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ABSTRACT

Oreochromis niloticus commonly known as Nile tilapia is the most cultured tilapine cichlid in
the sub-Saharan Africa. Most of the culture practices are of mixed sexes with the inherent
problem of overpopulation leading to stunted growth. Mono-sex culture of all-male
individuals is now encouraged by sex reversal through heat treatment technology. However
the method is still at development stage. The aim of the present study was to determine the
genetic basis of heat induced sex-determination in O. niloticus as an approach towards
improving heat treatment technology and to assess the genetic variability of the invasive O.
niloticus for conservation and management within Lake Victoria Nyanza gulf and the Yala
swamp. Juvenile O. niloticus were subjected to heat treatment at temperatures ranging from
28°C to 36°C using 26°C as control. There was a positive correlation between treatment
temperatures and resultant male sex ratios (p<0.01). However, the survival rates of the fry
showed a negative correlation with the temperature (p<0.01). The optimal temperature that
provided for optimal sex reversal towards males and survival rates of the fry was found to be
36+1°C, which gave a male proportion of 86.31% and fry survival rate of 65.25%. To study
genetic basis of heat induced sex determination three sex linked markers UNH846, Abur36
and Aburl00 were selected, genotyped and sequenced. The marker Abur36 identified the sex
of 95% of the heat induced individuals. The putative function of this gene indicated that the
gene could be a male biased hormone producer or transcriptional factor whose activity is
influenced by elevated temperature within a narrow range before the onset of the temperature
sensitive gonadal sexual differentiation. Determination of the genetic diversity and purity of
O. niloticus was carried out based on eight microsatellite markers and mitochondria DNA
control region and compared with that of O. esculentus. No admixture between the two
species was detected. However there were low levels of nuclear admixture primarily from O.
niloticus to O. esculentus. Genetic diversity of O. niloticus (h =0.829, = = 0.008) was higher
than that of O. esculentus (h = 0.816; = = 0.004). All populations of the two species retained
unique haplotypes and alleles in their respective lakes. Pairwise Fsr values for population
differentiation of both species were all highly significant (P < 0.001). Therefore the four
populations of O. niloticus are potential sources of broodstock choice from which all-male
fingerlings could be produced using heat treatment technology.

MASENO UNIVERSITY
S.G. S. LIBRARY

\%




CHARTER ONE

INTRODUCTION

Nile tilapia (Oreochromis niloticus) is a popular culture fish of African origin, native of
Sudan. It has been widely introduced world over and it is second only to carp in global
production (FAO, 2008). It is cultured either for subsistence or commercial needs where the
great majority of the culture practices are semi-intensive (Liti et al., 2005). However
overpopulation of the species in confined ponds reduces faunal diversity of the system
thereby producing stunted fish population of poor market value. Various methods of
population control have been applied such as culture in cages, culture with predators,

intermittent harvesting, induction of sterility and mono sex culture of male tilapia.

Mono sex culture of all male tilapia is the most preferred approach of controlling the problem
of overpopulation of tilapia in ponds. Several hypotheses have been proposed to explain the
sex related differential growth in favour of tilapia males, major ones being anabolism-
enhancing éffect of androgens (Baroiller et al., 1999), an increase of food utilization
efficiency (Liti et al., 2005), a greater reallocation of metabolic energy toward the’
reproductive function in females as compared to males and a sexual behaviour of females,
especially after spawning, that is associated with a large decrease in feeding activity

(Fontainhas-Fernandes et al., 2002).

Beginning with the work of Hickling (1960), a variety of methods have been used to produce
all-male fingerlings, including interspecific hybridization (Wohlfarth and Hulata, 1983),
dietary supplementation of synthetic androgen (Phelps and Popma, 2000; Chakraborty and

Banerjee, 2009) production of supermale fish (YY-males) (Majundar and MacAndrew 1986;




Mair et al., 1997) and hand sexing (Hafeez-ur-Rehman et al., 2008). These methods are not
entirely reliable e.g. hand sexing method is labour intensive, genetic methods on the other
hand are high tech and therefore not easily adaptable by ordinary farmers. The hormonal
treatment, though effective is not preferred due to the public’s general resentment against the
use of hormones in food. Moreover environmental factors such as temperature have been
shown to affect phenotypic sex in fish (Baroiller et al., 1995; Desprez and Me lard, 1998;
Abucay et al., 1999; Wang and Tsai, 2000a), and autosomal genes may also influence sex-
determination in fish (Mair et al., 1991; Hussain et al., 1994; Sarder et al., 1999, Ospina-

Alvarez. and Piferrer, 2008).

The influence of temperature on sex determination in fish has been exploited in production of
mono-sex individuals with no inherent problems (Nomura et al., 1998; Baroiller et al., 1995;
Pavlidis et al., 2000). The technology also involves simple and inexpensive procedures that
can easily be adapted by local farmers. However the method is still not 100% effective as a
tool for sex reversal necessitating the understanding of the genetic basis of heat induced sex

determination as an approach toward improving the method.

Sex determination in tilapia is ultimately under genetic control. Although genetic factors
regulate sex-determination in teleosts, sex chromosomes of tilapia are at an early stage of
differentiation and there are no gross morphological differences in any chromosome pair that
would identify the X and Y chromosomes (Carrasco et al., 1999). Therefore additional
autosomal loci also contribute to sex-determination (Lee ef al., 2004). In only one fish
(Medaka) has the sex-determining gene (DMY) been identified (Nanda et al., 2002). The
gene DMY is expressed only in developing male gonads and is necessary for differentiation

of testes. The lack of a definite genetic sex determination system in tilapia may mean that




different genes are implicated as the primary regulators of sexual differentiation. Extrinsic
factors like temperature may also influence these genes to skew sex ratio in favour of either

male or female individuals (Lee ef al., 2004).

Sexual differentiation in O. niloticus is triggered by temperature during the critical
developmental period (Wibbles et al., 1991; Phelps and Popman 2000; Baroiller ez al., 2009).
Exposure to elevated temperature for 10 or more days between 9—13 days post fertilization
increases the proportion of male individuals (Baroiller et al., 1995; Ospina-Alvarez. and

Piferrer, 2008; Angienda et al., 2010).

Gonadal sex differentiation relates to all occurrences during development that lead to the
expression of genetic sex via the appropriate phenotype (Piferrer, 2001), and encompasses all
the events that take place in the primordial gonad, including the migration of primordial germ
cells (PGCs), the establishment of gonadal ridges, and the differentiation of the gonads into
testes or ovaries (Brusle” and Brusle', 1983). Sex differentiation occurs in two stages:
cytological and anatomical (Coward and Bromage, 1998). The former involves the meiotic
differentiation of oogonia and oocytes or spermatogonia and spermatocytes from primordial
germ cells. The latter involves structural changes into testes or ovaries, including the mitotic
proliferation of follicle cells to form an ovarian cavity, appearance of lobular or club-shaped
testes, and formation of efferent ducts and blood vessels (Nagahama, 2000). In the genus
Oreochromis, anatomical differentiation precedes cytological differentiation (Papadaki ef al.,
2005), while in other species, such as the Medaka, Oryzias latipes, the opposite occurs (Kondo

etal., 2003).



Although much is known about the process of sex differentiation in fish, the precise
mechanisms involved in primary sex determination remain undefined. Sex determination
oceurs through several mechanisms in teleosts. Primarily, sex determination has a genetic basis,
which is determined at fertilization. This genetic mechanism usually occurs in one of two

forms: heterogametic male (XY) or heterogametic female (WZ) (Donaldson, 2000).

However, Muller-Belecke and Horstgen-Schwark (1995) suggested that two or more sex
determining factors might override the XX—XY mechanism in O. niloticus. The less common
heterogametic delineate females as WZ and males as ZZ. Shelton (1989) suggests that species
with environmental sex determination showing female size advantage are predisposed to evolve
the WZ/ZZ mechanism, whereas species with male size advantage are predisposed to evolve
the XX/XY mechanism. Knowledge of such a mechanism in a species can reveal the most

suitable mechanism for sex reversal.

Lee et al., (2004) working on blue tilapia (O. aureus) using microsatellite markers in
construction of sex specific linkage maps, showed that the gene for maleness was located in
the linkage group 1 (LG1) while the gene for femaleness was in LG3. Studies by Cnaani et
al., (2008) on mechanism of sex determination in tilapiine species, identified DNA markers
linked to sex determining genes. In the species Oreochromis karongae, the sex-determining
locus were found on linkage group (LG) 3, whereas in O. niloticus the sex-determining locus
was on LG1. These microsatellite markers could be used for tracking sex-linked haplotypes in
breeding programmes aimed at controlling the sex of fingerlings. Sex linked microsatellite or
simple sequence repeats (SSR) located in the promoter regions have been shown to influence
gene expression (Chistiakov et al., 2006) thereby affecting ﬁtne‘ss, survival and adaptation to

environmental conditions. Changes in the base sequences of SSR may alter the open reading



frame thereby affecting gene transcription and translation with the resultant change in the

phenotypic sex.

The success of sex reversal by heat treatment as a technology for producing all-male
individuals will depend on the appropriate stock choice of populations that are genetically
robust and diverse. The multiple introduction of this species into the Lake Victoria (Balirwa
et al., 2003) may have had a number of effects on the genetic variability of this species; e.g.
diluted founder effect, reduced inbreeding depression and increased genetic variation
(Hanfling, 2007). However O. niloticus may have also extensively hybridised‘with native
species thereby reducing it genetic diversity (Angienda et al. 2011). Therefore to ensure the
success of monosex (all-male) culture, it is necessary to have a selection of strains with high
genetic diversity. Identification of a good broodstock population of O. niloticus for all-male
tilapia production within the Lake Victoria region can be achieved through genetic

characterization to assess its genetic variability and population genetic structure.

The overall objective of this study was to determine the genetic basis of heat induced sex-
determination in O. niloticus with am aim of understanding the temperature dependent sex
determination to improve on the heat technology and to assess the genetic variability of the
species’ populations in the Lake Victoria region in identification of the most genetically robust
and diverse population for recruitment into aquaculture. This entailed; identifying major sex-
determining loci in O. niloticus using microsatellite markers, determination of the role of sex
linked microsatellites in sex determination in O. niloticus and assessment of the genetic
variability of O. niloticus populations within the Lake Victoria region using both microsatellite

and mitochondria DNA markers.
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1.1. Statement of the problem and justification of the study
Tilapias are currently the second most farmed group of fish after carps with an annual world

production of 2.5 million tons (FAO, 2008). This ranking is due to the advantageous
aquaculture traits of the species e.g. faster growth rate, high tolerance to adverse
environmental conditions and high feed utilization efficiency. Various strategies utilizing sex
reversal can lead to the development of predominantly, male or female populations, or a
“super-male” genotype (YY). The primary aim is to take advantage of sexually dimorphic
characteristics of the species and control reproduction. Currently male monosex populations
are produced mainly by androgen treatments. However hormonal treated is prohibited in most
countries where the fish is destined for human consumption. Hormone residues may also
impact negatively on water quality and biodiversity. Genetic approaches such are
development of supermales (YY-males) though effective, are hampered by very long
procedure of producing and identifying putative YY male individuals. Alternative methods
such as sex reversal by heat treatment have no inherent problems though still not 100%
effective.

Sex determination in O. niloticus is more complex than the simple XX/XY mono factorial
system. Therefore understanding of the mechanisms of sex determination and the genetic
basis of heat induced sex determination in O. niloticus is required in attempts to improving
heat treatment technology. Identification of sex linked loci and determination of the effect of
temperature at the nucleotide base sequence level during temperature sensitive sex
differentiation period, would elucidate the role of temperature in sex reversal. The best
genotypes for O. niloticus aquaculture applications will rely on appropriate stock choice of
high genetic diversity with such traits as feed conversion efficiency and growth rate.
Combining this approach with sex reversal has a strong potential to enhance aquaculture

production, efficiency and sustainability. There is therefore further need to undertake genetic



- characterization of the O. nmiloticus genetic resources within the Lake Victoria region to
ﬁ determine its genetic diversity and identify genetically robust populations.
::: - 1.2. Hypothesis
i). Oreochromis niloticus population within the Nyanza Gulf of Lake Victoria have no
genetic basis for temperature sex determination.
ii). There is no genetic variation between the O. niloticus populations within the L. Victoria
Region.
1.3. General objective
The overall objective of the study was to determine the genetic basis of heat induced sex
determination in O. niloticus and to study the genetic variability of the species’ local
populations within the L. Victoria region.
1.4. Specific objectives
The specific objectives of the study were to:
i). Determine optimum temperature at which there is maximum sex reversal towards males.
ii). Determine the effect of temperature (using expressed sequence tag (EST) based sex-
linked genes in sex-determination) in O. niloticus.
iii). Assess the genetic variability of local populations of O. niloticus using microsatellite and

mitochondria DNA markers.



CHAPTER TWO

LITERATURE REVIEW

2.1. Cichlids classification and distribution
Tilapia belong to the tribe Tilapiine (subfamily: Tilapiinae) of the family Cichlidae in the

order Labroidea of the Perciformes. Trewavas (1983) describes ten genera within the tilapiine,
including three major genera, Tilapia, Oreochromis and Sarotherodon which are all
represented in the Lake Victoria basin. Tilapia are substrate spawners and both parents guard
the young. Oreochromis are maternal mouth brooders and only females carry eggs and young
in the mouths. Sarotherodon are biparental mouth brooders, both female and male parents

carry eggs and young in their mouth.

Species classification has been largely based on variation in dentition, bone structure,
pigmentation, squamation characteristics and general body morphology (Kornfield er al.,
1984; Trewavas, 1983). However most of these characters overlap and may fail to
unambiguously identify species owiﬁg to interpopulation variation and small differences
among species (Klett and Meyer, 2002). Molecular techniques have been employed in an
attempt to identify and classify Tilapias. Random Amplified Polymorphic DNA (RAPD)
finger printing has been used to discriminate tilapia species and their hybrids (Bardakci and
Skibinski, 1994; Mwanja et al., 2008; El-Alfy et al., 2009) while mitochondrial DNA markers
have been used to identify subspecies of O. niloticus (Okumus and Ciftci, 2003; Angienda ef

al., 2011)

Tilapias are African in their natural range and are thought to have diverged from a complex

ancestral mixture, which also included the ancestors of the haplochromines more than




10million years ago (Trewavas, 1983). The O. niloticus invaded Lake Victoria in the early
1900s, with the first recordings of the species in the lake occurring in the 1920s (Trewavas
1983). Trewavas postulates that the species may have entered the lake through the Kagera
River, following introductions into Lake Bunyonyi from Lake Edward. O. niloticus is now the
most ecologically and economically dominant tilapiine species in the Lake Victoria region
waters in both the main lakes and in most surrounding satellite lakes (Balirwa 1992). Its
dominance is attributed to its ecological versatility and trophic virtuosity and ability to
withstand limnological changes in Lake Victoria (Balirwa 1992; Sanderson er al., 1995;

Opiyo 1994; Balirwa et al., 2003).

Geographical distribution of O. niloticus is influenced by both physical and chemical factors
e.g. current velocity, depth, temperatures, salinity, alkalinity, oxygen and other dissolved
gases. Within their original area of distribution they have colonised a great range of habitats:
permanent and temporary rivers, flowing water, large equatorial and sub tropical rivers,
swamps, lakes, lagoons and brackish estuaries (Aloo 2003). These varied habitats represent a
very wide range of physical parameters (depth, current, velocity, and turbidity) and of
temperature and chemical compositions (salinity, pH, dissolved oxygen). The species appears
to be very resistant to low dissolved oxygen; it can tolerate values as low as 0.1 p.p.m. This
enables it to live and reproduce in swamps and shallow lakes, which become deoxygenated
(Chapman et al., 1996; Aloo 2003). Though massive fish kill occasionally occur, it can
withstand very high levels of CO,.

2.2. Sex determination and differentiation in teleosts

Sex-differentiation in fish is controlled ultimately by specific sex-determining genes (Muller-
Belecke and Horstgen-Schwark, 1995; Lee ef al., 2003), but in contrast with other taxa, sexual

development in teleost is protracted and plastic. Genetic and phenotypic ratios do not



;necessarily coincide and in several species, interaction between the genome and variable
environmental and internal factors may determine sex (Ospina-A’ Ivarez and Piferrer, 2008). In
j addition, the diversity of reproductive strategies shown by teleosts does not help to obtain a
- clear picture and typical genetic mechanisms of sex-differentiation are inadequate to explain

sexual phenotype (Lee ef al., 2003).

Sex determination is defined as genetic processes that influence the definition of sex, whereas
sex differentiation refers to gonadal development once sex has been determined, i.e. the
pathway followed by the undifferentiated or bipotential gonad developing into either an
ovarian or testicular tissue. Sex determination in teleosts have genetic basis and in some
species environmental factors may influence sex. Genetic sex determination (GSD) involve
monogenic (determination of sex by a gene located on a specific chromosome) or polygenic
system (determination of sex by accumulative genetic action of all factors involved in its
determination e.g. sex chromosomes, influence of autosomal genes and environmental factors

as in the case of O. niloticus) (Devlin and Nagahama 2002).

In teleosts that show monogenic sex determination system, sex is determined by a gene
located on the sex chromosome and genes on other chromosomes have no influence. Most
teleost species do not possess morphologically distinct sex chromosomes. However some
species e.g. catfish of the genus Liobagrus (L. marginatus and L. styani) have heteromorphic
sex chromosomes (Chen ef al., 2008). Two systems exist in species with sex chromosomes:
heterogametic males (XY) in species like medaka (Oryzias latipes) and heterogametic females
(ZW) found in Oreochromis aureus (Mair et al., 1991). However variations have been
reported in the two sex determination systems: XY system where the two chromosomes are

cytogenetically distinguishable and the number of diploid chromosomes is the same in both
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_. an ovary or testis as exhibited in Dicentrarchus labrax. (Bla’zquez et al. 1998) and (ii)
.. differentiated gonochoristics in which all individual develop gonads with oocytes as an
indication of ovarian differentiation but later the oocytes degenerate by apoptosis and gonad
masculinization proceeds eventually developing into normal testicles as observed in Zebra
fish (Maack and Segner 2003). In hermaphroditic species, individuals posses both male and

female gonadal tissue that are either simultaneously or sequentially active (Devlin and

Nagahama 2002).

2.3. Effect of temperature on sex-determination
The widely studied environmental factor implicated in sex- differentiation, is temperature. It

may alter biochemical pathways of sexual determination and act upon an individual to induce

male or female development. Temperature has been shown to influence sex differentiation in
several vertebrates such as reptiles and amphibians (Ohtani ef al., 2000), and most
thermosensitive fish species such as the European sea bass (Pavlidis ef al., 2000) and the blue
tilapia (Baras et al., 2000). In most thermosensitive fish species, the male proportion raises
when temperature increases, and development of ovaries is induced by lower temperatures
(Ospina-Alvarez et al., 2008). Baroiller et al., 1999 observed that lower temperatures were
leading to a higher proportion of females only when exposed during the first 10 days post
hatch (dph), while higher temperatures led to a biased sex ratio towards males when the
temperature treatment were started 10 dph. The thermal sensitive period has been observed in
many species to range between the middle and the late larval development stages when the
gonads are still undifferentiated (Goto-Kazeto et al. 2006). Temperature treatment is thus not
necessary beyond the critical sensitive period to affect the sex ratio in any significant way

(Ospina-Alvarez et al., 2008).
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Pavlidis et al., (2000) and Vandeputte et al., (2007), studying the European sea bass,

- (Dicentrarchus labrax), a gonochoristic species with gonads remaining sexually
-mdifferentiated until the end of the first year of life, reported that if the fish is maintained

under low temperatures (13OC or 150C) conditions, the sex ratio is consistently skewed in

- ratio. Similarly in tilapia, temperature has been shown to exert a significant effect on sex
ratio. In O. mossambicus, a species with the XY system, as well as in O. aureus, a species
 with ZW system, high temperatures during early development increase male proportion
(Desprez and Melard 1998; Wang and Tsai 2000a). In O. niloticus, high temperatures
generally have a masculinizing effect, which counteracts the genetic influence on sex
determination (Baroiller ef al., 1999). Temperature also affects growth rate and development

of fry that have temperature sex determination (TSD) (Azaza et al., 2008).

