and 10.0°C.
Overall mortality at the end of the tests was 85-90% and occurred at 8.8°C (Table 3). The
responses to cold tolerance challenge test varied between years. The fish in 2006 seemed to
have a slightly higher cold tolerance compared to 2005 and 2004 (Figure 2). In 2005, the fish
died earlier than the other years, and had higher mortality at higher temperature. Figure 3
illustrates the variation in survival rate between families in 2006. The survival rate at the end
of the test varied from 0% to 75% for the 114 families tested in 2006 (Figure 3).

Estimated heritability for responses to the cold challenge test are given in Table 4. When
using the threshold model, a moderate h’ was estimated for SUR (0.26+0.13), while a lower
heritability was estimated for SURsy (0.11£0.02). The h’ estimates for CDH and TAD were
0.15£0.07 and 0.07£0.03 respectively. The h* estimate for SUR had a high standard error

(Table 4), but all other heritability estimates were significantly different from zero. The
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variance due to common full-sib effects (cZ) varied from 1 to 13% for the cold tolerance traits

(Table 4).

3.2 Performance of growth and overwintering

The estimated heritabilities for HW and OW are given in Table 4. All heritabilities were
significantly different from zero (P<0.05). A slightly, but not significantly lower A’ was
estimated (0.18+£0.06) for OW compared to HW (0.22+0.06). The estimated common full-sib

effects (c2) were also high and the highest for HW (Table 4).

3.3 Correlations

The estimated genetic correlations for responses to the cold challenge test, HW and OW
are presented in Table 5. The genetic correlations between TAD on one hand and CDH, SUR
and SURsp on the other were strongly negative (-0.35 to -0.85). Similarly, estimates of
phenotypic correlations between these traits were also negative (Table 5). The genetic
correlation estimate between CDH and SURs, were strongly positive (0.89+0.09), while it was
weaker between CDH and SUR (0.50+0.08). Furthermore, relatively high genetic and
phenotypic correlations were estimated between SUR and SURs5, (0.79+0.08 and 0.52+0.01,
respectively). The genetic and phenotypic correlation between CDH and body weight of
fingerlings at test was 0.44+0.13 and 0.14 +0.02, respectively.

The estimated genetic correlation between harvest body weight and growth during
overwintering was high (0.94+0.05), while the phenotypic correlation was somewhat lower
(0.81+0.01) (Table 5).

A low and non-significant genetic correlation was estimated between SUR on one hand
and HW or OW on the other. The genetic correlation between CDH and HW was 0.17+0.18,

while genetic correlation was 0.23+0.26 between CDH and OW (Table 5). The estimated
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genetic correlations were generally very low between TAD, SUR and SURs, on one hand, and
HW and OW on the other (-0.26 to 0.12) (Table 5). Anyhow, the genetic correlations between
cold tolerance and growth indicate a favourable relationship. The estimates of phenotypic

correlations were similar to the genetic correlations in magnitude and direction.

4. Discussion

Through selective breeding, growth performance of the GIFT strain in Vietnam is
continuously improved for farming in the new environment. However, it is important to know
how the current selection program affects the tolerance to the lower temperatures occurring in
North Vietnam during the winter and the monsoon. Hence, in this study we tested fish in real
winter conditions and for short term cold challenge test mimicking short term monsoon and

winter conditions.

4.1 Responses to cold challenge test and heritabilities

Temperature at death (TAD), cooling degree days (CDD) and cumulative degree hours
(CDH) are described in the literature as ways of expressing cold tolerance (Atwood et al.,
2003; Behrends et al., 1990; Charo-Karisa et al., 2006; Cnaani et al., 2000; Khater and
Smitherman, 1988). Other measures such as number of days until death (Tave et al., 1989) or
the lowest lethal temperature of 50% individuals (LDsp) has also been used (Atwood et al.,
2003; Sifa et al., 2002). Analysing survival at the end of cold challenge test or survival at 50%
overall mortality has to our knowledge not been done in previous studies of cold tolerance of
tilapia. However, survival data have been analysed for disease challenge tests in other
aquaculture species (Gitterle et al., 2006; @degard et al., 2006). Survival and CDH may be
more precise for performing genetic analysis and selective breeding compared to TAD and