In temperature sex-determination (TSD) in fish, gonadal sex is determined by temperature
before the onset of gonadal differentiation (Hendry et al., 2002). Brain development has been
shown to influence gonadal differentiation in tilapia (Wang and Tsai, 2006). However,
Sudhakumari et al., (2005) showed that brain acts merely as a synchronizer in the sex
differentiation process initiated by gonadal factors in the O. niloticus. The influence of water
temperature on the development of central neurotransmitter systems differs according to the
developmental period in tilapia (Wang and Tsai, 2000a). Oestrogen-forming aromatase and
oestrogen-sensitive networks of neurones developing peri- and post-natally are essential in
brain differentiation (Beyer, 1999). Aromatase, a key enzyme for converting androgen to
oestrogen (Balthazart et al., 1998), plays a role in neural differentiation and maturation in the
brain and its activity and gene expression in neurones developing in the embryonic male brain

is greater than in the female brain (Hutchison ef al., 1997).
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Thc oestrogen-forming capacity of the male hypothalamus affects brain differentiation at
'speciﬁc steroid-sensitive stages in the ontogeny of mammals (Hutchison et al., 1997). Oestrogen
ff{”eccptor concentration represents an important component of the mechanism of brain sexual
 differentiation (Hutchison et al., 1997). To study sex-determination in teleosts, it is therefore
important to understand the development of central oestrogen-forming aromatase and
- oestrogen-sensitive neurones, particularly throughout the sex-determining period and the

~ influence of temperature on the expression of oestrogen receptor mRNAs in the developing

tilapia brain.

In reptiles, temperature is thought to influence the activity of enzyme aromatase and the
synthesis of female estradiol, as well as steroid receptors in both sexes (Pieau and Dorizzi
2004). In fish, temperature diminishes aromatase expression when fries are incubated at
masculinizing temperatures (Kitano ef al., 2007). In teleost fish, high temperatures suppress the
expression of FSH and Fox/2 (FoxI2 is a female specific transcription factor that belongs to a
family of transcription factors named forkhead, detected only during early stages of gonadal
differentiation) (Liu et al., 2007).  FoxI2 possibly act by regulating the transcription gene
Cypl19 (a subset of the cytochrome P gene family that regulates the expression of cytochrome p
aromatase whose function is to convert oestrogen to androgen. Thus temperature activates at
least four genes: masculinizing temperatures activates genes encoding for 5a-5f reductase and
androgen receptors while feminizing temperatures activates genes encoding for aromatase and

oestrogen receptors (Pieau and Dorrizi, 2004).
Special proteins, the heatshock proteins (HSP), are a class of functionally related proteins

whose expression is induced when cells are exposed to elevated temperatures. Heat shock

proteins function as intra-cellular chaperones for other proteins through modulation of protein-
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transportation of proteins across membranes within the cell (Dietz, 1994; Basu et al., 2002;
Fangue ef al., 2006). Temperature also has direct influence on the gene products, which are
then inactivated or changed in their configuration or component and the synthesis, activation or
| "hibition of other enzymes or hormones (D’cotta et al., 2001; Devlin and Nagahama 2002).
‘Studies on the role of HSP in temperature dependent sex determination in the American
‘?alligator (Alligator mississipiensis), have identified HSP as good candidates for temperature

sex determination because of their temperature sensitive expression and their ability to modify

'»  steroid receptor function (Kohno ef al., 2010).

- The physiological, cellular and endocrine changes associated with the effect of temperature on
sex determination in O. miloticus has been studied but the genetic basis of heat induced sex
reversal still remains unknown. However there is evidence that like any other teleost, O.
niloticus has the same temperature response (Baroiller et al., 1995; Baroiller et al., 2009;
Angienda et al., 2010). Studies to establish temperature tolerance have shown that the species
O. niloticus is able to tolerate temperatures ranging from 8-42°C (Wooton, 1990).
Temperature preference depends on size, young O. niloticus being more tolerant to higher and

lower temperatures than adults (Wooton, 1990).

2.4. Genetic basis of sex-determination in vertebrates
The evolution of sex chromosomes can be traced in medaka fishes where the entire male

determining region on Y chromosome has been characterised. The Y chromosome is only 5-
10 million years old, allowing inferences to be made on the molecular events that have shaped

the sex chromosome in fish (Arkhipchuk 1995; Herpin and Scharti 2009). Although genetic
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- factors regulate sex determination in most fishes, existing evidence show that some teleosts
have karyotypically distinct sex chrbmosomes (Arkhipchuk, 1995; Lee and Kocher, 2007). In
most species, however, the sex chromosomes are still in early stages of differentiation, and do
not show distinct differences in length or gene content (Lee et al., 2003). Both XY and WZ
gonosomal systems haVe been shown to play a role in sex determination (Devlin and
Nagéhama, 2002). Autosomal loci also contribute to sex determination in many species (Lee
et al., 2003; Lee and Kocher, 2007; Ospina-A”" lvarez and Piferrer, 2008) e.g. stickleback
species have unique sex chromosome system with a derived Y-autosome fussion (Ross et al.,

2009).

Medaka (Oryzias latipes), is the only fish whose genetic sex determination is known. The
primary sex determining factor factor (dmrt/bY) has been isolated and identified as a
duplicate of an autosomal gene that is known to function at downstream position of the sex-
determining regulatory gene cascade. The entire male-specific region of the Y-chromosome
and adjacent pseudo-autosomal regions have been characterized. Except in medaka where
DMY (a doublesex / mab-3 gene) equivalent to the mammalian Sry (sex determining region
on Y chromosome) has been described, in no other teleosts has this been described yet
(Herpin and Scharti, 2009). However a closely related gene Dmrtl has been associated with
sex determination in several teleost species e.g. rainbow trout where it is expressed in male
gonads and is involved in testicular sexual differentiation. DMY (an ortholog gene to Dmrtl)
in medaka has been proposed as the sex determinig gene of this species (Matsuda et al.,
2002). Similarly, in tilapia, Dmrtl shows a specific pattern of expression in XY gonads,
suggesting an important role for this gene in testicular differentiation, while in XX gonads it

is not expressed (Ijiri e al., 2008).
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: Sex chromosomes of tilapia are relatively undifferentiated and there are no gross
morphological differences in any chromosome pair that would identify the sex chromosomes
'i“(Komﬁeld, 1984; Majumdar and McAndrew, 1986; Lee and Kocher 2007). Campos-Ramos et
él., (2001) using florescence in-situ hybridization technique, visualized the synaptonemal
- complex of O. aureus and observed incompletely paired segments in the longest bivalent and
'_ a smaller bivalent, which they postulated could be the sex-determining regions. An
"; association between loci with deleterious alleles and distorted sex ratios has been reported in

- an inbred line of O. aureus (Shirak et al., 2002).

E Stu‘dies on gonadal differentiation during ontogenic development indicate that the general
changes in developing gonads of various teleosts show similar patterns (Devlin and
Nagahama, 2002; Pieau and Dorizzi, 2004; Sudhakumari ez al., 2005). However there are
slight variations that have been observed mainly on size which is attributed to environmental

differences and physiological conditions of the teleost (Mayer and Ryland 1988).

In teleost, oocyte development starts with oogonia. The oogania arise from primordial germ
cell near the germinal epithelium. The maturation of oogonia involves the proliferation and
progressive development of primodial germ cells. Oocyte growth occurs in two distinct
phases the primary growth phase (PGP) and the secondary growth phase (SGP). The PGP is
ganadotrophin independent and involves growth of primary oocyte, which is concomitant
with nuclear changes. SGP is gonadotrophin dependent and involves deposition of yolk in the

oocyte as it grows (Waindi, 1996).

In vertebrates in which the sex is determined by genotype of the zygote, sex chromosome

plays a decisive role in inheritance and determination of sex. In the XX/XY sex determining
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n, the sex is determined by a testis-determining gene on the Y-chromosome of the
terogametic male or by balance between X-chromosome and autosomes (Ohtani ef al.,
000). On the other hand it is presumed that the sex in the ZW/ZZ-system is determined by a

utative ovary determining gene on the W-chromosome.

‘u--yéung fowl, a ZZW-chromosomal set develops the right gonads into testis and the left
,nad into an ovotestis (Fritzgerald and Cardona, 1993). This suggests that the sex of fowl is
not necessarily determined by an ovary-determining gene.Studies have shown that the male
~ of birds in the ZW/ZZ-system is determined by the effect in the disomic state of one or
more masculinizing genes on the Z-chromosomes, whereas the female sex is determined by
the effect of estrogen rather than a direct gene effect (Mittwoch, 1998).

ex reversal has been shown in the frog, Rana rogusa, to change sex determination system
from XX/XY to ZW/ZZ, with concomitant structural changes to the sex chromosome (Miura
et al,, 1997) indicating that X chromosome has undergone intercalary and terminal pericentric
inversions to give rise to two new geographic races, one with male and the other with female

heterogamy.

:'. ‘An example of the structural change of the X-chromosome producing sex-reversed females
.‘:with XY karyotype has been shown in the Wood Lemming (Myopus schisticolor) a species of
' rodent in the Cricetidae family (Fredga et al., 1976). The origin of XY females is explained
7. by loss of function mutation of the Zfx gene located at or proximal to a presumed breakpoint
-~ for inversion (Lau et al., 1992). In R. rogusa the structural changes in the original X gave rise

~ to two kinds of female with XX and XY (ZW) karyotype as reported by Miura et al., (1997).
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ies involving comparison of the function of the putative ovary-determining gene and the

original X, have shown that tripldids with two evolved XX and ZZ grew into females,
; _%?Whereas all those with the original XX and ZZ grew into males (Mair ef al., 1991; Lau et al.,
.i992). It has been suggested that the putative ovary-determining gene on the evolved X is
'fgfunctionally stronger than those on the original X (Ohtani ef al., 2000). In humans, it is known
-:_ifhat XY individuals carrying duplications of Xp21 (chromosome X at position 21), referred to
.’. as fhe dosage-sensitive sex reversal (DSS) region on the X chromosome, develop as females
- (Bardoni et al., 1994). McElreavey et al., (1995) have explained that if DSS functions as an
' inhibitor to testis development, the presence of two copies of DSS may be sufﬁcient to
3 ovércome the suppression by the gene SRY. Swain et al., (1998) has shown that Dax-1 gene in
~ the mouse is responsible for DSS and that Dax-I and SRY function antagonistically to each
other, with increasing expression of the Dax-1 leading to female development and increasing
activity of SRY to male development. They also explained that the Dax-1 gene functions more
as an anti-testis gene rather than an ovary determinant. A homologue of Dax-/ gene in R

rogosa would explain the coexistence of different sex determining gene.

A number of gene families that are involved in the sex determination in other vertebrate
species are similar to those in fish, suggesting that sex determination pathways are highly
conserved (von Hofsten and Olsson, 2005). A couple of genes involved in sex determination
in mammals have also been identified in teleosts but there functions have not been completely
elucidated. For instance, in mammals the expression of the gene Wtl has been described in
_chick urogenital system (Miles et al., 2003). In teleost fish two Wtl genes, Wtla and Wtlb
have been identified (Klu“ver et al., 2009). The presence of the two genes have been found at
hi;;h expression levels in gonads and kidney of adult zebrafish (Bollig ez al., 2006). In O.

niloticus, Wtlb has been excluded as the candidate gene for sex determination (Lee and
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Kocher, 2007). Another gene that has been identified to play a role in sex determination and
'f'fferentiation in vertebrates and tﬂapia is Sox9. In tilapia the expression of Sox9 gene is
éimilar in both XX and XY gonads but positively regulated in XY gonads after sexual
éifferentiaﬁon (Ijiri et al., 2008).

A‘nofher well studied gene is Cypl9, whose expression has been shown in several teleost
v,species including zebrafish, European bass and tilapia. The gne codes for the enzyme
.v cytochrome P450 aromatase (P450arom), an important enzyme in the conversion of
' androgens to estrogens. The proportion of androgens and estrogens is important for sexual
:' differentiation in many teleost species. P450 regulates the amount of estrogens (mainly 17b-
- estradiol) and keeps its levels within the required level for ovarian differentiation (Fenske and
I Segner 2004). In fish, two genes code for aromatase enzymes: Cypl9al and Cypl9a2 (Liu et
al., 2007). The gene Cypl9al is restricted to the gonads, and is involved in sexual gonadal
differentiation, while Cypl9a2 is mainly expressed in the brain, and is indirectly involved in
sexual differentiation, through the hypothalamus-hypophysis-gonad axis (Sawyer et al.,

2006).

2.5. Hormonal regulation of sex-determination
The sex steroid 17B-estradiol is responsible for inducing and maintaining ovarian

development and its levels is always higher in females than in males. Testicular development
is mainly regulated by the androgen 11-ketotestosterone (11KT). According Bogart (1987)
and Baroiller et al., (1999), sex determination is based on the ratio between 11KT and 178-
estradiol in such away that high levels of 11KT induces musculinization whereas excess of

17B8-estradiol induces feminization. This has been observed in several species of teleosts

including the Eurasian perch (Rougeot et al., 2007)
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;14 ance between the two steroids is regulated by the enzyme P450arom (which converts
gens to estrogens) expressed by the gene Cyp19 (aromatase). For instance, in Zebra fish,
ibition or induction of P450arom activity during the period of gonadal development leads
‘J change in sexual gonadal differentiation (Fenske and Segner 2004). Studies by
dhakumari et al., (2005) on expression of P450arom in the in brain and gonads of O.
icus suggested their involvement in sex differentiation whereby expression of P450

omatase was observed throughout in the developing testis with varied pattern and only

ared in the first few days during ovarian differentiation (Pieau and Dorrizi 2004).

The mechanism of action of steroids in gonadal differentiation in fish is mediated by binding
,p,eciﬁc receptors (Devlin and Nagahama 2002). Androgens exert their effect by binding
and activating the androgen receptor (Ar), while estrogens exert their action by means of two
receptors: estrogen receptors alpha (ERa) and beta (ERP). The levels of steroid receptors are
selves influenced by either androgens or estrogens, which affects the expression of the
gene that codes for the Ar and ERs respectively. This positive control ensures that enough

amounts of receptors are available to respond to the presence of steroids (Hossain et al.,

08).

‘Sex steroids have been shown to regulate sexual differentiation at expression level of the
genes involved in sexual differentiation. Both positive and negative regulation by sex steroids
: ;‘ of the gene Cyp19 (aromatase) have been reported in fish, the regulation usually depends on
_.:-th’e tissue (Filby et al., 2007). For instance, in the rainbow trout, treatment with 17f-estradiol
-;'gliminishes the expression of Dmrt] gene in male gonads during differentiation. This decrease

 indicates an indirect action of estrogens on the regulation of the expression of this gene

'~ (Marchand et al., 2000).
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e perature has been shown to act in the same way as estradiol, and therefore, like estradiol,
. regulates the production of steroid hormones, particularly that of aromatase enzyme as an
part of the sex determining cascade (Pieau and Dorrizi, 2004). Steroid hormones are
ected to regulate the sex determining gene like those of Y chromosome in the early
utionary stages of species. Pieau (1996) showed that temperature has dramatic influence
the metabolic pathway of hormones through activation of at least four genes; the gene
encoding for aromatase receptors and oestrogen receptors at special female producing
temperatures, and genes encoding for 5a-5p reductase receptors and androgen receptors at

male producing temperatures.

.aroln et al., (2002) showed that it is possible to change the sex of fish by exposing them to
'eterologous sexual steroids during a sensitive stage of their life cycle. In fish, two distinct
fp‘ituitary gonadotropins (GtH I and GtH II) have been purified and characterized from tilapia
i __;(Melamed et al., 2000) and salmonids (Itoh et al., 1990; Kato et al., 1993; Tyler et al., 1997).
 From their chemical characteristics, it is clear that GtH I and GtH II are related to the tetrapod
- gonadotropins, follicle-stimulating ﬁormone (FSH) and luteinizing hormone (LH)
respectively (Tyler et al., 1997). In salmonid species, it has been established that GTH I
.' mediates vitellogenesis while GTH II regulates oocyte maturation and ovulation as does LH
(Kobayashi et al., 1997; Tyler et al., 1997). At around 26 days after fertilization, the gonads
;' of the juvenile Rainbow trout undergo sex differentiation and gonadotropin-releasing
' hormone (GnRH) neurons appear in the preoptic area of the brain and also in the pituitary
{ (Chyb et al., 1999). The GnRH stimulates synthesis and release of the pituitary LH-like
: gonadotropin (GtH II) as well as stimulating release of growth hormone (Melamed et al.,

1996).
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[n salmonids, the presence of an additional GtH I has been confirmed. It appears to be parallel

to the mammalian FSH in both structure and function. It has also been reported to be the main
stimulator of initial gonadal development, steroidogenesis, and vitellogenensis (Itoh et al.,
1990; Kato et al., 1993; Tyler et al., 1997). Gonadotrophin subunit,GtHa, has also been found

in O. niloticus (Fan et al., 2003), leading to the concept of dual GtHs in many teleosts,

although a notable exception is the African catfish in which only GtHII has been found

elamed et al., 2000).

In tilapia, evidence for the presence of GtHII, with a distinct function, was prdvided by a
s @dy in which levels of GtH II increased in spawning O. niloticus around the time of actual
- spawning (Fan ef al., 2003). The gene encoding GtH I B subunit has been isolated and cloned
“, and shown to encode homologue amino acids with those of other teleosts (Tyler et al., 1997).
It has also been shown that the mRNA levels of the two GtH B subunits are altered
~ differentially in female tilapia with varying degrees of relative gonadal size (Fan et al., 2003).
'~ In vitro experiments by Melamed et al., (2000) have shown that this may be due to the

- differential effects of gonadal steroids on the expression of these two genes.

Another special group of proteins that have been shown to play pivotal role in sexual
differentiation in teleosts, are the heat shock proteins (Hsp) (Place et al., 2004). Hsps are a
ubiquitous and highly conserved group of proteins that have been found in nearly all
organisms, including fishes (Basu ef al., 2002). They have special functions in adaptation of
an animal to external stress, e.g. temperature (Hofman, 2005). They also play a role in proper
folding, oligomerisation, compartmentalisation, translation and activation of other cellular

proteins (Dietz et al., 1994; Hofman, 2005).
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One of the major classes of heat shock proteins induced in cells in response to thermal stress
‘:ﬁthe hsp90 family (Dietz et al., 1994). Evidence suggests that hsp90 interacts with specific
target proteins (e.g. kinases) and plays an important role in steroid-receptor fidelity (Pan et
., 2000). Though these proteins are mainly for the adaptation of salmons to thermal stress
(DuBeau er al., 1998), they also have a role in the sex-determination, for example in
Qggerhead turtle (Caretta caretta). Two hsp of molecular weights 42 and 46kDa were found
,.,m be differentially expressed in the urinogenital tissue of developing females embryos reared
at 32°C but absent in the urinogenital systems of developing male embryos reared at 26°C

(Harry et al., 1990). The author assumed that these proteins might mediate post transcriptional

] steps necessary for sexual development.

~ Another class of hsps is the 70kDa. These proteins have general ‘housekeeping’ functions
.’ within the cell, related to ensuring proper folding, transport and degradation of cellular
' proteins (Dietz et al., 1994). In addition to their constitutive functions, hsp70 are induced
' when animals are exposed to temperature changes and environmental pollutants (Williams et
al., 1996; Vijayan et al., 1997). Hsp70 bind to heat shock damaged proteins to prevent them
~ from aggregating, and to provide them with an opportunity to re-fold to their native form
when the insult has abated (Hofmann et al., 2000). The proteins (hsp70s) are also considered
as indicators of stress given that they are induced in fish following exposure to various
stressors (Iwama et al., 2004). However, lack of hsp70 response after exposure to thermal
stress have been reported in Antartic fish, 7rematomus bernacchi, (Hofmann et al., 2000) and
Northern Atlantic cod, Gadus morhua, (Zakhartsev et al., 2005). The absence of an hsp
response to thermal stress has also been shown in Hydra due to reduced hsp70 mRNA

stability (Brennecke et al., 1998) and in Antarctic notothenoid fishes due to altered expression

of the inducible hsp70 gene (Place ef al., 2004).
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1 - 0003

. The role of simple sequence repeat (SSR) in sex determination and
opulation genetics

icrosatellite or simple sequence repeats represent a unique type of tandemly repeated

enomic sequences, which are abund‘:antly distributed across genomes and demonstrate high
s of allele polymorphism (Chistiakov ef al., 2006). Microsatellites can be found
; here in the genome, both in protein-coding and noncoding DNA (Chistiakov et al..
6). Di- and tetranucleotide motifs are mostly clustered in noncoding regions (Toth et al.,
2000). In contrast to other types of repeat motifs, triplets are found in both coding and non-
ding genomic regions with a high frequency (Morgante et al., 2002). SSR contribute to
DNA structure, chromatin organization, regulation of DNA recombination, transéription and

slation, gene expression and cell cycle dynamics (Chistiakov ef al., 2006).

fS’fSRs located in promoter regions do influence gene expression level. Loci containing tandem
] ;“;?epeats within either a coding sequence or a promoter are hypermutable. Altered numbers of
;fepeats thus cause switches in the reading frame of translation or changes in the level of
1 promoter activity, while SSR situated in the 3-UTR (untranslated region) affect gene
- expression through their influence on the stability of transcribed products. This role was
- found for a GA (guanine — adenine) rich repetitive DNA segment in the 3'-UTR of the rat
', polymeric immunoglobulin receptor gene (Fabregat et al., 2001). SSR variation produces
- either drastic or quantitative variations in gene expression. Because of genomic
| overabundance and high mutability of SSRs (Chistiakov et al., 2006), changes in SSR array
size may serve as a rich source of variation in fitness-related traits in natural populations
(Streelman and Kocher, 2002). Its role is especially important for population survival and

adaptation of tilapia to varying environmental conditions (Blankenship ef al., 2002).
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ollowing the identification of microsatellite-containing short sub-sequence of a transcribed

ed protein-coding nucleotide sequence known as expressed sequence tags (ESTs), it is

n the public domain. UniProt/Swiss-Prot, a central database of protein sequence and function,
annotated protein sequence database which is helpful for predictiting the amino acids

and proteins coded from nucleotide base sequences.

 number of studies have found associations of DNA markers with sex in tilapia species and
their hybrids; e.g. two recent studies mapped the location of 13 genes known to be involved in
the sex determination pathway in tilapia (Cnaani ef al., 2004). Although some of these genes
.1’: linked to sex associated markers (Shirak et al., 2002), they are excluded as major sex-
 determining genes, since sex-determination can not be fully ascribed to these genes (Shirak et
‘;iﬁll., 2006; Lee and Kocher, 2007). Although some genes have been described as sex-related,
~ Herpin and Scharti (2009) working on Medaka fish to determine the mechanism of sex
determination and the evolution of Y chromosome, showed that MRTIbY can be considered

~ asa master sex determination gene though non has been utilized in aquaculture.

Cnaani ef al., (2008) identified DNA markers linked to sex determining genes in six closely
-'; related species of tilapiine fishes. In two of the species, Oreochromis karongae and Tilapia
] :: mariae, the sex-determining locus was found on linkage group (LG) 3 with females being
: heterogametic (WZ-ZZ system), whereas in O. niloticus and Tilapia zillii the sex-determining

locus was on LG1 with males being heterogametic (XX-XY system).
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r on the expression patterns of various transcription factors along the Hypothalamus
gonadal axis (HPG) may elucidate the mechanism of sex determination in the O.
cus. For example, ontogenic expression patterns of nuclear receptors and cytochrome
@ aromatases in brain and gonads of the O. miloticus suggest their involvement in sex
entiation (Sudhakumari et al., 2005). Expression of P450 aromatase was observed
ghout in the developing testis with varied pattern while in developing ovary it was
ent till 15 days post hatch and reappeared only after 90 days post hatch. According to
Sudhakumari er al., (2005), this observation suggested that brain acts merely as a

synchronizer in the sex differentiation process initiated by gonadal cues/factors in the O.

’ expression studies have also shown that simple sequence repeats (SSR) located in
'i‘omoter regions can influence gene expression (Mansour et al., 1998). These SSRs can
E_ffcct the sequence of the binding site and influence the affinity for the binding of the
"corresponding regulatory transcriptipn factor. The CT-elements lying close to the
transcription start point of these genes have been shown to be the target sequence for binding
transcription factors (Edwards er al., 1998). Such an effect has been described for a
J dinucleotide (CA/GT)n microsatellite in the O. nmiloticus prolactin 1 (PRL1) promoter
- (Streelman and Kocher, 2002). Transcribed microsatellites located in 5’ untranslated regions
_ can form specific and unusual DNA structures. In this case, the length of the repeat region can
affect the translation level from the target mRNA. The role of SSR or expressed sequence on
sex determination in fish tag has not been elucidated.

Microsatellites are highly variable and considered to be selectively neutral, allowing for the

assumption that the estimated amount of sequence divergence between units of interest is
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‘ctly proportional to the length of time since separation. They are co-dominant, inherited in
2 Mendelian fashion and tandem arrays of very short repeating motifs of 2-8 DNA bases that
be repeated up to ~100 times at a locus (Wright and Bentzen 1994). They are among the
fastest evolving genetic markers, with 10-3-10-4 mutations/generation (Goldstein et al.,
1995). Their high polymorphism, and PCR based analysis has made them one of the most

popular genetic markers (Wright and Bentzen 1994).

large numbers of individuals for genetic analyses within and between populations. Some
_f'icrosatellite loci have very high numbers of alleles per locus (>20) (Tessiere et al., 1997,
-Hansen et al., 2001), making them very ‘useful for applications such as parent-offspring
identification in mixed populations, while others have lower numbers of alleles and may be
- more suited for population genetics and phylogeny (O’Connell and Wright, 1997; Estoup and
~ Angers, 1998). Primers developed for one species will often cross-amplify microsatellite loci
vin closely related species (Estoup and Angers, 1998; Sanetra et al., 2009). In the present study
{ primers developed for the Cichlid Astotilapia burtoni (Abur) easily amplified loci from those
of related species. For instance the published primers Abur36 and Aburl00 from A. burtoni.
- cross-amplified O. niloticus microsatellite loci (Renn et al., 2004; Sanetra et dl., 2009), since
~ the two species are related and belong to the same family, and primers developed for rainbow

~ trout have successfully been used on salmonids (Morris ef al., 1996).

Microsatellite markers have a number of advantages over other molecular markers such as
allozymes and mitochondria DNA markers. Microsatellite loci are typically short, easy to
isolate and amplify by PCR and can be highly polymorphic. Sample DNA can be isolated

quickly because labour-intensive phenol-chloroform steps can generally be eliminated in
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vour of a simpler form of DNA extraction such as the sodium precipitation extraction
method. The high variability or polymorphism observed in microsatellites is quite
advantageous in studies such as population genetics and can also be used to differentiate
gt_ween sexes. Another advantage of using microsatellites in genetic studies is that only small
amounts of tissues are required for typing microsatellites and these markers can be assayed
v_v,sirvlg non-lethal tissues such as fin clips and archived scale samples. This might facilitate
etrospective analysis of depleted population where individuals in such populations are to be
~conserved and are therefore suitable for genetic analysis of endangered species. For
applications where a large number of loci are required, such as genome niapping or
identification of Quantitative Trait Loci (QTL), microsatellites offer a powerful alternative to

- marker systems such as RAPD (Jackson et al., 1998).

- There are two main techniques for microsatellite analysis. The first one requires probing
complete digests of nuclear DNA with simple sequence repeats (di-, tri-, or tetra- nucleotide
.; repeats). Alternatively, they are genotyped by the PCR, using primers targeted to the unique
- sequences flanking the microsatellite motif according to the methods of Ziegle et al., (1992).
. ,j The resulting PCR products are separated according to size by gel electrophoresis using either
agarose gels or more commonly (higher resolution) denaturing SDS polyacrylamide gels. This
- amplification presents a significant advantage over other non-PCR based methods because it
allows the use of relatively small amounts of tissue, including that from preserved otoliths,
scales, larvae, and small fry. Despite the advantages of microsatellite markers they are not
without constraints. One of the main problems is the presence of “null alleles” (Jarne and
Lagoda, 1996). Null alleles occur when mutations take place in the primer binding regions of

the microsatellite locus, not in the microsatellite DNA itself. The presence of null alleles at a
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causes scoring problems, in particular in individual based analyses such as relatedness

limation and assignment tests (Hansen, 2003).

An important disadvantage of microsatellite alleles is that amplification of an allele by PCR
: tn generates bands of 1 to 2 base pairs apart known as stutter or shadow bands that is
.v*i'r?:a in dinucleotide microsatellites. They appear as a result of incomplete denaturation of
the amplified products or strand impairing during amplification. However, trinucleotide and

tetranucleotide microsatellite typically exhibit little or no stuttering.

".uclear DNA exhibits the greatest variability of all genetic markers related to fisheries
science. Main  applications in fisheries and aquaculture are in phylogenetics and
ip;hylogeography (DeWoody and Avise, 2000; Hansen et al, 2003), population genetic
‘:Btructure (Shaklee and Bentzen 1998; Abila et al., 2004; Angienda et al., 2011) and
[ conservation of biodiversity (Reilly et al., 1999). Application of microsatellite markers are
‘_ also in hybridization and stocking impacts (Hansen et al., 2001; Ruzzante et al., 2001) and
-’ inbreeding (Tessier et al., 1997). Microsatellites have also become popular in genome
: mapping, gene flow and effective population size analysis (Hallerman, 2003; Withler er al.,

©2004).

- 2.7. Mitochondria DNA
~ Mitochondria genome of vertebrates is a single small, double stranded circular DNA molecule

of 1.6kb contained in the mitochondria. Up to several thousand copies of the DNA are found
per cell compared to only two copies in most nuclear DNA. Mitochondria of vertebrates
contain 13 genes coding for proteins. The protein coding genes are six sub-units of NADH

dehydrogenase (ND 1, 2, 3, 4L, 5 and 6), cytochrome b, three sub-units of cytochrome ¢
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oxidase (CO, 1, IL, IIT) and two sub-units of ATP synthetase (ATPase 6 and 8). It also contains

wo genes coding for ribosomal RNAs (small 12s and large 16S rRNA), 22 genes coding for

[RNAs and one major non-coding control region (the D-loop) (Brown, 1981). The D-loop is a
1.2kb that contains the initiation sites for mtDNA replication and RNA transcription. Based
distribution of thé variable nucleotide positions and differential nucleotide frequencies
tﬁe different parts of the control region, it can be divided into three domains. Domain I and
Il are more variable while domain II is more conserved. The advantages of the use of
mtDNA over nucleus DNA in phylogenetics is that; first, mitochondria is maternally
‘, .'erited. All mtDNA is clonally inherited from the mother. Mitochondria are located in the
cytoplasm and only the egg contributes cytoplasm to the zygote. Such maternally derived
_‘olccules do not recombine genetically in progeny. Therefore, unlike nuclear DNA which
- gets reconstituted in each generation during meiosis, the only alterations to mtDNA can only
be an accidental change caused by mutation, copying errors or other accidents. Secondly,
mtDNA especially the D-loop region has high rate of evolutionary change due to high
'ss;;ynonymous substitution rate of the control region (Sturmbauer and Meyer, 1992). The basis
:Qf the higher rate of mtDNA evolution is due to transitional differences (Brown, 1981). In-
closely related cichlids, substitution outnumbers deletion and addition (Sturmbauer and
.‘ Meyer, 1992). Because mutations accumulate fastest here (Meyer et al., 1990), the control
- region is the molecule of choice for the study of population genetics and phylogenetic
relationships in recently radiated species like the tilapiines.

- 2.8. Effect of introducing O. niloticus and other fishes in Lake Victoria

The introduction of the O. niloticus and Nile perch into the Lake Victoria region have altered
1 Ehe original ecosystem and consequently led to the extinction of hundreds of indigenous Lake
Victoria fish species. For instance O. esculentus (Singida tilapia) and O. variabilis have

virtually disappeared from Lake Victoria ((Lowe-McConnell 2000; Balirwa et al., 2003). The

31




.earance of O. esculentus from Lake Victoria and its major decline throughout the
;ffii has led to its classification as a ‘critically endangered’ species in the IUCN red list

wongo et al., 2006).

'*aquatic ecosystem of L. Victoria has been greatly modified by overfishing, increased
activity in the drainage basin, and the introduction of exotic species. The exotic
rapidly displaced many of the indigenous haplochromine cichlids from the lake,
Iriving hundreds of the species to extinction. In addition to the Haplochromine cichlids, two
{i emic Tilapiine species, Oreochromis variabilis and O. esculentus, were extirpated from L.
toria, and their only remaining natural refugia are satellite lakes near L. Victoria (Ogutu-
ayo, 1990). In a majority of satellite lakes, the remaining populations of the endemic L.

Victoria tilapiines are threatened due to occurrence of exotic tilapiines.

Certain ecological, genetic and physiological characteristics make O. niloticus a successful
vvader. They are omnivorous, grow fgster and larger than native tilapias and have the ability
\ 0 exclude native fish from feeding and breeding grounds (Lowe-McConnell 2000). They also
gasily hybridize with the native species (Canonico ef al., 2005). As with other cichlidae,
_ ﬁlapiines have undergone a recent evolutionary radiation. The Recent or incomplete
‘;speciation processes allow them to hybridize readily (Wohlfarth and Hulata 1983; Trewavas
.v11983). Moreover, hybridization in the natural environment is poorly documented; it has been
recorded for the sympatric O. niloticus and O. aureus in Western Africa, in Mozambique
? where escapee O. niloticus from aquaculture farms hybridised with Mozambique tilapia (D’
v‘ Amato et al., 2007) and a case of extinction by hybridization in Lake Victoria where O.

- variabilis was out-competed and disappeared after introduction of Nile and Mozambique

~ tilapia.
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h introgression has been shown to hasten the decline in genetic diversity of the native
pecies (Dowling 1992) and led to a reduction in the fitness of native species (Rhymer
berloff 1996; Fitzsimmons 2001). A recent study of native westslope cutthroat trout
ncorhynchus clarkii lewisi) in the upper Flathead River system, Montana, USA and British
ia, Canada, revealed that even small degrees of hybridization (e.g. 20%) with
troduced rainbow trout (Oncorhynchus mykiss) markedly reduced fitness of males and
v of the native species, with reproductive success sharply declining (Muhlfeld ez al.,
. However studies on the genetic isolation between populations of sculpins within
f residence species showed that selection forces promoted introgression of about 30% of the

loci (Nolte ez al., 2009). This implied that hybridization increased the fitness of the admixed

'c introduction of Nile perch also contributed significantly to the disappearance of native
‘cies. In the 1980’s the native Oreochromis species of Lake Victoria experienced
_}f nprecedented rate of extinction from the adverse effects of the exotic Nile perch. The loss
Fwas attributed predation (Ogutu — Ohwayo, 1990) that mainly led to the quick disappearance
of the native Oreochromis species. Despite the threats of the introduced O. niloticus, remnant
>;populations of the native tilapia species O. esculentus and O. variabilis still persist in
j peripheral water bodies such as small lakes and dam reservoirs in the Lake Victoria catchment

- (Loiselle 1996; Aloo 2003; Angienda et al., 2011).

- Lake Victoria satellite lakes were formed through series of drying and refilling processes that

characterized the geology of Lake Victoria (Kaufman 1992; Johnson ef al., 1996). The three

satellite lakes located within the Yala Swamp in Western Kenya are Kanyaboli, Sare and
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0. Lake Kanyaboli is approximately 10.5 km? with an average depth of 2.5 m and a
Ja um depth of 4.5 m). It is the largest and most remote from Lake Victoria (Crafter et al.
92). It is separated from Lake Victoria by extensive papyrus swamps. It has an average
d oxygen level of 7.3 mg O, I (Aloo 2003). Native O. esculentus coexists with
uced O. niloticus in this lake and population size of O. esculentus was found to be high
“average catch per canoe of 26 kg; Opiyo 1994). No records of Nile perch have been

cumented in Lake Kanyaboli.

are is continuous with Lake Victoria and discharges its water directly into the lake. It is
bout 5 km” in area, 5 m deep at its centre and has an average dissolved oxygen level of 8.1
f 0, I'". 0. esculentus no longer exist in this lake probably due to predation pressure by Nile

)

h, which is established there (Aloo 2003).

7* ¢ Namboyo is a small lake of about 0.01 km? with an average depth of about 17 m, and
an average dissolved oxygen level of 4.8 mg O, I'. O. esculentus coexists with O.

niloticus in the lake. Nile perch does not exist in this lake (Aloo, 2003).

The Yala swamp is Kenya’s largest freshwater wetland and covers about 175 km? along the
;Q,_orth-westem shores of Lake Victoria. About 23 Km’ has so far been converted for
v:pommercial agriculture purposes. The swamp is bounded by Hwiro and Nzoia River to the
~North and Yala River to the south. It is separated from L. Victoria by a sand bar through
which the Yala River cuts in many delta outflows into the Lake. It is a valley swamp formed
in Pleistocene by water level changes and river flow reversal that led to deposition of silts,

~ infilling and colonization by rooted plants. The common rooted plants of the swamp are

~ Cyperus papyrus and Phragmites mauritianus (Aloo, 2003). It is host to a number of
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nous fish species e.g. Clarias gariepinus, Protopterus aethiopicus, Labeo victorianus

d Barbus spp. The dissolved oxygen levels are very low, about 4 mg O, I"' (Aloo, 2003).

satellite lakes play a crucial role in the conservation and future survival of the native O.
dentus and O. variabilis, since they function as refugia (Ogutu-Ohwayo 1990; Kaufman
ind Ochumba 1993; Maithya 1998; Mwanja et al. 2001). A recent study of six haplochromine
hlids of Lake Kanyaboli indicated that the region may provide an opportunity for the
ervation of endangered species and genetic diversity that is threatened by both exotics

and anthropogenic factors affecting Lake Victoria haplochromines (Abila er al., 2004, 2008).