CDD. The hourly recording of survival by using CDH provides the possibility to distinguish
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between fish that die at the same temperature but at different time. For instance in the last
generation (2006), there were 78 out of 114 tested families with surviving fish at the end of the
test. Furthermore, there were 36 families with no survivors as well as a few highly cold
tolerant families with 75% survival rate at the end of the test (Figure 3). CDH, which accounts
for survival time as well lethal temperature may reveal a higher proportion of the genetic
variation for cold tolerance among the test fish. Furthermore, the level of the heritability of
SUR is on the underlying scale, and is expected to be higher than on the observable scale.
Hence, the lower heritability of CDH and TAD may be more comparable and closer to the
heritability for SUR on the observable scale or if estimated by a linear model. However,
survival data does not include censored records (missing observations of survivors) and may
therefore cover more variance including i.a. the survivors in some highly tolerant families.
Also, survival at the end of the test seemed to show more genetic variation than SURsy with
lower mortality rate. The coefficients of variation of the cold tolerance traits are also low
(Table 3), and were particularly low in 2006 for TAD. This may be due to the fact that the fish
died over a shorter period, and that they were older and heavier compared to the other years of
testing. The low variation may in fact limit the prospects for selection response for these traits,
and improvement of the challenge test as well as reducing the common environment effects
may be needed.

Some estimates of genetic parameters for cold tolerance in tilapia have been investigated.
Variation in cold tolerance between species and strains were conducted (Behrends et al., 1990;
Hofer and Watts, 2002; Khater and Smitherman, 1988; Sifa et al., 2002), and heritability
estimates were reported (Behrends et al., 1996; Charo-Karisa et al., 2005). However, low
heritability estimates were reported for O. niloticus in these studies.

The heritability estimates for cold tolerance of O. niloticus fingerlings in the present study

varied from low to moderate and were all significantly different from zero (P<0.05). The
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estimated heritability for CDH (0.15) is somewhat higher than the estimate of 0.08 reported for
O. niloticus in low-input environment (Charo-Karisa et al., 2006) probably due to the fact that
the fish was heavier in the present study (15 versus 5 g). It is reported that body weight, dietary
level and other environmental influences will have an impact on cold tolerance of tilapia
(Atwood et al., 2003; Charo-Karisa et al., 2004). The estimated heritability of 0.07 for TAD in
the present study is however close to the estimate reported by Charo-Karisa (2006). Behrends
et al. (1996) reported a higher realised heritability estimate of CDH (0.31) for a tilapia hybrid
(0. aureus x O. niloticus), and for O. aureus (0.33), but as low as -0.05 for O. niloticus. Their
estimates may be affected by the crossing in hybrids, and the use of the control population to
estimate selection response and realised heritability. Heritability estimated for SUR is at a
similar level as the estimates found for survival at harvest in brackish- and fresh water ponds
using threshold models (0.20 and 0.27) (Luan et al., 2008). Rezk et al., (2009) reported lower
estimated heritability (0.12) for survival of O. niloticus in ponds using a linear model. Our
estimates are lower than the estimated heritabilities reported for upper thermal tolerance test
(>0.4) for rainbow trout (Perry et al., 2005).

The heritability estimates for harvest body weight and growth during overwintering are in
accordance with previous studies of the same population (Luan et al., submitted™ °).
Heritability estimates reported earlier for O. niloticus have also been in a the range of 0.2-0.4
(Eknath et al., 2007; Gall and Bakar, 2002; Ponzoni et al., 2005; Rutten et al., 2005). However,
other studies have shown higher estimates (Oldorf et al., 1989; Rezk et al., 2009). These results
suggest that selective breeding for HW as well as OW can contribute to extend the culture
period and the body weight during the winter. Furthermore, results in this study show that
there is a significant additive genetic variance for cold tolerance such as CDH and survival in
addition to growth rate in the population under investigation, that can be exploited through

selective breeding programs.
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There was a substantial common environmental variance estimated for CDH and survival
in cold tolerance test. This may be caused by the size of body weight, rearing period and diet.
Hence, heritability of cold tolerance may increase if the common environmental effects can be
reduced. Testing of smaller fish may make the test closer to the real farming conditions.
Recently, molecular marker can make it possible to rear families in common tanks and
challenge test fish at a smaller size. This may eliminate the variation due to separate rearing of
full sibs. However, production of a certain number families in a sufficiently short time is then
needed to keep low variation in the size of the fish to be communally reared. Hence,
improvement of the family production technique is needed and will require more research in
tilapia reproduction.