9. Genetic structure of O. niloticus in Lake Victoria
Few studies have previously been carried out to determine the genetic structure of the O.

floticus within L. Victoria basin. Agnése et al., (1999) resolved the genetic structure of O.
3;‘ culentus by comparing its genetic composition with that of O. niloticus based on three
‘microsatellite markers and 24 allozymes and suggested purity of O. esculentus. However
studies by Mwanja et al., (2008) revealed a slight level of genetic admixture between the two

‘species within Lake Kanyaboli based on random applified DNA polymorphism (RAPD).

.. Knowledge of the genetic make up of the O. nmiloticus will be crucial for the future
- development of sustainable aquacultural strains, conservation, and management of this
1 important L. Victoria genetic resource. Identification of diverse populations may provide
! knowledge on genetic diversity, novel genetic, physiological, behavioural and other
~ characteristics that are associated with differences in life-history traits such as growth rates,
! fecundity, abundance and disease resistance (Bert 1993; Stepien 1995). Such traits could be

~ exploited to develop suitable aquaculture strains of this native species through marker assisted
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ﬁon (MAS). The characterization of genetic variation within and among populations is
iportant for the interpretation, understanding and effective management of fish species.
solving population structure, detecting hybridization, defining management units and
tifying invasive species has been identified as the key elements of conservation genetics
alle and Amato 2004). To secure the future of O. miloticus as an excellent fishery
‘ iies, it will be important to determine whether O. niloticus has hybridized with the native
"ésculentus species. This would permit identification of genetically pure and distinct

pulations of O. miloticus that can be used to develop genetically robust strains. Genetic

diversity among the populations of O. niloticus can be exploited through MAS to develop and

‘may reveal how genetic diversity between Lake Victoria and satellite lakes compare.
‘I'Population genetic theory would predict that since only fewer individuals were introduced -
~ (small founder effect) into the satellite lakes, a population bottleneck was introduced in the

process leading to a loss of genetic diversity in the satellite lakes.

The future of tilapia stock improvement will rely on appropriate stock choice, development of
- sound management techniques and selective breeding. The basis of this approach is the ability
to characterize and monitor tilapia genetic resources both in their natural environment and
under culture, provide a sound knowledge of the genetic characteristics of each stock and to

examine the effects of management practices on the gene pools of each stock.
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CHAPTER THREE

MATERIALS AND METHODS

). Sampling sites
dy was carried out in the Nyanza Gulf, the eastern most portion of Lake Victoria. The

as an area of approximately 1920 km” and a total length of approximately 60 km, and is
allow, with a mean depth of only 6 m. The Yala swamp lies immediately to the east of the
:’{’L, (OOOO’S - 0030’S; 34930°E - 35015’E, 1134 m above sea level) and is bordered to the
orth by the Nzoia River and to the south by the Yala River (Fig. 1). Three main lakes are
Id in the Yala wetlands: Kanyaboli (00°04°30”N; 34°09°36”E), Sare (00°02°36’’S;
34°03°32”E) and Namboyo (00°00°23”N; 34°05°09”E) located between lakes kanyaboli and

Sare.
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- Fig. 1. Map of Lake Victoria showing the position of the Nyanza Gulf and the Yala Swamp

j within which are the satellite lakes Kanyaboli, Sare and Namboyo (Re-drawn from Crafter et



1.0 Sample collection:

.1. Broodstock fish for all-male heat induced sex reversal
A fresh stock of O. nmiloticus was obtained from Lake Victoria, Nyanza Gulf (Ogal fish landing

h) (Fig. 1). The fish were caught by seine netting and immediately transferred into aerated
r in large plastic tanks. Only large sized tilapia, approximately 20cm in body length were
ned in the tanks, while smaller ones were released back into the lake. The fish were
trar sported in aerated water tanks to the aquarium facilities at Maseno University, about 20 Km
,om the point of capture. At the aquarium facilities the fish were sexed and those that were
early determined as males or females, by visual examination of genital papillae, were
_'” ransferred into separate concrete ponds designated as such, and let to acclimate for three months
:iaefore commencing the experiments. They were fed on maize meal supplemented with 10%

i protein obtained from Rastniobola argentae.

1 Out-door concrete water ponds of approximately 1.5M? sizes, were used for breeding. These
_- " were layered at bottom with sand from the lake to mimic the natural environment. It had been
observed that such a system is more cdnducive to natural spawning and fertilization of the eggs.
Replenishment and aeration of water was done continously. Water quality parameters: dissolved
oxygen (DO), salinity, pH, conductivity, total dissolved solutes (TDS) and temperature were

monitored daily in the ponds and the aquaria.

Sexually mature males and females were stocked in the ratio of two females to one male and let
to reproduce freely. Hatched embryos at yolk sac stage were collected by scooping from the
bottom of the tanks using plastic cups, pooled into one lot and transferred into indoor glass
aciixaria (1.5M3). They were observed daily for yolk absorption. One day after yolk absorption
was considered as day one post yolk sac stage of development and light feeding on juvenile feeds

was also commenced at this time.
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Fishes for genetic variability studies
ish samples (minimum body length of both species: 15 cm) of O. niloticus and O.

'[us we collected by gill netting. O. niloticus was collected from Lake Victoria and the
llite lakes. Oreochromis esculentus samples were only collected from two satellite
Kanyaboli and Namboyo. Thirty individuals of each species were collected from each
¢. The collected specimens comprised of approximately equal ratio of male and female for
,"'rs'pecies at each sampling site (O. niloticus: Lake Victoria—male:female = 13:17, Lake
vaboli—16:14, Lake Namboyo—15:15, Lake Sare—12:18; O. esculentus: Lake
;yaboli—~15:15, Lake Namboyo—14:16). Sexing was conducted by visual inspection of
:;'genital papillae area of every sampled fish in the field. The fishes were fully developed
to sex them precisely. The two species were readily identified in the field based on
10rphology: O. esculentus are distinguished from O. niloticus by being smaller in body size
z small heads and whitish coloured ventrally and reddish coloured dorsally (Fig. 2). It is
ost impossible to identify hybrids between the species based on morphology (Lowe-
onnell 2000). Fin clips were obtained for genetic analysis and immediately preserved in

eppendorf vials containing 95 % ethanol.
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Oreochromis esculentus

Oreochromis niloticus

Scm

2. Photographs of O. niloticus and O. esculentus shows the differences in shape, colour

1d size of the two study species.

2. Heat treatment for sex reversal
lass aquaria measuring 1.5 M? were used for heat treatments. These were fitted with constant
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ting to normal room temperature) post heat treatment. These were used to calculate survival
order to determine the optimal temperature that gave the maximum sex reversal towards

bii
s with optimal survival rates.

?" days post heat treatment, the fry that survived heat treatment for each temperature were
ferred into separate fry holding ponds at a stocking density of 5 fry per sq. metre where they
inued to receive graded feed portions commensurate with their growth weight regimens, from
aximum of 5% per kg body weight at 1 month to a minimum of 3% at 6 months. At two
onthly intervals samples of about 10 fry were drawn from each pond in a small quantity of

r and quickly weighed and returned back into the ponds. The average weights were used to

rmine the feed portions.

:: 3. Sexing the fingerlings

ew samples were obtained at 4 months post heat treatment for sexing and at 6 months all
“samples where obtained and sexing done by both squash and histological examination of the
v;j’gonads. Gonad quashes were fixed and stained in aceto-orcein fix stain (Waindi, 1994) and -
f.?histological preparations were fixed in Bouin’s fixative and stained with eoisin-haematoxylin.
- Male individuals were identified by the presence of developing seminiferous tubules and
: b‘ sbermatocyes, while females were identified by the presence of oocytes (Fig. 3). The numbers

- of males and females were recorded for each temperature treatment. Sex ratios were

calculated.as percentages of the numbers of male or female fry sexed as such.
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. Genomic DNA extraction by NaCl precipitation
1 oximately 2mm?® fish fin tissue preserved in 90% ethanol was used as the source of

_ ic DNA. Genomic DNA was extracted by proteinase K (10 mg/ml) digestion followed

‘NaCl precipitation using the method of Bruford et al., (1998).

tissue was placed in an eppendorf tube containing 270ul extraction buffer, 80ul 10%

odiumdodecylsulfate (SDS) and 20pul 1% protenase K and incubated at 56°C overnight. The

,:f.,i' another eppendorf tube. 420ul ice cold isopropanol was then added to the supernatant
gently and centrifuged for 5 minutes at 13000 rpm and the residues discarded. Washing
}he pellete obtained at the bottom of the eppendorf tube with 250ul 70% ethanol followed
y vortexing and centrifuging at 13000 rpm for 5 minutes. After washing, the pellete was left
dry for 15-20 minutes in the water bath. The dry pellete (DNA) was finally eluted with

double distilled water and stored at 20°C.

' 3.5.1. DNA ampilification via Polymerase Chain Reaction (PCR)

- PCR amplification was performed in a reaction volume of 20 pl, which comprised 1X PCR
_I:fbuffer, 25 uM of each dNTP, 0.5 uM of each of the forward and reverse primers, 0.1 U Tag
' :» polymerase (Genaxxon) and 100-200 ng of DNA template (Table 1). The following thermal
.‘ conditions were used: an initial denaturation phase at 94°C for 5 min followed by 35 cycles
~ with a denaturation phase at 94°C for 30 s, an annealing phase at 49-58°C for 30 s, an
extension phase at 72°C for 90 s, followed by a final extension phase at 72°C for 10 min in

~ Perkin Elmer GeneAmp PCR 9700 (Norwalk, CT).
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hed primers listed in Table 2.

1. PCR master mix for one DNA amplification reaction

tion reactions for microsatellite and mitochondria DNA were carried out using the

Volume (pul) Quantity
 distilled water 12.5
? R buffer 2
2 25 uM
er (forward) 1 0.5 uM
‘:; (reverse) 1 0.5 uM
aq Polymerase DNA 0.5 0.1U
;plate DNA 1 100 ng
20.0
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ined from Sanetra et al., 2009)

=‘j Primers sequence for PCR amplification of microsatellite and mitochondria DNA

Sex linked microsatellite primers

Sequence (5°-3)

Fwd TCTCTGAAGGTGAGCCACAG
Rvs ACGCTGCCCCTCTTCATC

Fwd CATTCCAATCCCCTGTGC

Rvs CTGCTCCAACTCTCCTGTCC
Fwd CACAAAGATGTCTAAACATGT
Rvs GAATTTGACAGTTTGTTGT

Fwd GGTGAGCTGCATACCACAA
Rvs GTCAGCTGTGAGCGTCTGG

Fwd GGATGGCATGGACTCAGAAG
Rvs TTTTCACTTTCCCCATCTCAC
Fwd CGAAGGGAGATGATAGGGAAG
Rvs AGTAGTACTTGCACAGAAGGAG
Fwd CGAAGCGCTTTAGTGGTTTC
Rvs CATCGCTCAGCTTTCTCCTC
Fwd TAAGTTTCTGGGCCTTGCTG
Rvs TGAAGGAAAGAAGCCCAAGC
Fwd CACGTGACGTCCTGATGAAC
Rvs GCCTACCTGTGGGATACAGC
Fwd CGAACCTCAAACGTCCTCT

Rvs CTGCTCTGATGGAGTCCAAG
Fwd TTAAGGCCACCGTAGATTCC
Rvs. CTGGTAGCCTGGAGGTCAGC

Mitochondria DNA primer

L-Pro (Forward)
12s5R (Reverse)

CCTGAAGTAGGAACCAGATG
GGCGGATACTTGCATGT

MASENO UNIVERSITY
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2. Gel Electrophoresis
2 PCR amplification products were loaded onto ethidium stained 1% agarose gel and

ctrophoresed at 76 volts for 15 -20 minutes. The DNA was visualised by running the gel
ough GelDoc UV illuminator (BioRad®). Presence of bands on the gel indicated successful

nplification of the DNA.

3.5.3 Genotyping microsatellite DNA

:'fi reversed O. nmiloticus were tested using three sex linked microsatellite loci that were
amplified with the primer; Abur100, Abur36, and UNH846, while genetic variability of the
species was tested using eight polymorphic microsatellite loci from eight independent
chromosomes and amplified with the primers: Abur30, Abur51, Aburl10, Abur28, Abur4,
f'bur18, Abur25 and Abur4l. The forward primers were labeled with a fluorescent dye (6-
FAM, HEX or NED). Reactions were carried out in 20puL. volumes which comprised 1X PCR
buffer, 25 uM of each dNTP, 0.5 uM of each of the forward and reverse primers, 0.1U Tag
‘polymerase (Genaxxon) and 100-200 ng of DNA using the same PCR conditions as for
- mtDNA amplification (annealing terﬁperature of 55°C). PCR products were diluted in
formamide HiDi and electrophoresed in an ABI 3130xI automated sequencer. Fragment sizes
V' were compared to ROX 500bp size standard (ABI) as determined using GENOTYPER®‘

software (Applied Biosystems).

3.5.4. Microsatellite and mitochondria DNA purification
After size confirmation by gel electrophoresis, enzymatic pre-sequencing treatment of PCR

products was done for all PCR products that showed single sharp bands. The total volume of
the reaction was 5 pL, which comprises 0.8 U/uL of Exonuclease I (Fermentas) and 0.16

U/uL FastAP (Shrimp Alkaline Phosphatase, Fermentas).
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re as follows: denaturation step at 94°C for 4 minutes, 35 cycles of 55°C annealing
erature for 15 seconds and an extension temperature of 60°C for 4 minute. The product

vas then stored at 4°C.

3.5.6. Sequencing (Sex linked microsatellite) and mitochondria DNA
Sex-linked genes were amplified using primers Aburl00, Abur36 (the Abur primers were

homologous to the loci in the linkage group 1 (LG1) of the O. niloticus and UNH846.
Approximately 850 bp of mitochondrial DNA control region was amplified using primers L-
0-F (Meyer et al. 1994) and 12S5R (5° GGC GGA TAC TTG CAT GT 3’). PCR
';. nplification was performed in a reaction volume of 20.0 pL, which comprises 1X PCR
.jbuffer, 25 uM of each dNTP, 0.5 uM of each of the forward and reverse primers, 0.1U Taq
“polymerase (Genaxxon) and 100_200' ng of DNA template, under the following thermal
I conditions: an initial denaturation phase at 94°C for 5 min followed by 35 cycles with a
~ denaturation phase at 94 °C for 30 s, an annealing phase at 55 °C for 30 s, an extension phase
: at 72 °C for 90 s and a final extension phase at 72 °C for 10 min in Perkin ElImer GeneAmp
| PCR 9700 (Norwalk, CT). After size confirmation by gel electrophoresis (Fig 15 and Fig. 16),
amplified PCR products were purified enzymatically with Exonuclease I (Fermentas) and
FastAP (Shrimp Alkaline Phosphatase, Fermentas), following manufacturer’s protocol. The
purified gene fragments were subjected to direct sequencing in the forward and reverse
directions using the same forward and reverse primers as in the PCR and the BigDye
Terminator 3.1 Cycle Sequencing Ready Reaction Kit (Applied Biosystems). All reactions for

DNA sequencing were run on an ABI 3130xl automated DNA sequencer (Applied
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systems). Forward and reverse sequences were assembled in SEQUENCHER version
2., edited using CHROMAS ver. 2.0 computer software and aligned in CLUSTAL W ver.

3 (Fig. 6) (Thompson et al., 1994).

. Statistical analysis

.6.1. Sex reversal and survival
TA statistical analysis tool was used for analysis of variance (ANOVA) between

reatment temperature and the resultant mean of sex reversed male individuals (£<0.05) and
determine the correlation between the survival rates and treatment temperatures.
Brrelation analyses between temperature and survival were done at significance level of
:31 <0.01. G test was used for analysis of the genetic proportions of sex linked markers in male

and female individuals.

_" 3.6.2. Genetic variability of O. niloticus

- 3.6.3. Mitochondrial DNA control region
- The number of polymorphic sites, number of mtDNA haplotypes, haplotype diversity (#) and

nucleotide diversity (m) were calculated for each population as well as for the entire pooled
;' population of each species using ARLEQUIN 3.01 (Excoffier et al. 2005). TCS 1.21 |
| (Clement et al. 2000), which utilizes the statistical parsimony method described in Templeton
et al. (1992), was used to construct the haplotype network to investigate the phylogenetic
relationships among the mtDNA haplotypes of each species. Deletion mutations were treated
as a fifth state because they were observed consistently in seven different haplotypes.
Ambiguous connections in the haplotype network generated by TCS were resolved following

the criteria outlined in Crandall and Templeton (1993).
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ine intra- and inter-specific genetic differentiation between populations, exact tests
population differentiation (Raymond and Rousset 1995) as well as calculation of pair-wise
'_‘,: of Fsr (Weir and Cockerham 1984) were carried out using ARLEQUIN. The 95%
nificant levels for pair-wise intra- and inter-specific population comparisons were

nservatively adjusted using a Bonferroni correction (Bland and Altman, 1995)

3.4. Microsatellites
e frequencies for each locus and population were calculated after analysis with MICRO-

CKER (van Oosterhout ef al. 2004) was performed to check against errors due to null
;"eles, drop out and stutter using the Brookfield (1996) equation at 95% confidence level.
{‘: e number of alleles per locus (I,), observed (Hp) and the expected heterozygosity (Hg),
multilocus tests for Hardy-Weinberg Equilibrium (HWE), Fis estimates, tests for linkage
i5 isequilibrium among pairs of loci and intra- and inter-specific population genetic
differentiation were performed using GENEPOP ver. 4 (Rousset 2008). Genetic variation was
‘Analyzed in two dimensional individual based factorial correspondence analyses (FCA) in
-GENETIX (Belkhir ef al. 1996). Genetic admixture between the O. niloticus and O.
_' esculentus at microsatellite loci was assessed using an individual-based Bayesian cluster
approach as implemented in Structure 2.1 under a model of admixed ancestry among
' populations and correlated allele frequencies (Pritchard er a/. 2000; Falush et al. 2003).
MCMC was run for 100 000 generations to estimate Q. A 90% prdbability interval was used
for individual admixture values. Analysis was run eight independent times to check for
convergence on similar values. The eight runs arrived at almost identical values of In (P |D)

and QO (£ <0.001).
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CHAPTER FOUR
RESULTS

1. Sex reversal
¢ effects of heat treatments at various temperatures on sex ratios of the fingerlings

licated that the sensitive temperature that significantly skewed the sex ratio of O. niloticus
| favour of male individuals was 36°C (P < 0.05), providing the most optimal results of
6.31% males. However there was no significant difference in the sex ratio of both male and

le individuals between the controls reared at 26°C and heat treated individuals at
. \peratures ranging from 28 to 34°C, indicating that sex reversal is triggered within a
narrow limit of 36 + 1°C (Fig.4).

44.2. Survival

Contrary to treatment temperature where sex ratio was skewed at a specific temperature,
ival rates showed a negative correlation (-0.963) with higher temperatures being
unfavourable to the survival of the fry. The maximum temperatures that provide for
@ptimization of the survival (at the optimal sex reversal in favour of males) was 36 + 1°C
j)roviding a survival rate of 65.25% of the fry. Increasing treatment temperatures to 38+ 1°C

provided a dismal survival rate of 19 + 0.2 (Fig. 5).
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Fig. 3. Micrograph of O. niloticus fingerling gonads squash (a) and histology preparations (b)
showing the evidence of ovarian development with primary stage oocytes (a—arrows) and
secondary stage (b—arrows) oocytes, and evidence of testis with spermatocytes and

seminiferous tubules (d—arrows) and clusters of spermatocyes (c)
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Fig. 4. Sex ratio of O. niloticus fingerlings following treatment of the fry at the indicated -
temperatures, 26°C being control.
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Fig. 5. Survival ratio of O. niloticus fingerlings at indicated heat treatment temperatures,
‘showing a negative correlation (-0.963) between the treatment temperature and the resultant

survival rates.

4.4 3. Effect of heat treatment on sex linked microsatellite at the nucleotide
~ base level
- The nucleotide base sequence of the sex reversed O. niloticus showed variation from controls.

I Alignment of the generated base sequences were done using CLUSTAL W version 1.83
v (Thompson et al., 1994) Significant variations were observed at the locus, Abur36, The
~ variations were either substitution or deletion in nature (Fig. 6). The interruptions of the
repeat sequences (di and tri nucleotides) of the EST based microsatellites of the sex linked

microsatellites Abur 36 and Abur100 are presented in fig 6, 7, 8 and 9.
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. 6. Microsattelite sequence alignment (Clustal W) showing the effect of heat treatment on

e sex-linked gene in O. nmiloticus where similarities in base sequences between the heat

ated and control are denoted by * symbol, substitution (gap) and deletion mutations (-).

190 200 220 230 240 250
AGACCCCG AAGACCAG éAAACACCAG ACCG AGTGCTTTTATGTCACACAGATGATGTCAGAGTGGGGC

(@) Experimental heat treated
190 200 210 220 230 240 250

AGAGAGAGAGAGAGAGAGAG AGAGAGAGAGATGTCAGAGTGTGTGTGTGTGTGTGAGAGAGAGAGAC

I

(b) Control
Fig. 7. Chromatograph of heat treated O. niloticus sequences showing highly interrupted

expression sequence tag based microsatellite (a) and repeat sequence of AG and TG (b) of

control obtained from Abur36.
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210 20 230 240 250 260
ACACAG ATGATGTCAGAGTGGGGCCAGAGTGTGTIGTIGTGTGTGTGTGAGAGA

St

210 20 230 240 250 260
} AGAGAG&G AGAG w AGAGACCAGAGAGTGTIGTGIGITGTIGTGTIGTGTIGTIGTG

(@) Experimental (heat treated)

{(b) control

- Fig. 8. Chromatograph of expression sequence tag based microsatellite sequence obtained
from Aburl00 in O. niloticus showing slight interruptions of dinucleotide repeats of GA and
- TG.

30 4 0 - 60 0 80 %
CAGCGTCTCCTTC ACAGCAGACACACATGTGCTCCTCTCCCTCACACACACACACACACACA

) JMMMW““x,.ﬁ il

Fig. 9. Expression sequence tag based microsatellite repeat sequence obtained from Aburl00
in O. niloticus showing interrupted dinucluotide repeats of TC and TG followed by

continueous repeats of CA.
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230 240 250 260
TTTACGACCACGCTGGAAACTAGGGGTCTCAT TACATGATTAARAAT

W

’t.ﬂ
Fig. 10. Chromatogram of O. niloticus mtDNA sequence showing the arrangement of the

nucleotide base sequences constituting a haplotype.

4.4.4. Genetic proportion of sex linked genes
The genetic proportions of sex linked genes are presented in Table 3. Following G-test,

Abur36 predicted 95% phenotypic sex of the sex reversed O. niloticus individuals at P<0.05

" gnificance level following Bonferroni correction (Bland and Altman, 1995). This result

(dicated that this locus (Abur36) is highly influenced by temperature during temperature

l‘ e, 0 . ° 3 °
sensitive sex differentiation periods.

MASENO UNIVERSITY
S.G. S. LIBRARY

Lo




ble 3. Genotypic proportion of sex linked markers in male and female O. niloticus.

Control (GSD) Sex-reversed (TSD)

Genotype  Male Female G-test Male Female G-test

368/368 2 6 153 11 5 34.45%*
368/386 9 16 14 3

211213 5 12 42.7%% 0 1 68.23*
211/227 11 0 21 2

227227 6 1 9 0

179209 2 7 20.15N 4 6 2311 M
179/205 9 14 16 0

*P<0.05, **P <0.01, NS (Not significant)

- GSD (genetic sex determination); TSD (temperature sex determination)

4.4.5. Prediction of the putative function of the sex linked EST based
- microsatellite |
The putative functions of the expression sequence tag (EST) based microsatellites (Abur36)

that predicted 95% sex of sex reversed O. miloticus , were predicted by comparing the
sequencence to the public protein database. The outputs of these predictions are presented in
Fig. 11, 12 and 13. The predicted protein functions were male biased hormones (Fig. 12) and
transcription factors (For example androgen receptor B, SRY transcriptional facor, DM related
transcriptional factor DMRTb2) suggesting that the locus Abur36 is activated or altered in a
way that it skews sex ratio in favour of male individuals. The predicted transcription factors
including cytochrome P450 (Fig. 13) a novel type of P450c17 that has been shown to be
responsible for C21-steroid biosynthesis in the fish ovary and head kidney, Zhou et al., 2007,

are summarised in Fig. 14.
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Color key for alignment scores
40-50 50-80 80-200

320

82.1 androgen receptor beta fOreochromis nifoticus] 21.2 21% 3.1

fig. 11. Distribution of one Blast Hits of sequence generated from the locus Abur36 of a heat
treated O. niloticus individual predicting the presence of androgen receptor . A main factor

involved in sex determination.

Color key for alignment scores
<40 40-50 50-80 80-200

Query

o

200 300 400

Sequences producing significant aignments:

5 > o i
A4074158.2 DM-related transcriptional fackor Dmrt2b fOreochromis niloticus] 21.2 8% 5.5
'ACI03597.1  heat shock protein 70 fOreochromis niloticus] 20.4 14% 9.3

|
5

- Fig. 12 Distribution of two Blast Hits of sequence generated from the locus Abur36 of the
- heat treated O. niloticus individual predicting the involvement of Hsp 70 and DM-related

transcription factor.
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Color key for alignment scores

40-50 50-80 80-200 >=200

| | | |
100 150 200 250

[Eoon i st o )
OETEETREEG

e e ot o]
i Score E
S&quences producing significant alignments: {Bits) Value
| brain super conserved receptor 2 [Oreschremis. 20.4 2.8
| gonadetropin receptor II [Oreschromis nifoticus | 20.0 3.6
hormone-sensitive lipase [Oreocﬁfom{sqﬂoﬁcus ] 18,2 6.2
| eytochrome B450 C-17 [ Oreochromis niloticus | 19.2 6.2
SRY-box containing transeription factor 5 [pre... 18.8 g.1

heat treated O. niloticus individuals.

Genes
Gonadotropin

receptor 11

2] Androgen receptor

beta

Molecular mechanism of
Heat induced sex-determination]
Male biased cascades )

O DM related

trascripion factor
(DMRT2b)
[0  Heat shock protein

(HSP70)

{Testicular differentiation ] Cytochrome P450

DMRT1bY (SD Gene)

- Fig. 14. Predicted protein function of the simple sequence repeat from the EST based Abur36

- locus in the sex reversed O. niloticus individuals.
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Genetic variability of O. niloticus based on mitochondria and
osatellite DNA

1. Mitochondrial DNA control region
four populations of O. niloticus contained 37 different mtDNA-haplotypes (900bp, Fig

The two populations of O. esculentus contained only eight haplotypes (Fig. 17). No
haplotypes were shared between the two different species. The haplotype networks of
Niloticus and O. esculentus can be connected by six mutational steps (O. niloticus-H1 to
'i ulentus-H5). Every population of both species had unique haplotypes geographically
stricted to particular lakes (Fig. 17, 18 and 19). The most common O. niloticus haplotype

niloticus-H1) was only present in the satellite lakes.
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. 15. Micrograph showing sharp mtDNA bands (1 — 15) on agarose gel stained with

idium bromide and run alongside a 1Kb molecular marker (M).
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g. 16. Micrograph showing sharp microsatellite DNA bands (1 — 13) of O. niloticus samples

on agarose gel stained with ethidium bromide and run alongside a 1Kb molecular marker (M)
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O. niloticus

B Lake Kanyaboli
D Lake Namboyo
Lake Sare

- Lake Victona

0. esculentus
B Lake Kanyaboli @ 150
. Lake Namboyo 1

| Fig. 17. Haplotype networks of O. niloticus and O. esculentus based on the mtDNA control
- region (850 bp).

Each node in the network represents a single mutational step between haplotypes. Small,
circles indicate intermediate haplotypes that are not present in the samples, but are inferred
- mutations in these networks.

Haplotype diversity for O. niloticus was highest in Lake Victoria (0.829) but only slightly

lower in the three satellite lakes (0.770 to 0.800) (Table 4 and Appendix 2). Nucleotide

el




ty for O. niloticus was 0.008 for the Lake Victoria population and ranged from 0.005 to

) in satellite lake populations. In the two O. esculentus populations, Lake Namboyo had

_‘figher haplotype (0.816) and nucleotide (0.004) diversity than Lake Kanyaboli (Table
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eight microsatellite loci.

Table 4. Summary of the level of genetic diversity in four O. niloticus and two O. esculentus populations at both mtDNA control r gion an

Species O. niloticus O. esculentus

Lake L. Victoria L. Namboyo L. Kanyaboli L. Sare L. Kanyaboli L. Namboyo
mtDNA N 30 30 30 30 30 30

Number of haplotypes 13 11 11 7 4 5

No. of polymorphic sites 27 24 30 35 4 7

Haplotype diversity (/) 0.829 0.8 0.77 0.77 0.655 0.816

Nucleotide diversity (m)  0.008 0.005 0.006 0.012 0.002 0.004
Microsatellites 24 24 24 24 24 24

N, 7.625 (£2.134) 7 (£ 3.505) 8.375 (+ 2.875) 7.25 (£1.982) 8.125 (£ 4.155)  7.125 (£ 3.137)

H-W tests (P) 0.386 (£ 0.022) 0.368 (+0.024)  0.000 (= 0.000) 0.000 (+0.000) 0.476(=0.029)  0.305 (x 0.020)

H 0.733 (= 0.116) 0.713 (£ 0.133)  0.788 (+ 0.077) 0.734 (+0.135)  0.771(x0.129)  0.745 (= 0.104)

Ho 0.768 (£ 0.138) 0.783 (£ 0.146)  0.726 (+ 0.145) 0.697 (£0.114)  0.810 (+0.209)  0.795 (£ 0.110)

Fig -0.0504 -0.1012 0.0810 0.0497 -0.0514 -0.0720

N: sample sizes; N,: observed mean number of alleles across eight loci; Hg: mean expected heterozygosity and Ho: mean observed
heterozygosity. Fis: inbreeding coefficient. Bold means significant departure from HWE
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Population differentiation was highly significant between all pairs of populations within and

between species (Table 5). Fsr values for intra-specific comparisons among the four O.
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the mtDNA control region as well as eight microsatellite loci.

Victoria (O. n) Namboyo (O. n) Kanyaboli (0. n) Sare (0. n) Kanyaboli (O. e)

Victoria (O. n) -

Namboyo (. ) 0.185
Kanyaboli (O. n) 0.199
Sare (O. 1) 0.164
Kanyaboli (O. e) 0.257

Namboyo (O. e) 0177

The pairwise Fsr values between populations were calculated according to Weir & Cockerham (1984). Numbers above the diagonal represent

Fsr values based on microsatellites, and numbers below the diagonal represent Fgr values based on mtDNA control region. The pairwise

0.051 0.069 0.05
- 0.02 0.03

0.188 - 0.034

0.212 0.221

0272 0.287

0.192 0.207

10147
0.137

0122

0.151

comparisons from mtDNA and microstellites were all significant (P < 0.001) after a Bonferroni correction.
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4.5.2. Microsatellite loci

All populations of both species were in Hardy-Weinberg equilibrium except for two
populations of O. niloticus (Table 4), which may be non-panmictic. The inbreeding
efﬁcient (Fis) ranged from -0.0504 to 0.0810 across all populations. No evidence for
linkage disequilibrium between pairs of loci was found in the populations, suggesting that all

loci can be treated as independent markers.

- The number of alleles per locus ranged from 4 to 15 within populations of O. niloticus and 6
to 13 within populations of O. esculentus. For O. niloticus, Lake Namboyo has the highest
- mean observed heterozygosity (H,) (0.783 + 0.146) while for the O. esculentus, Lake
‘. Kanyaboli has higher H, than Lake Namboyo (0.81 + 0.209) (Table 4). Similar to the results
of the mtDNA control region, all populations of both species had private alleles. The highest
- numbers of private alleles were observed in Lake Namboyo for O. niloticus (12) while for the
0. esculentus, Lake Kanyaboli has a higher number of private alleles (5) than Lake Namboyo
(2) (Figure. 18 and Appendix 3). Exact tests showed highly significant population genetic

differentiation within and between the species (Table 5).
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Fig. 18. Number of unique microsatellite alleles and mtDNA haplotpyes of O. niloticus and
- O. esculentus present in Lake Victoria (LV) and three satellite lakes Kanyaboli (LK), Sare:
(LS) and Namboyo (LN).

- Factorial correspondence analysis (FCA) of eight microsatellite genotypes revealed two
distinct genetic groups separated along the x-axis (6.83%), representing the two species. The

y-axis (3.15%) separates individual microsatellite genotypes within populations (Fig. 19).
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Fig. 19. Factorial correspondence analysis of microsatellite allele variation in O. niloticus and O. esculentus.
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0 assess genetic admixture between O. niloticus and O. esculentus at microsatellite loci, we
: K = 2 to identify the proportion of membership (Q) towards each of the two species.
herefore QO close to 1 means the sampled genome is mostly O. niloticus while Q close to 0
eans little or none of the sampled genome is O. niloticus and thus is O. esculentus. There
no pure hybrid genotypes found (i.e. QO values ~0.5) (Fig. 20). Two individuals of O.
niloticus and six individuals of O. esculentus whose 90% probability intervals extend by more

than 30% out of the typical species Q value suggest some degree of admixture between

species for those individuals (Fig. 20).

B 06
0.4: ! |
| 021
0: ' - ﬁmwmfvw[a-»m+m+r++ﬂ
L. Namboyo L. Victoria L Kanyaboli L Sare L. Kanyaboli L. Namboyo

I O. niloticus | O. esculentus —J ‘

Fig. 20. The distribution of individual membership coefficients (Q = 90% probability
“intervals) of O. niloticus and O. esculentus genotypes in the lakes identified through

microsatellite analyses where each sample along the x axis represents an individual.

69



CHAPTER FIVE
DISCUSSION

Sexing fingerlings of O. niloticus

he present study, all the Nile tilapia samples were unambiguously sexed by gonad squash
f’que and confirmation of the accuracy of sexing done by histological preparations of the
’ds. The presence of oocytes at different stages of development were observed and identified
females, oocytes appeared as small rounded cells with very high nucleus to cytoplasm ratio
ereas preparations with distinctive testicular structures including semineferous tubules and

sters of developing spermatocyes were identified as males (Fig. 3).

condary sex characteristics like coloration and size were inadequate to distinguish sex.
oreover hand sexing based on the genital papillae where male individuals are identified by the
’ence of the urinogenital and anal opening and females by an additional aperture called the
;ominal opening is not an accurate aﬁd effective approach (Mair et al. 1997). Therefore for
euracy in determining the proportion of both male and female individuals from heat treatment

xperiments, a more reliable and accurate method like gonad squash and histology was necessary.

'uash technique is currently a simple laboratory technique originally developed for sexing
Oreochromis aureus and bluegill (Lepomis machrochirus) by Guerero and Shelton (1974). The
method can be used to sex large samples, for instance, Bruno ef al., (2005) used squash and
histological procedures to determine the sex of 3,894 European sea bass (Dicentrarchcus labrax).

However, histology is time consuming and labour intensive.
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fect of temperature on sex reversal in O. niloticus
urrent study heat treatment was performed at 10 day post yolk sac stage for 10 days. The

vival for all temperatures were recorded 24 hours post heat treatment, and are expressed
'rcentages of the total numbers of fry present at the beginning of heat treatments and
is expressed as a percentage of the total number of the fry (Fig. 4). Results show that
g sexually undifferentiated O. niloticus fingerings at the age of 10dph at 36 + 1.0°C for 10
‘Y' sex reversal effect in this species. These results confirm that temperature is important in
lal sex determination in tilapias as reported by Baroiller and D’Cotta (2001). This is in
ment with the observation that sexual differentiation of gonads is triggered by temperature
g the critical developmental period and that exposure to elevated temperature for 10 or more
at 9-13dph increases the proportion of male O. niloticus (Baroiller et al., 1995). Gonadal sex

termined by temperature before the onset of gonadal differentiation in fish (Hendry et al.,

r’esults‘of this study show that treatfnent at 36°C+ 1.0°C was the most critical temperature
',ition for both sex reversal (86.31%) and fry survival (65.25) ( Fig. 4). The obsqrved
'ratureeffect on sex reversal may suggest the existence of a critical sex reversal temperature
0. niloticus 36°C. Such critical conditions have been observed for other fishes (Fujioka,
). Previous studies have suggested the need to synchronise the ages at which the fry are heat
ated and the treatment temperatures, as well as the length of treatment. For instance, O
ossambicus juveniles that were heat treated before 5 days of age showed a higher incidence of
ormities than those that were equally treated but at older ages (Wang and Tsai, 2000b). In the

resent study heat treatments commenced 10 days post yolk sac stage (~ 18 days post hatch) and
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only 10 days. No physical abnormalities were observed in the fingerlings that survived

~tment.

énetic mechanism of heat induced sex determination in O. niloticus

resent study has shown that rearing O. niloticus fry at 36°C has sex reversal effect in favour
ale individuals. This observation confirms that temperature plays a critical role in sex
"'nation and gonadal differentiation in this species during the critical sex determination
j.jj (10-18dyph). Temperature has an influence in sex determination process leading to either
| proportions of male individuals of O. niloticus (at elevated temperatures of 36 = 1°C) as

wn in the present study or may produce high female ratios at lower temperatures as exhibited

tlantic halibut (Van Nes and Andersen, 2006).

like in medaka fish (Oryzias latipes) where a sex determining gene has been identified and
aracterised (Herpin and Scharti, 20‘09), no particular gene has been identified as sex
;Inining gene on O. niloticus and no gene has been identified in temperature induced sex
,rsal. However the present study has shown that sex linked microsatellites, particularly the
Abur36 is highly influenced by elevated temperatures during sexual differentiation. The
a proportion of sex linked markers indicated that Abur36 was highly influenced by
emperature and was associated with 95% of the sex reversed male individuals. The effect of
perature on this locus may lead to cascading events that favour development of male
dividuals through gene expression of male biased transcription factors (Ijiri et al., 2008;

"‘ssain et al., 2008) (Fig. 14). The prediction of androgen receptor 3, Hsp70 that modify steroid

receptors and SRY (sex determination region on Y chromosome) transcriptional factors from the
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equences generated from heat treated O. niloticus, indicates that heat influences this locus

g to development of male individuals.