However, the design of a cold tolerance test should be close to real conditions of farming
or with the water temperature changes as during the winter conditions in northern Vietnam. In
fact, the size of our test fish were bigger than fingerlings produced at autumn that farmers
stock for overwintering or fry produced at early spawning season (early and cool spring). The
size of the test fish in this cold tolerance study were also bigger than those reported by Charo-

Karisa et al. (2005).

4.2 Correlations

In general, studies on genetic correlations between expressed cold tolerance variables are
limited. Our genetic correlations between CDH and TAD are in agreement with those reported
by Charo-Karisa et al. (2005). High and negative correlation (-0.85) indicate that these are
nearly inverse traits. A moderate and positive genetic correlation (0.50) was estimated between
CDH and survival. Hence, these two traits express partly different aspects of cod tolerance.
CDH was more genetically correlated to OW than SUR indicating that CDH reflects the

natural conditions during overwintering to a higher degree. The genetic correlation between
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body weight at test and CDH was 0.44+0.13 in this study, which was lower than the estimate
(0.72+0.81) by Charo-Karisa et al. (2005). This may be due to differences between the studies
in body weight of fish at test, suggesting that bigger fish may less susceptibility to low
temperature. Cnaani et al. (2000) reported even lower genetic correlation between size of fish
and CDD (>0.3) for O. mossambicus and O. aureus. Rearing conditions can have impacts on
cold tolerance of tilapia (Atwood et al., 2003; Charo-Karisa et al., 2004; Cnaani et al., 2003),
and hence, both genetics and husbandry practice should be considered in studies of cold
tolerance of this species.

A high genetic correlation between HW and OW was found. No corresponding estimates
are published for such growth traits. However, correlations between repeated measurements
have been reported. Rutten et al. (2005) found a high genetic correlation (>0.8) between body
weights at different ages (100-326 days) for O. niloticus. Corresponding high genetic
correlations (~0.8) between harvest body weights at optimum and low temperature and
between low and natural temperatures were found, while lower genetic correlation was found
between HW in optimum temperature and natural pond in the mountain (0.61) (Luan et al.,
submitted®). These genetic correlations suggest that the fish that grow fast during grow-out
period also tend to grow faster during the winter.

Favourable but low correlations between cold tolerance traits on one hand and HW and
OW on the other were found in the present study (Table 5). There are no other reports on
corresponding estimates for these traits in O. niloticus. Cnaani et al. (2003) found significant
association between two QTLs for cold tolerance and body weight within the same linkage
group (LG23) but the two QTLs were approximately 22cM apart. However, the genetic
correlation between growth and cold tolerance should be interpreted with care due to their
relatively high standard errors. Anyhow, results from the present study suggest that selection

for higher harvest body weight does not have any negative effects on cold tolerance. The
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results show that growth and cold tolerance may also be improved simultaneously in a
selective breeding program, which will cause significant benefits for tilapia production in

North Vietnam.

5. Conclusions and implications

The present study show significant additive genetic variance for cold tolerance (CDH and
survival) and growth which can be exploited through selective breeding. The current breeding
program with a main focus on harvest body weight will also have a positive effect on growth
performance during the winter and may allow for an extended culture period for tilapia in
North Vietnam. Further, the existing selection program for tilapia in northern Vietnam does
not have a negative effect on cold tolerance, and further selection for better cold tolerance

using cold challenge test and harvest body weight should be considered.
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LIST OF TABLES

Table 1: Data structure: number of sires, dams and progeny tested and period of swim-up fry

collection by year

Spawning Sires Dams Progeny tested Fry collected
season Grow-out Cold tolerance  period*