‘enetic basis of temperature dependent sex-determination in O. niloticus may still not be
,:'However this is the first attempt to elucidate the genetic basis by investigating the effect of
on the role of the sex linked genes in sex determination. The sex linked locus, Abur36
tified 95% of the sex reversed O. niloticus suggesting that this locus could be highly
uenced by temperature, thereby influencing sexual determination and differentiation. Pieau,
06) showed that temperature activates at least four genes: gene encoding for aromatase and
trogen receptors at female producing temperatures and genes encoding for 5a-5f reductase
ptors and androgen receptors at male producing temperatures. Blast results in the present
idy have indicated the involvement of expression factors shown in Fig 11, 12 and 13, in
‘ perature induced sex determination in O. niloticus. The present study has also shown that heat
atment during ontogenic development may have ‘mutagenic’ effect on the expression sequence

(EST) based sex linked genes (Fig. 6).

he EST based sex linked genes, have been shown to change DNA structure (Rich ef al., 1984),
hromatin organization (Rich et al., 1984), regulation of DNA recombination (Jeffreys et al.,
1998), transcription and translation (Meloni ez al., 1998) as well as gene expression and cell cycle
namics (Fabregat ef al., 2001). Therefore, EST based sex linked microsatellites may play a
pivotal role in gene expression leading to sex reversal in favour of males at elevated temperatures
and could turn out to be the major genes controlling sex determination in this thermolabile
species. Since microsatellites are far from being completely identified and characterised

(Chistiakov et al., 2006), new properties and characteristics of SSRs, will help the design of new
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h fields and the practical use of these markers in unravelling the whole mechanism of sex

nination in these species with temperature sex determination. -

variation produce drastic and quantitative variations in gene expression producing male
d transcription factors summarised in Fig. 14. The variations in the SSR sequences are
ented in Fig. 7, Fig. 8 and Fig. 9. Because of genomic overabundance and high mutability of
s, changes in SSR array size may serve as a rich source of variation in fitness-related traits in
populations (Streelman and Kocher, 2002). Its role may be especially important for

ptation to varying environmental conditions (Blankenship ef al., 2002).

s located in promoter regions can influence gene expression level. Loci containing tandem
gats within either a coding sequence or a promoter can be hypermutable. Altered numbers of
eats thus cause switches in the reading frame of translation or changes in the level of promoter
ity, while SSR situated in the 3'-UTR could affect gene expression through their influence

the stability of transcribed products (Chistiakov ez al., 2006).

e present study the putative functions of the sex linked genes were predicted by comparing
e sequences to the amino acid public database sequence (Fig. 11 — 13). The predicted proteins
nd transcription factors indicated the involvement of gonadotropin receptors (follicle stimulating
ormone and leutenising hormone receptor). Recent studies on the expression of gonadotropin
ind gonadotropin receptor genes during early sexual maturation in male Atlantic salmon
(Maugars and Schmitz, 2008) showed that both gonadotropin receptor genes are expressed in

ature testis. The androgen receptor f predicted from the public database of amino acid
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nces (Fig. 11) plays a key role in vertebrate sex differentiation. Action of androgen is

through androgen receptor during sex determination (Zhang et al., 2006).

yresent study predicted the involvement of DM-related transcription factor (DMRT2b) in the
induced sex determination (Fig. 12). A related transcription factor expressed by DMRT1bY
¢ has also been predicted to be involved in sex determination (Zhang et al., 2006). The
jIrs predict that the gene could be the master of sex-determination but concludes that the
:onship between environmental factors and sex-related genes in sex-determination remains

ly unknown.

present study has also indicated the involvement of heat shock protein 70 in sex
rmination. This concurs with the work of Khuo et al., (2009) that showed that hsp70 have the
'ty to modify steroid receptors and that heat shock protein binding protein (HSPBP) mRNA is
pressed in the gonadal-adrenal complex in male individuals. Cytochrom P450 aromatase is also
itical during sex-differentiation. It converts oestrogens into androgens and the brain aromatase
ct as a synchroniser in the sex differentiation initiated by gonadal cues in O. niloticus

(Sudhakumari et al., 2005).

erefore the heat induced sex-determination mechanism in O. niloticus can be modelled from
this genetic approach. It is therefore clear that heat has an effect on the sex-linked genes with a
resultant effect of a male biased cascade of genetic events. Temperature dependent sex reversal
,:quires obtaining recently hatched fry and rearing them in aquaria with high quality water. It

‘remains the most effective and environmentally friendly approach in terms of production and
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ability to local farmers for seed production in facilitating mono sex culture of all-male O.

. Genetic variability of O. niloticus populations compared to O.

present study attempts to elucidate the genetic population structure of O. niloticus and to
whether it has undergone introgression hybridization with O. esculentus within the Lake
oria region (Yala swamp) based on both mtDNA and microsatellite analyses. All lines of
nce suggest that there is only a limited amount of gene flow among the different populations

oth species of tilapia.

native critically endangered species O. esculentus, population genetic analysis revealed
_discrete populations based on microsatellite data, indicative of low gene flow between the
0 satellite lakes Kanyaboli and Namboyo. This lack of gene flow is most likely due to physical
plation between the two populations of O. esculentus. This eco-physiological barrier could also
, gene flow between the two populations of O. esculentus (Crispo and Chapman, 2008). This
sult of population structure was further supported by mtDNA analysis that revealed uﬁique
tDNA haplotypes in each population of O. esculentus. Oreochromis esculentus from Lake
Jamboyo exhibited higher haplotype diversity and more private alleles than the population from
ake Kanyaboli. This higher genetic diversity in Lake Namboyo may be due to higher effective
opulation size as a result of lower fishing pressure compared to Lake Kanyaboli. Higher fishing

pressure has been shown to reduce genetic diversity in other fish species (Hauser et al., 2002).
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present study revealed four genetically distinct populations of the introduced species O.
ticus following exact tests defined by the four lakes based on the mtDNA and microsatellite
_v“rs. The genetic structuring of the introduced O. niloticus is most likely caused by the fact
the four lakes are geographically isolated from one another, thus preventing movement of
?'duals between populations, thereby diminishing gene flow. Introduction of O. niloticus into
> Lake Victoria basin began as early as 1924 (Trewavas, 1983). However, widespread
oduction of this species have been in the last half century (EAFFRO, 1964) since it was re-
duced by human for developing local fishery during 1951 — 1954 (Beauchamp, 1958). Based
this historical information on the local introductions, data suggest that duration of time of ~ 60
VO years is sufficiently long enough for the subsequent generations of the originally introduced
dividuals into different lakes to have become genetically diverged from one another via genetic
(Crispo and Chapman, 2008). Both mitochondrial DNA and microsatellite markers revealed
;'nct private haplotypes and alleles that were restricted to a single of the four lakes. Satellite
‘es tended to have slightly lower genetic diversity probably due to population bottlenecks,
d/or smaller effective population sizes (Nei ef al., 1975). Nonetheless, the difference in genetic
liversity between Lake Victoria and the satellite lakes was not substantial. This observation
oncurs with previous similar studies on haplochromine cichlids (Abila er al. 2004, 2008) that
fere are similar levels of genetic diversity in satellite lakes as in Lake Victoria, although larger
pulation sizes for Lake Victoria would have suggested that it might have a higher genetic
‘versity as well (Lee and Boulding, 2009). O. niloticus was also introduced in these satellite
lakes but unlike Lake Victoria where the native O. esculentus has been extirpated, remnants of

this species still exist in sympatry with the introduced O. niloticus, perhaps because of the

absence of Nile perch (Aloo, 2003).
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3.2. Admixture between O. niloticus and O. esculentus
th mitochondrial and nuclear markers indicate that the two tilapia species have remained

netically distinct. There is no evidence for introgression of mtDNA between species, as might
ve occurred via occasional hybridization (Redenbach and Taylor 2003; Barton and Hewitt
,5). However, there are very low levels of individual-level genetic admixture at
\rosatellites. The levels of admixture were slightly higher in O. esculentus than O. niloticus
ig. 20), which suggests that there may be some very low levels of introgression from O.

iloticus into O. esculentus.

revious attempts to study hybridization in Lake Victoria tilapias led to conflicting results. Based
argely on allozymes, Agnése et al. (1999) suggested that O. niloticus from Lake Kanyaboli are
enetically "pure’. A study conducted by Mwanja (2004) on characterization of Lake Victoria
apia fishes using RAPD markers revealed 6.72 % of bands of O. Niloticus that appeared in
| populations of O. esculentus and 0.91% of the O. esculentus bands present in O. niloticus. Our
data support this finding of some low levels of introgression from O. Niloticus into O. esculentus.
However, the overall low-levels of shared bands between O. Niloticus and O. esculentus
indicated a limited level of hybridization between the two species. Since both studies were bésed
on relatively small sample sizes and genetic markers that might be considered to suffer from
,_a erent limitations, a re-evaluation of the question of hybridization between invasive and native
tilapia species in the Lake Victoria basin would be timely. A combination of microsatellite
genotyping and mtDNA sequence analyses is more sensitive in detecting potential hybridization
events (Frankham er al., 2004) and therefore the results presented in this study support the
: ypothesis that hybridization between the two species is not entirely absent, but the two species

‘might be introgressed with each other as revealed by microsatellite analysis.
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Oreochromis esculentus and O. Niloticus are phylogenetically closely related (although
re not a sister taxa) (Klett and Meyer 2002), both species might share certain alleles and/or
 size classes naturally at microsatellite loci examined. However, this hypothesis seems
ly unlikely because (1) no mtDNA haplotypes were found to be shared by these two species
Fig. 17 and 20) and (2) the sequence divergence in the mtDNA control region between the
les was considerably large [uncorrected p-distance (i.e. average number of nucleotide
erences per site) between haplotypes of the species: 13.9 %, suggesting that these two species
clearly “genetically unique”. Therefore, it is hard to think of how O. esculentus innately

es alleles with O. Niloticus at only microsatellite loci, but not at a mitochondrial marker.

better understanding of historical and contemporary levels of hybridization between O.
oticus and O. esculentus would be aided by additional temporal and/or geographical samples,
ticularly for O. esculentus. Comparing population genetic structure of native O. esculentus
fore and after an introduction of O. Niloticus will provide insights into a direct connection of
n ixture between these two species. It would also be interesting to see how stable the
opulation structure of these two species is at a contemporary time-scale. In addition, contrasting
opulation structure of O. esculentus in Lake Victoria region, where there is potential for
dmixture with O. niloticus, to that from a native and genetically “pure” source population
fthout O. Niloticus will gain insights into how much the genome of O. esculentus has been

‘polluted” by O. Niloticus or vise versa in Lake Victoria region.
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3. Satellite lakes as refugia for endemic fishes and their potential use in
aculture development

duction of exotic organisms including fishes have been one of the major threats to global
versity. The Lake Victoria cichlid fish species flock experienced one of the worst mass
,tions of the twentieth century (Barel ef al., 1985). Lake Victoria alone originally contained
£ 500 indigenous species of cichlid fishes, but mainly due to anthropogenic influences,
jcularly introduction of exotic species such as the Nile Perch, Lates niloticus, hundreds of
emic species (including O. variabilis and O. esculentus) became extinct (Balirwa ez al. 2003).
ive O. niloticus is also believed to contribute to the disappearance of the native tilapia
cies from Lake Victoria through its competitive superiority and its capability to hybridize with

m (Ogutu-Ohwayo, 1990; Goudswaard et al., 2002).

owever, recent studies on fish species genetic diversity in satellite lakes within the Lake
"toria region have lead to the discovery of genetic diversity that have either previously not
gen sampled from Lake Victoria or arisen In situ (Mwanja, 2004; Abila et al., 2004, 2008). Such
ndings support the hypothesis that satellite lakes and other small water reservoirs surrounding
ake Victoria could have played an important role in the evolution and conservation of the
netic diversity of the ichthyofauna in the Lake Victoria region now and as refugia during the
ate Pleistocene desiccation (Abila et al., 2008; Elmer et al., 2009). Chapman et al., (1996) also
suggested that wetlands in Lake Nabugabo near Lake Victoria, Uganda protect endemic
haplochromine cichlid fishes — Haplochromis velifer, H. simpsoni, H. beadlei, H annectidens
and Prognathochromis venator — from predation of Nile perch, serving as refugia for these now

endangered species. Similarly, O. esculentus is now extirpated from Lake Victoria (Balirwa et
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3), yet its existence in the minor water bodies provides an opportunity to unravel its

diversity as well as population structure in relation to the introduced O. niloticus.
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CHAPTER SIX
SUMMARY, CONCLUSION AND RECOMMENDATIONS

. Summary
 current study was set out to determine the genetic basis of heat induced sex determination in

niloticus population from the Gulf of L. Victoria and to determine the genetic structure of the
a-ies within the Lake Victoria and the associated satellite lakes. The genetic composition of
jasive O. niloticus was compared to that of the native O. esculentus to determine whether the
geies has undergone introgressive hybidization especially where they co-exist. To determine
g effect of temperature on sexual determination and differentiation, fingerlings where obtained
d reared under constant temperature conditions (ranging from 28 to 38°C) and 26°C being
trol for 10day. Treatment of the fry commenced at the age of 10dph. Sexing of the fry was
one at 4 and 6 months post heat treatment by gonadal squash technique and confirmed by
istology. Male individuals where identified by the presence of clusters of spermagocytes and

eveloping semineterous tubules. While females where identified by the presence of developing

ogonia and oocytes.

[hree sex linked microsatellite locus (Abur36, Aburl00 and UNH846) were employed to
determine the effect of temperature at the gene level. The loci Aur36 identified 95% of the sex
Versed individuals suggesting that the locus is highly influence by temperature. Determination
of the putative function of the microsatellite sex linked gene was determined following
sequencing of the gene. Male biased transcription factors were identified as being transcribed by
;'s gene suggesting that temperature could either trigger or alter gene expression in favour of

‘male individuals.
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letermine the genetic structure of O. niloticus populations, eight microsatellite DNA markers
ained from eight independent chromosomes were amplified and genotyped. Mitochondria
A sequences where also obtained from each sample amplified and sequenced. The genetic
e up of O. niloticus was compared to that of O. esculentus and results revealed the
"nce of four populations of O. niloticus defined by the four lakes (Lake Victoria, Sare,
mboyo and Kanyaboli) and two populations of O. esculentus. There was very low genetic
mixture between the two species indicating lack of gene flow or very low levels of
fgressive hybridization suggesting purity of the two species. This suggested the existence of
netically distinct populations of Nile tilapia within the region, which could potentially be used
'broodstock populations in the temperature treatment technology for sex reversal in all-male

apia culture.

.2. Conclusion
. This study has demonstrated the effect of temperature on sexual determination and

" differentiation in O. niloticus at 36°C, being the optimal temperature for sex reversal and
 survival.

). The present study has also adduced evidence that temperature as an environmental factor
interacts with the genome altering gene expressions leading to male biased individuals at
specific temperature sensitive periods during ontogenic development of the embryos. The
effect of elevated temperature is mainly at the sex-linked locus affecting gene expression
thereby leading to sex reversal in favour of male individuals.

3, Studies on genetic variability of O. niloticus compared to O. esculentus have shown the

existence of four distinct populations of O. niloticus within the region defined by the individual
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akes, and two distinct populations of O. esculentus. This offers an opportunity to explore the

potential genetic variability of these distinct populations into aquaculture systems.

. Recommendations

.1. Application of the present work
1. Unlike genetic approaches, heat treatment technology for sex reversal is a consumer

friendly method that does not require specialised facilities and high tech expertise
knowledge. It can therefore be easily adapted by local fish farmers to produce all-male
fingerlings in facilitating all-male (mono-sex) culture practices to overcome the inherent
problems of mixed sex cultures. The use of hormones for sex reversal is being
discouraged due to public resentment and the potential health risk to the consumers, thus
heat treatment technology remains as the only cheap and reliable method with no known
inherent health risks for production of viable mono sex tilapia fish.

. The identified genetically diverse and unique populations of O. niloticus provide a unique
opportunity to explore their potential as broodstock genetic resource that can be used for

production of all-male fingerlings of high quality.

0.2.2. Recommendations for future studies

. Further studies on gene expressions should be carried out to identify the main gene(s)
responsible for sex determination, for example, the role of Abur36 and other sex-linked
microsatellites that play a role in sex determination in O. niloticus by isolating and
genetically characterising these genes to identify their putative functions. Invitro studies
on the functions of these genes should also be carried out based on gene-knock out

technology.
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The genetic distinctiveness of the two species should be conserved as management units
and further genetic characterisation of the O. niloticus within the Lake Victoria region
based on microsatellite set of the entire genome should be carried out to identify the most
genetically robust and diverse population with suitable characteristics such as diseases

resistance and faster growth in marker assisted selection (MAS) programmes.

AAYVH8IT 'S 'o°'g
ALISY3AINN ONISYWN

85




ferences
ila R., Salzburger W., Ndonga M. F., Owiti D. O., Barluenga M., Meyer A. (2008) The role of

the Yala swamp lakes in the conservation of Lake Victoria region haplochromine cichlids:

Evidence from genetic and trophic ecology studies, Lakes and Reservoirs: Research and

Management 13: 95-104.

ila R., Barluenga M., Engelken J., Meyer A., Salzburger W. (2004) Population-structure and
genetic diversity in a haplochromine cichlid fish [corrected] of a satellite lake of Lake
Victoria, Mol Ecol 9: 2589-602.

bucay J. S, Mair G. C, Skibinski D. O. F., Beardmore, J. A. (1999) Environmental sex

determination: the effect of temperature and salinity on sex ratio in Oreochromis niloticus

L., Aquaculture 173: 219-234.

onése J. F., Adépo-Gour¢ne B., Owino J., Pouyaud L., Aman R. (1999) Genetic

characterization of a relict population of Oreochromis esculentus, an endangered tilapia, J
Fish Biol, 54:1119-123.

meida-Toledo L. F., Foresti F., Daniel M. F., Toledo-Filho S. A. (2000) Sex chromosome

evolution in fish: the formation of the neo-Y chromosome in Eigenmannia

(Gymnotiformes), Chromosoma 109:197-200.

Aloo P. O. (2003) Biological diversity of the Yala Swamp lakes, with special emphasis on fish

| species composition, in relation to changes in the Lake Victoria Basin (Kenya): Threats

and conservation measures, Biodiversity Conserv, 12:905-920.
Angienda P. O., Aketch B. O., and Waindi E. N. (2010) Development of all-male fingerlings by
heat treatment and the genetic mechanism of heat induced sex determination in O.

niloticus (Oreochromis niloticus L.), Int J Biol Life Sci 7: 38-43.

86




gienda P. O., Lee H. J., Elmer K. R., Abila R., Waindi E. N., and Meyer A. (2011) Genetic
structure and gene flow in an endangered native tilapia fish (Oreochromis esculentus)
compared to invasive O. niloticus (Oreochromis niloticus) in Yala swamp, East Africa,
Conserv Genetics 12: 243-255.

tkhipchuk V. V. (1995) Role of chromosomal and genome mutations in the evolution of bony
fishes, Hydrobiol J, 31: 55-65.

zaza M. S., Draief M. N., and Kraiem M. M. (2008) Effects of water temperature on growth and
sex ratio of juvenile O. niloticus Oreochromis niloticus (Linnacus) reared in geothermal
waters in southernTunisia, J Thermal Biol 33: 98-105.

Balirwa J. S. (1992) The Evolution of the Fishery of Oreochromis niloticus (Pisces: Cichlidae) in
Lake Victoria, Hydrobiologia 232: 58-89.

Balirwa J. S., Chapman C. A., Chapman L. J., Cowx I. G., Heheb K., Kaufman L., Lowe-
McConnell R. H., Seehausen O., Wanink J. H., Welcomme R. L., Witte F. (2003)
Biodiversity and fishery sustainability in the Lake Victoria basin: an unexpected
marriage? BioSci 53: 703-715.

Balthazart J. and Ball G. F. (1998) New insights into the regulation and function of brain estrogen

synthase (aromatase), Trends Neurosci 21: 243-249.

implications, J Fish Biol 5§7:210-223

‘Bardakci F., and Skibinski, D. O. F. (1994) Application of the RAPD technique in tilapia fish:
species and subspecies identification, Heredity 73: 117-123.

Bardoni B., Zanaria E., guioli S., Floridia G., Worley K. C., Tonini G., Ferrante E., Chiumello

G., McCabe E. R., Fraccaro M., zuffardi O., and Camerino G. (1994) A dosage sensitive

87

Baras E., Prignon C., Gohoungo G., and Melard C. (2000) Phenotypic sex differentiation of blue

tilapia under constant and fluctuating thermal regimes and its adaptive and evolutionary



locus at chromosome Xp21 is involved in male to female sex reversal, Nat Genet 7: 599-

611.

el C. D. N., Dorit R., Greenwood P. H., Fryer G., Hughes N., Jackson P. B. N., Kawanabe

H., Lowe-McConnell R. H., Nagoshi M., Ribbink A. J., et al. (1985) Destruction of

fisheries in Africa’s Lakes, Nature 315: 19-20.

aroiller J. F., Chourrout D., Fostier A., and Jalabert B. (1995) Temperature and sex chromosomes

govern sex ratios of the mouthbrooding cichlid fish Oreochromis niloticus, J Exp Zool 273:

216-223.

v‘aroiller J. F, Guiguen, Y., and Fostier A. (1999) Endocrine and environmental aspects of sex

differentation in fish. Cell Mol Life Sci 55: 910-931.

Baroiller J. F., and D’Cotta H. (2001) Environment and sex determination in farmed fish, Comp

Biochem Physiol C Toxicol Pharmacol 30:399—409

Baroiller J. F, D'Cotta H., Bezault E., Wessels S., and Hoerstgen-Schwark G. (2009) Tilapia sex

| determination: Where temperature and genetics meet, Com. Biochem Physiol A, 153: 30-

38.

‘Baron B., Buckle F., and Espina S. (2002) Environmental factors and sexual differentiation in

Poecilia sphenops Valenciennes (Pisces: Poeciliidae). Aquacult Res 33: 615-619

‘Barton N. H, and Hewitt G. M. (1995) Analysis of hybrid zones, Annual Review of Ecology Evol
System 16: 113—-148.

Basu N., Todgham A. E., Ackerman P. A., Bibeau M. R., Nakano K., Schulte, P. M. and Iwama
G. K. (2002) Heat shock protein genes and their functional significance in fish, Gene 295:
173-183.

Beardmore J. A., Mair G. C., and Lewis R. I. (2001) Monosex male production in fin fish as

exemplified by tilapia: applications, problems, and prospects, Aquaculture 197: 283-301

88




eauchamp R. S. A. (1958) Utilising the natural resources of Lake Victoria for the benefit of
fisheries and agriculture, Narure 181: 1634-1636.

elkhir K., Borsa P., Chikhi L., Raufaste N., and Bonhomme F. (1996) Genetix 4.05, Logiciel
Sous Windows™™ Pour Al Genetique De Population. Laboratoire Genome, Populations,
Interactions, CNRS UMR 5000 Universite de Montpellier, France.

Bert T. M., Hesselman D. M., Arnold W. S., Moore W. S., Cruz-Lopez H., and Marrelli D.
(1993) High frequency of gonadal neoplasia in a hard clam (Mercenaria) hybrid zone
Marine Biol 117: 97-104.

Beyer C. (1999) Estrogen and the developing mammalian brain, Anat Embryol (Berlin) 199:
379-390,

Bland J. M., and Altman D. G. (1995) Multiple significance test: Bonferroni method. BMJ, 130:
170.

Blankenship S. M., May B. and Hedgecock D. (2002) Evolution of a perfect simple sequence
repeat locus in the context of its flanking sequence, Mol. Biol. Evol. 19: 1943-1951.
Bla'zquez M., Zanuy S., Carillo M., and Piferrer F. (1998) Structural and functional effects of

early exposure to estradiol-17 beta and 17 alpha-ethynylestradiol on the gonads of the
gonochoristic teleost Dicentrarchus labrax, Fish Physiol Biochem 18:37-47
Bogart M. H. (1987) Sex determination: a hypothesis based on steroid ratios, J Theor Biol 128:
349-357.
Bollig F., Mehringer R., Perner B., Hartung C., Scha“fer M., Schartl M., Volff J. N., Winkler C.,
and Englert C. (2006) Identification and comparative expression analysis of a second wtl
gene in zebrafish, Dev Dyn 235:554-561

Brennecke T., Gellner K., and Bosch T. C. G. (1998) The lack of a stress response in Hydra

! oligactis is due to reduced hsp70 mRNA stability, £ J Biochem 255: 703-709.

&9



teld J. F. Y. (1996) A simple new method for estimating null allele frequency from
heterozygote deficiency, Mol Ecol 5: 453-455.
L. (1981) Mechanism of evolution in animal mitochondria DNA, Anm. N.Y. Acad, Sci
361: 119-134.
ford M. W., Hanotte O., Brookfield J. F. Y., and Burke T. (1998) Multilocus and single locus
DNA fingerprinting. Molecular genetics analysis of populations: A practical approach
(ed. Hoelzel AR), Oxford University Press, Oxford, pp. 287-336
o M., Stefano P., Alain V., Marie-Odile V., and Beatrice C. (2005). A short method for
sexing juvenile European sea bass, Dicentricus labrax L. Aquaculture Research 36: 41-44
sle” J. and Brusle’, S. (1983). La gonandogyne'se des Poissons. Reproduction, Nutrition, et
De veloppement 23: 453—491.
ampos-Ramos R., Harvey S. C., Masabanda, J. S, Carrasco, L. A. P., Griffin, D. K., et al (2001)
Identification of putative sex chromosomes in the blue tilapia, Oreochromis aureus ,
through synaptonemal complex and FISH analysis. Genetica 111: 143—153.
Canonico C. G, Arthington A., Mccrary J. K., and Thieme M. L. (2005) The effect of introduced
tilapias on native biodiversity. Aquatic Conserv: Marine Freshwater Ecosystem, 15: 463—
483.
Carrasco L. A. P., Penman D. J., and Bromage N. (1999) Evidence for the presence of sex
chromosomes in O. niloticus (Oreochromis niloticus) from synaptonemal complex of
XX, XY and YY genotypes, Aquculture 173: 207-218
Chakraborty S. B., Banerjee S. (2009) Culture of monosex O. niloticus under different
traditional and non-traditional methods in India, W J Fish Marine Sci 1: 212-217.
Chapman L. J., Chapman C. A., and Chandler M. (1996) Wetland ecotones as refugia for

endangered species, Biol Conserv 78: 263-270.

90




nl., FuY., Xiang D., Zhao G., Long H., Liu J., and Yu Q. (2008) XX/XY heteromorphic sex
chromosome systems in two bullhead catfish species, Liobagrus marginatus and L. styani
(Amblycipitidae, Siluriformes), Cytogenet Genome Res, 122:169—-174
istiakov D. A., Hellemans B., and Volckaert F. A. M. (2006) Microsatellites and their genomic
distribution, evolution, function and applications: A review with special reference to fish
genetics, Aquaculture 255: 1-29.
hyb J., Mikolajczyk T., and Breton B. (1999) Post-ovulatory secretion of pituitary
gonadotropins GtH I and GtH II in the rainbow trout (Oncorhynchus mykiss): regulation
by steroids and possible role of non-steroidal gonadal factors, J Endocrinology 163: 87—
97.
Clement M., Posada D., and Crandall K. A. (2000) TCS: a computer program to estimate gene
genealogies, Mol Ecol 9: 1657-1659.
Cnaani A., Zilberman N., Tinman S., Hulata G., and Ron M. (2004) Genome-scan analysis for
quantitative trait loci in an F2 tilapia hybrid, Mol Genet Genom 272: 162—172.
Cnaani A., Lee B. Y., Zilberman N., Ozouf-Costaz C., Hulata G., et al., (2008) Genetics of sex
determination in tilapiine species, Sex Dev 2: 43-54.
Coward K., Bromage N. R. (1998). Histological classification of oocyte growth and the dynamics
of ovarian recrudescence in Tilapia zilli, J. Fish Biol, 36: 721-730
Crafter S. A., Njuguna S. G., and Howard G. W. (eds) (1992) Wetlands of Kenya. Proceedings of
the KWWG Seminar on Wetlands of Kenya. National Museums of Kenya, Nairobi,
Kenya, 3-5 July, 1991. Pp. viii and 183.
Crandall K. A., Templeton A. R. (1993) Empirical tests of some predictions from coalescent
theory with applications to intra-specific phylogeny reconstruction, Genetics 134: 959—

969.

91




iew D. (1994) Temperature, steroid and sexdetermination, J Endocrinol 142: 1-8.

fispo E., and Chapman L. J. (2008) Population genetic structure across dissolved oxygen

regimes in an African cichlid fish, Mol Ecol 17:2134-2148

) Amato M. E., Esterhuyse M. M., van der Waal B. C. W., Brink D, and Volckkaert F. A. M.

(2007) Hybridization and Phylogeography of the Mozambique tilapia Oreochromis

mossambicus in Southern Africa evidenced by mitochondrial and microsatellite DNA

genotyping, Conserv Biol 8: 475-488.

'Cotta H., Fostier A., Guiguen Y., Govoroun M., and Baroiller J. F. (2001) Search for genes

| involved in the temperatureinduced gonadal sex differentiation in the tilapia,

Oreochromis niloticus, J Exp Zool 290: 574-85.

DeSalle R, and Amato G. (2004) The expansion of conservation genetics, Nat Rev Genet 5: 702-

712.

Desprez D., and Melard C. (1998) Effect of ambient water temperature on sex determination in the
blue tilapia Oreochromis aureus, Aquaculture 162: 79-84.

Devlin R. H., and Nagahama Y. (2002) Sex determination and sex differentiation in fish: An
overview of genetic, physiological and environmental influences, Aquaculture 208: 191-364.

DeWoody J. A., and Avise J. C. (2000) Microsatellite variation in marine, freshwater and
anadromous fishes compared with other animals, J Fish Biol, 56: 461-473.

Dietz T. J. (1994). Acclimation of threshold induction temperature 70 kDa and 90 kDa heat shock
proteins in the fish Gllichthys mirabilis J Exp Biol. 188: 333-338.

- Donaldson E. M. (2000) Hormones in Finfish Aquaculture, In Encyclopedia of Aquaculture

(Stickney, R. R., ed.), New York: John Wiley and Sons, pp. 446—451.

: Dowling T. E., and Childs M. R. (1992) Impact of hybridization on a threatened trout of the

Southwestern United States, Conserv Biol 6: 355-64.

92




Beau S. F., Pan F., Tremblay G. C., and Terence M. Bradley T. M. (1998) Thermal shock of
salmon in vivo induces the heat shock protein hsp 70 and confers protection against

osmotic shock, Aquaculture 168: 311-323.

AFFRO (1964) East African Freshwater Fisheries Research Organization (EAFFR) — Annual

Report for 1962/63. East African Common Services Organization, Jinja, Uganda.

dwards Y. J., Elgar G., Clark M. S., and Bishop M. J. (1998) The identification and

characterization of microsatellites in the compact genome of the Japanese pufferfish,

Fugu rubripes: perspectives in functional and comparative genomic analysis, J Mol Biol

278: 843-854.

El-Alfy H. S., Abdelmordy M., Mohamed S., and Salama M. S. (2009) Genetic Variation among

Nile Tilapiine Fishes (Perciformes: Cichlidae) Assessed by Random Amplified

Polymorphic DNA (RAPD) Analysis, Res J Cell Mol Biol 3: 63-70.

Elmer K. R., Reggio C., Wirth T., Verheyen E., Salzburger W., and Meyer A. (2009) Pleistocene
desiccation in East Africa bottlenecked but did not extirpate the adaptive radiation of
Lake Victoria haplochromine cichlid fishes, Proc Natl Acad Sci USA 106: 13404-134009.

Estoup A., and Angers B. (1998) Microsatellites and minisatellites for molecular ecology:
theoretical and empirical considerations. In: Carvalho, G. (ed). Advances in Molecular
Ecology 51: 55-86.

Excoffier L., Laval G., and Schneider S. (2005) ARLEQUIN, version 3: an intergrated software
package for population genetics data analysis. Evolutionary bioinformatics online, 1:47-
50. http://cmpg.unibe.ch/software/arlequin3/.

Fabregat 1., Koch K. S., Aoki T., Atkinson A. E., Dang H., Amosova O., Fresco J. R., Schildkraut

C. L., and Leffert H. L. (2001). Functional pleiotropy of an intramolecular triplex-forming

fragment from the 3'-UTR of the rat Pigr gene, Physiol Genomics 25: 53—65.

93




sh D., Stephens M., and Pritchard J. K. (2003) Inference of population structure using
multilocus genotype data: linked loci and correlated allele frequencies, Gener 164:1567—
1587.

'gue N. A., Hofmeister M., and Schulte P. M. (2006) Intraspecific variation in thermal
tolerance and heat shock protein gene expression in common Kkillifish, Fundulus
heteroclitus Journal of Experimental Biology 209: 2859-2872.

nH. G., Wang D. S., Kobayashi T., Senthilkumaran B., Sudhakumari C. C., Yoshikuni M., and
Nagahama Y. (2003). Molecular cloning of the three gonadotropin subunits and early
expression of FSHf during sex differentiation in the O. niloticus, Oreochromis niloticus,
Fish Physiol Biochem 28: 143—144.

‘iAO (2008) Fisheries and Aquaculture Information and Statistics Service [FAO FIES]

enske M., and Segner H. (2004) Aromatase modulation alters gonadal differentiation in

developing zebrafish (Danio rerio), Aquat Toxicol 67:105-126

Fontainhas-Fernandes A., Gomes E., Reis-Henriques M. A. and Coimbra, J. (2002) Plasma thyroid

hormones and hepatic nucleic acids in relation to sex of tilapia Oreochromis niloticus, J Appl

Ichthyol 18: 185-191.

Filby A. L., Thorpe K. L., Maack G., and Tyler C. R. (2007) Gene expression profiles revealing the
mechanisms of antiandrogen-and estrogen-induced feminization in fish, Aquat Toxicol
81:219-231

Fritzgerald S. D., and Cardona C. J. (1993) True hermaphrodites in a flock of Cochin bantams,
Avian Dis 37: 912-916.

Fitzsimmons K. (2001) Environmental and conservation issues in tilapia aquaculture, In Tilapia:

Production, Marketing and technological developments, (ed. Singh S.). FAO-infofish:

Kuala lumpur, Malasyia, 128 -31.

94



am R., Ballou J. D., and Briscoe D. A. (2004) A Primer of Conservation Genetics.

Cambridge University Press, New York pp 213-267.

‘dga K., Gropp A., Winking H., and Frank F. (1976) Fertile XX and XY type females in the

wood lemming Myopus schisticolor, Nature 261: 225-227.

yjioka Y. (2002) Effect of hormone treatments and temperature on ssex-reversal of Nigorobuna

Carassius carassius grandoculis, Fisheries Sci. 68 889-893

alman O. R., and Avtalion R. R. (1989) Further study of the embryonic development of

Oreochromis niloticus (Cichlidae, Teleostei) using scanning electron microscopy, J Fish

Biol 34: 653-664.

Goldstein, D. B., Linares, A. R., Cavalli-Sforza, L. L. and Feldman, M. W. (1995) An evaluation

of genetic distances for use with microsatellite loci, Genet 139: 463-471.

Goto-Kazeto R., Abe Y., Masai K., Yamaha E., Adachi S., and Yamauchi K. (2006)

Temperature-dependent sex differentiation in goldfish: Establishing the temperature-

sensitive period and effect of constant and fluctuating water temperatures, Aquaculture

254: 617-624.

Goudswaard P. C, Witte F., and Katunzi E. F. B. (2002) The tilapiine fish stock of Lake Victoria

before and after the Nile perch upsurge, J Fish Biol 60: 838-856.

Grier H (2000) Ovarian germinal epithelium and folliculogenesis in the common snook,
Centropomus undecimalis (Teleostei: centropomidae). J Morphol 243(3):265-281

Guerrero, R. D. and Shelton W. L. (1974) An aceto-carmine squash method for sexing juvenile

fishes. The progressive Fish-culturist, 36: 56 - 61

mono-sex and mixed-Sex tilapia in fertilized ponds, Int J Agri Biol 10: 352-354.

MASENO UNIVERSITY
% S.G. S. LIBRARY

Hafeez-ur-Rehman M., I. Ahmed N. Khan ., and Rasool F. (2008) The Culture performance of



allerman E. M. (2003) Population genetics: principles and applications for fisheries scientists.
American Fisheries Society, Bethesda, Maryland: pp 458.
Hanfling B. (2007) Understanding the establishment success of non-indigenous fishes: lessons
from population genetics. J. Fish Biol 71 (Supplement D): 115-135
ansen M. M. (2003) Application of molecular markers in population and conservation genetics,
with special emphasis on fishes, DSc Thesis, Faculty of Natural Sciences, University of
Aarhus, pp 68.
ansen M. M., Ruzzante D. E., Nielsen E. E., and Mensberg K. L. D. (2001) Brown trout (Salmo
trutta) stocking impact assessment using microsatellite DNA markers, Ecol Appl 11: 148-
160.
Harry J. L., Williams K. L., and Briscoe D. A. (1990) Sex determination in Loggerhead turtles:
| differential expression of two hnRNP proteins, Deve 109: 305-312.
Hauser L., Adcock G. J, Smith P. J., Ramirez J. H. B., and Carvalho G. R. (2002) Loss of
microsatellite diversity and low effective population size in an overexploited population
of New Zealand snapper (Pagrus auratus) PNAS 18: 11742-11747.
Hendry C. I., Martin-Robichaud D. J., and Benfey T. J. (2002) Gonadal sex differentiation in
Atlantic halibut, J Fish Biol 60:1431-1442.
Herpin A., and Scharti M. (2009) Molecular mechanisms of sex determination and evolution of
the Y-chromosome: Insights from the medakafish (Oryzias latipes) Mol Cell Endocrinol
306: 51-58.
- Hickling, C. F. (1960) The Malacca Tilapia hybrids, J Geneticst 57: 1-10.
Hofmann G. E., Buckley B. A., Airaksinen S., Keen J. E., and Somero G. N. (2000) Heat-shock
protein expression is absent in the Antarctic fish Trematomus bernacchii (family

Nototheniidae), J Exp Biol 203: 2331-2339.