2004 63 106 4,240 2,120 30 Apr. — 15 Jun.
2005 64 103 4,120 2,060 29 Apr. — 9 Jun.
2006 75 114 4,560 2,280 27 Apr. — 15 Jun.
2004-2006 202 323 12920 6,460

* Date swim-up fry collected of the first and last full-sib families
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Table 2: The number of recorded fish (N), mean harvest body weight (HW) and gain in body

weight (WG), coefficient of variation (CV) and survival rate (SR) from tagging to harvest and

during over-wintering and sex ratio (M/F) by year

Spawning Grow-out Over-wintering Sex
season ratio
N HW CcvV SR N WG CcvV SR
M/F
(2 (%) (%) (2 (%) (%)
2004 3,812 209.1 35.4 89.9 3,759 62.16 47.47 98.6 1.34
2005 3,659 213.1 279 88.8 3,502 80.22  48.89 95.7 0.99
2006 4,059 231.9 28.0 89.0 3,978 114.80  56.99 98.0 1.10
2004-2006 11,530 218.3 30.3 89.3 11,239  83.41 51.18 97.5 1.14
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Table 3: Overall means and coefficient of variation (%) of body weight (IW), age, temperature
at death (TAD) and cooling degree hours (CDH) of Oreochromis niloticus fingerlings under

cold tolerance challenge test according to different years and across years

Trait Year Mean Coefficient Maximum  Minimum

of variation

IW (g) 2004 104 36.2 39.2 6.6
2005 15.7 41.7 45.6 7.0
2006 21.4 42.5 61.7 8.1
Across 15.8 28.3 61.7 6.6
Age (days) “ 2004 93.0 13.7 112.0 66.0
2005 108.3 13.4 133.0 73.0
2006 119.6 9.6 153.0 81.0
Across 107.0 10.2 153.0 66.0
TAD (°C) 2004 10.2 6.8 12.0 8.8
2005 10.4 6.0 11.9 9.5
2006 10.1 3.8 12.0 9.5
Across 10.3 6.7 12.0 8.8
CDH 2004 122.56 22.76 313.6 0.0
2005 96.10 32.49 285.0 0.3
2006 115.61 23.84 265.5 0.0
Across 107.73 35.69 313.6 0.0

“ number of days from swim-up fry collected to tagging
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Table 4: Heritability estimates (h2 +se¢) and common full-sib/environmental effect (c2 +se) for
harvest body weight, growth during overwintering, cooling degree hour (CDH), temperature at

death (TAD), survival at 50% death and at end of test and total phenotypic variance (0'2 P)

7
h” £se

2

Trait ¢ £se o'p
Cold tolerance
Cooling degree hours (CDH) 0.15%0.07 0.13+0.04 211.37
Temperature at death (TAD) 0.07+0.03 0.03+0.01 0.41
Survival (SUR)* 0.26+0.13 0.12+0.06 1.44
Survivalsy (SURsp)* 0.11+0.02 0.01+0.01 1.07
Harvest body weight (HW) 0.22+0.06 0.23+0.04 4427
Growth during overwintering (OW) 0.18+0.06 0.14+0.02 1964

* Threshold sire-dam model (Model 2)
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Table 5: Genetic correlations (below the diagonal) and phenotypic correlation (above the

diagonal) with standard errors between responses to cold tolerance challenge traits, harvest

body weight (HW) and growth during overwintering (OW).

Trait CDH TAD SUR SURs5 HW oW

CDH - -0.92+0.01 0.41+0.02 0.75+£0.01 0.14+0.20 0.29+0.24
TAD -0.85+£0.03 - -0.424¢0.02 -0.66+0.01 -0.02+0.02 -0.03%0.02
SUR 0.50+0.08 -0.69+0.05 - 0.52+0.01 ns ns
SURsg 0.89+0.09 -0.35£0.08 0.79+0.08 - 0.01x0.02  0.01%0.02
HW 0.17+0.18  -0.14+0.17  0.05+0.07  0.07+#0.10 - 0.81+0.01
ow 0.23+0.26 -0.26+0.18  0.12+0.07  0.12+0.09  0.94+0.05 -

Note: CDH = cooling degree hours;, TAD = temperature at death
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Figure 1: Schedule of temperature adjustment during cold tolerance test
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