96




bfmann G. E. (2005) Patterns of Hsp gene expression in ectothermic marine organisms on small

to large biogeographic scales, Integ Comp Biol 45: 247-255.
ssain MS, Larsson A, Scherbak N, Olsson PE, Orban L (2008) Zebrafish androgen receptor:
isolation, molecular, and biochemical characterization. Biol Reprod 78(2):361-369
ata G., Wohlfarth G., and Rothbard S. (1983) Progeny-testing selection of tilapia broodstocks
producing all-male hybrid progenies — preliminary results, Aquaculture 33: 263—68.
'utchison J. B, Beyer C., Hutchison R. E., and Wozniak A. (1997) Sex differences in the
regulation of embryonic brain aromatase, J Steroid Biochem Mol Biol 61: 315-322.

1’ ussain M. G., McAndrew B. J., Penman D. J.,, and Sodsuk P. (1994) Estimating gene
centromere recombination frequencies in gynogenetic diploids of Oreochromis niloticus
L. using allozymes, skin colour and a putative sex-determination locus (SDL-2). In:
Beaumont AR (ed.) Genetics and Evolution of Aquatic Organisms. Chapman and Hall:
London, pp 502-509.

Itoh H., Suzuki K., and Kawauchi H. (1990) The complete amino acid sequences of & subunits of
chum salmon gonadotropins, Gene Comp Endocrinol 78: 56—65.

[jiri S. Kaneko H., Kobayashi T., Wang D. S., Sakai F., Paul-Prasanth B., Nakamura M.,
Nagahama Y. (2008) Sexual dimorphic expression of genes in gonads during early
differentiation of a teleost fish, the Oreochromis niloticus, Biol Reprod 78(2):333-341

Iwama G. K., Afonso L. O. B., Todgham A., Ackerman P., and Nakano K. (2004) Are hsps
suitable-for indicating stressed states in fish? J Exp Biol 207: 15-19.

Jackson T. R., Ferguson M. M., Danzmann R. G., Fishback A. G., Ihssen P. E., and Crease T. J.
(1998) Identification of two QTL influencing upper temperature tolerance in three

rainbow trout (Oncorhynchus mykiss) half-sib families, Heredity 80: 143-151.

2




mson T. C., Scholz C. A., Talbot M. R., Kelts K., Ricketts R. D., Ngobi G., Beuning K.,
Ssemmanda I., and McGill J. W. (1996) Late Pleistocene Desiccation of Lake Victoria
and Rapid Evolution of Cichlid Fishes, Science 273: 1091-1093

e P., and Lagoda P. J. L. (1996) Microsatellites, form molecules to populations and back,

Trends Ecol Evol 11: 424-429.

ffreys A. J., Neil D. L., and Neumann R., (1998) Repeat instability at human minisatellites

arising from meiotic recombination. EMBO J. 17: 4147-4157.

(anamori A., Yamamura A., Koshiba S., Lee J. S., Orlando E. F., and Hori H. (2006)

Methyltestosterone efficiently induces male development in the self-fertilizing

hermaphrodite fish, Kryptolebias marmoratus Genesis 44: 495 — 503.

Kato Y., Gen K., Maruyama O., Tomizawa K., and Kato T. (1993) Molecular cloning of cDNAs
encoding two gonadotropin B subunits (GtH I f and II B) from the masu salmon,
Oncorhynchus masou: rapid divergence of the GtH I  gene, J Mol Endocrinol 11: 275-
282.

Kaufman L. S. (1992) Catastrophic changes in species rich fresh water ecosystems: the lessons of
Lake Victoria, Biosci 42: 846 -852.

VKaufman L. S., and Ochumba P. (1993) Evolutionary and conservation biology of cichlid fishes
as revealed by faunal remnants in Northern Lake Victoria, Conserv Biol 7: 719-730.
Keeleyside M. H. A. (1991) “Cichlid Fishes Behaviour, ecology and evolution” Chapman Hall:

London pp 65.

- Kitano T., Yoshinaga N., Shiraishi E., Koyanagi T., and Abe S. (2007) Tamoxifen induces

masculinization of genetic females and regulates P450 aromatase and Mu’llerian

inhibiting substance mRNA expression in Japanese flounder (Paralichthys olivaceus). Mol

Reprod Dev 74(9):1171-1177

98



it V., and Meyer A. (2002) What, if Anything, is a Tilapia?—Mitochondrial ND2 Phylogeny
of Tilapiines and the Evolution of Parental Care Systems in the African Cichlid Fishes,
Mol Biol Evol 19: 865-883.
u'ver N., Herpin A., Braasch I., Driessle J.,and Schartl M. (2009) Regulatory back-up circuit
of medaka Wtl co-orthologs ensures PGC maintenance, Dev Biol 325:179—-188
bayashi M., Amano M., Kim H. M. (1997) Gonadotrophin-releasing hormone and
gonadotrophin in goldfish and masu salmon. Fish Physiology, Biochem 17: 1-8.
ohno S., Katsu Y., Urushitani H., Ohta Y., Iguchi T., and Guillette L. J. (2010) Potential
Contributions of Heat Shock Proteins to Temperature-Dependent Sex Determination in
the American Alligator, Sex Dev 4: 73-87
Kondo M., Nanda I., Hornung U., Asakawa S., Shimizu N., Mitani H., Schmid M., Shima A., and
Schartl M. (2003) Absence of the candidate male sex-determining gene dmrtlb(Y) of
medaka from other fish species, Curr Biol 13: 416—420.
Kornfield I. L. (1984) Descriptive genetics of cichlid fishes. In: Turner BJ (ed) Evolutionary
Genetics of Fishes. Plenum Publishing Corporation: New York, pp 519-616.
Kosswig C. (1964) Polygenic sex determination, Experientia 20: 190—199.
Lau Y. F., Yang F. T. L., Elder B., Fredga K., and Wiberg U. H. (1992) Unusual distribution of
| Zfy and Zfx sequences on the sex chromosomes of the wood lemming, a species
exhibiting XY sex reversal, Cytogenet Cell Genet 60: 48-54.

Lee H. J., Boulding E. G. (2009) Spatial and temporal population genetic structure of four

northeastern Pacific littorinid gastropods: the effect of mode of larval development on

variation at one mitochondrial and two nuclear DNA markers, Mol Ecol 18: 2165-2184.

99



B. Y. and Kocher T. D. (2007) Exclusion of Wilms tumor (W71b) and ovarian cytochrome
P450 aromatase (CYPI19A1) as candidates for sex determination genes in O. niloticus

(Oreochromisniloticus ), Anim Genet 38: 85-86.

e B. Y., Hulata G., and Kocher T. D. (2004) Two unlinked loci controlling the sex of blue
tilapia (Oreochromis aureus) Heredity 92: 543—549.

ee B. Y., Penman D. J., and Kocher, T. D. (2003) Identification of a sex-determining region in O.

niloticus (Oreochromis niloticus) using bulked segregant analysis, Int Society Anim Genetics

34: 379-383.

Liti D., Leah Cherop L., Munguti J. J., and LimChhorn L. (2005) Growth and economic

performance of O. niloticus (Oreochromis niloticus L.) fed on two formulated diets and

two locally available feeds in fertilized ponds, Aquaculture 36: 746—752.

Liu Z., Wu F., Jiao B., Zhang X., Hu C., Huang B., Zhou L., Huang X., Wang Z., Zhang Y.,
Nagahama Y., Cheng C. H., and Wang D. (2007) Molecular cloning of doublesex and
mab-3-related transcription factor 1, forkhead transcription factor gene 2, and two types
of cytochrome P450 aromatase in Southern catfish and their possible roles in sex
differentiation. J Endocrinol 194(1):223-241

 Loiselle P. V. (1996) ‘Fulu’ of the Yala Swamp, Cichlid News 5:11-18.

Lowe-McConnell R. H. (2000) The roles of tilapias in ecosystems. In: Zilapias: Biology and

Exploitation (eds. Beveridge MCM, Andrews BJ), pp.129-162. Kluwer, Dordrecht,

Netherlands

~ Luikart G., and England, P. R. (1999) Statistical analysis of microsatellite DNA data. Trends

Ecol Evol 14: 253-256.
Maack G., and Segner H (2003) Morphological development of the gonads in zebrafish, J Fish

Physiol 62:895-906

100



ir G. C., Abukay J. S., Skibinski D. O. F., Abella T. A., and Beardmore J. A. (1997). Genetic
manipulation of sex ratio for the large scale production of all male tilapia, Oreochromis
niloticus, Can J Fish Aquat Sci 54: 396-404.
ir G. C., Scott A. G., Penman D. J., Skibinski D. O. F., and Beardmore J. A. (1991). Sex
determination in the genus Oreochromis: 2. Sex reversal, hybridisation, gynogenesis and
triploidy in O. aureus Steindachner, Theor Appl Genet 82: 153—160.
vaithya J. (1998) A survey of ichthyofauna of Lake Kanyaboli and other small water bodies in
Kenya: Alternative refugia for endangered fish species, Naga, The ICLARM Quarterly 1:
54-56.
fajundar K. C., and McAndrew B. J. (1986) Relative DNA content of somatic nuclei and
chromosomal studies in three genera: Tilapia, Sarotherodon and Oreochromis of the tribe
Tilapiini, Genetica 68: 165-8. ‘
ansour M., Wright Jr., J. R., and Pohajdak B. (1998) Cloning, sequencing and characterization
of the tilapia insulin gene. Comp. Biochem. Physiol., B Biochem, Mol Biol 121: 291-297.
Marchand O., Govoroun M., D’Cotta H., McMeel O., Lareyre J., Bernot A., Laudet V., and
Guiguen Y. (2000) DMRT1 expression during gonadal differentiation and
spermatogenesis in the rainbow trout, Oncorhynchus mykiss, Biochem Biophys Acta
1493:180-187
Matsuda M., Nagahama Y., Shinomiya A., Sato T., Matsuda C., Kobayashi T., Morrey C. E.,
Shibata N., Asakawa S., Shimizu N., Hori H., Hamaguchi S. and Sakaizumi M. (2002)
DMY is a Yspecific DM-domain gene required for male development in the medaka fish,

Nature 417: 559-563.

101




ugars G., and Schmitz M. (2008) Expression of gonadotropin and gonadotropin receptor
genes during early sexual maturation in male Atlantic salmon parr, Mol Reprod Deve,
75:403-413.
ayer S. E. S., and Ryland J. S. (1988) Aspects of the reproductive behaviour of bass
Dicentrarchus labrax L. A histological and histochemical study of oocyte development, J
Fish Biol 33: 609-622.
fcConnell S. K., O'Reilly P., Hamilton L., Wright, J. N., and Bentzen P. (1995) Polymorphic
microsatellite loci from Atlantic salmon (Salmo salar) — genetic differentiation of North
American and European populations, Can J Fish Aquat Sci 52: 1863—-1872.
cElreavey K., Barbaux S., Ion A., Fellous M. (1995) The genetic basis of maurine and human
sex determination: a review: Heredity 75: 599-611.
Melamed P., Gur, G., Elizur A., Rosefeld H., Silvan B., Rentier-Delrue F., and Yaron F. (1996).
Differential effects of gonadotropin-releasing hormone, dopamine and somatostatin and
their second messenger on the mRNA levels of gonadotropin II  subunit and growth
hormone in the teleosts fish, tilapia, Neuroendocrinol 64: 320-328.
Melamed P., Gur G., Rosefeld H., Elizur A., Schulz R. W., and Yaron Z. (2000) Reproductive
development of male and female Tilapia hybrids (Oreochromis X O. aureus) and changes
in thr mRNA levels of Gonadotroin (GtH) I § and II B subunits, J Expl Zool 286: 64-75.
Meloni R., Albanese V., Ravassard P., Treilhou F., and Mallet J. (1998) A tetranucleotide
olymorphic microsatellite, located in the first intron of the tyrosine hydroxylase gene, acts
as a transcription regulatory element in vivo. Hum. Mol. Genet. 7: 423-428.
Melloul D., Marshak S., Cerasi E., (2002) Regulation of insulin gene transcription, Diabetologia

45: 309-326.

102



baurer C., and Meyer A. (1992) Genetic divergence, speciation and morphological stasis in

a lineage of African cichlid fishes, Nature 358, 578 - 581

eyer A., Morrissey J. M., Schartl M. (1994) Recurrent origin of a sexually selected trait in
Xiphophorous fishes inferred from molecular phylogeny, Nature 368: 539-542.

eyer A., Kocher T. D., Basasibwaki P., and Wilson A. C. (1990) Monophyletic origin of Lake
Victoria cichlid fishes suggested by mitochondrial DNA sequences. Nature 347: 550-553.

iles C. G., Rankin L., Smith S. I., Niksic M., Elgar G., and Hastie N. D. (2003) Faithful
expression of a tagged Fugu WT1 protein from a genomic transgene in zebrafish: efficient
splicing of pufferfish genes in zebrafish but not mice, Nucleic Acids Res 31:2795-2802

Mittwoch U. (1998) Phynotypic manifestations during the development of the dominant and
default gonads in mammals and birds, J Exp Zool 281: 466-471.

Miura I., Ohtani H., Hananda H., Ichikawa Y., Kashiwagi A., and Nakamura M. (1997) Evidence
for two successive pericentric inversions in sex lampbrush chromosomes of Rana rugosa
(Anura: Ranidae), Chromosome 106: 178-182.

Morgante M., Hanafey M., and Powell W. (2002) Microsatellites are preferentially associated
with nonrepetitive DNA in plant genomes, Nat Genet 30: 194-200.

Morris D. B., Richard K. R. and Wright J. M. (1996) Microsatellites from rainbow trout

(Oncorhynchus mykiss) and their use for genetic study of salmonids Can J Fish Aquat Sci

53: 120-126.

Muhlfeld C. C., Kalinowski S. T., McMahon T. E., Taper M. L., Painter S., Leary R. F., and
Allendorf F. W. (2009) Hybridization rapidly reduces fitness of a native trout in the wild.

Conser Biol31: 24-30.

103




ler-Belecke A., and Horstgen-Schwark G. (1995) Sex determination in tilapia (Oreochromis
niloticus) sex ratios in homozygous gynogenetic progeny and their offspring, Aquaculture

137: 57-65.

wanja W. W., Booton G. C., Kaufman L., Fuerst P. A. (2008) A profile of the introduced

Oreochromis (Pisces: Teleost) populations in Lake Victoria Region in relation to its

putative origin of Lake Edward and Albert (Uganda — E. Africa) based on random

amplified polymorphism DNA analysis, Afr J Biotechnol 7: 1769—773.

Mwanja W. W. (2004) The role of satellite water bodies in the evolution and conservation of

Lake Victoria Region fishes, Afri J Ecol 42: 14-20.

wanja W. W., Armoudlian A. S., and Wandera S. B. (2001) The bounty of minor lakes: The

role of small water bodies in evolution and conservation of fishes in the Lake Victoria

Region, East Africa, Hydrobiologia 458: 55-62.

Nakamura M., Kobayashi T., Chang X. T., Nagahama Y. (1998) Gonadal sex differentiation in
teleost fish, J Exp Zool 281:362-372

Nanda I., Kondo M., Hornung U., Asakawa, S., Winkler C., Shimizu A., Shan Z., Haaf T.,
Shimizu N., Shima A., Schmid M., and Schartl M. (2002) A duplicated copy of DMRT1
in the sexdetermining region of the Y chromosome of the medaka, Oryzias latipes, Proc
Natl Acad Sci US4 99: 11778-11783.

Nagahama Y. (2000) Gonadal steroid hormones: major regulators of gonadal sex differentiation
and gametogenesis in fish. In Proceedings of the Sixth International Symposium on the
Reproductive Physiology of Fish (Norberg B., Kjesbu O. S., Taranger G. L., Andersson,
E. and Stefansson S. O., eds),. Bergen: University of Bergen, pp. 211-222.

Nei M., Maruyama T., and Chakraborty R. (1975) The bottleneck effect and genetic variability in

populations. Proceedings of the National Academy of Sciences, USA, 70:3321-3323.

104




Nelson J. S. (1994) Fishes of the World. John Wiley & Sons, New York pp71-80.
olte A. W, Gompert Z., and Buerkle C. A. (2009) Variable patterns of introgression in two
sculpin hybrid zones suggest that genomic isolation differs among populations, Mol Ecol

18: 2615-2627.

and gynogenetics diploid loach. Fisheries Science — Tokyo 64: 753-758.

0' Connel M., and Wright M. J. (1997) Review: Fish Biol Fisheries 7:331 —363.

Ogutu-Ohwayo R. (1990) The decline of native fish of Lake Victoria and Kyoga (E. Africa) and
the impact of the introduced species especially the Nile perch. Lates niloticus and the O.
niloticus Oreochromis niloticus, Env Biol Fish 27: 81— 96.

Ohtani H., Miura, 1., Hanada H., and Ichikawa Y. (2000) Alteration of the Sex Determining
System Resulting From Structural Change of the Sex Chromosome in the frog Rana
rugosa, J Exp Zool 286: 313-319.

Okumus I., and Ciftci Y. (2003) Fish Population Genetics and Molecular Markers: II- Molecular
Markers and their applications in fisheries and aquaculture, Turkish Journal of Fisheries
and Aquatic Sciences 3: 51-79.

Opiyo S.V. and Dadzie S. (1994) Diet utilization in Oreochromis esculentus (Graham) in Lake

Kanyaboli, Kenya, Fisheries management and Ecology 1: 79-90.

| Ospina-A" lvarez N., and Piferrer F. (2008) Temperature-Dependent Sex Determination in Fish
Revisited: Prevalence, a Single Sex Ratio Response Pattern, and Possible Effects of
Climate Change, PLoS ONE 3: ¢2837.

Pan F., Zarate J. Q., Tremblay C. G., and Bradley T. M. (2000) Cloning and characterization of
Salmon hsp90 cDNA: Upregulation by Thermal and Hypersomatic Stress, J Exp Zool

287: 199-212.

MASENO UNIVERSITY
S.G. S. L. :3RARY

105

omura T., Arai K., Hayasi T., and Suzuki R. (1998) Effect of temperature on sex ratios of normal



padaki M., Piferrer F., Zanuy S., Maingot E., Divanach P., and Maingot C. C. (2005) Growth,

sex differentiation and gonad and plasma levels of sex steroids steroids in male-and-

female-dominant populations of Dicentrarchus labrax obtained through repeated size

grading, J. Fish Biol. 66: 948-956

vlidis M., Koumoundouros G., Sterioti A., Somarakis S., Divanach, P., and Kentouri M. (2000)

Evidence of Temperature-Dependent Sex-Determination in the European Sea Bass
(Dicentrarchus labrax. L), J Exp Zool 287: 225-232.
Picau C. (1996) Temperature variation and sex determination in reptiles. Review article, Bioessay
18: 19-26.

Pieau C., and Dorizzi M. (2004) Oestrogens and temperature-dependent sex determination in

reptiles: all is in the gonads, J Endocrinol 181: 367-377.

Piferrer F. (2001) Endocrine sex control strategies for the feminization of teleost fish,
Aquaculture 197: 229-281.

Phelps R. P., and Popma T. J. (2000) Sex ‘reversal of tilapia. In: Costa-Pierce BA and Rakocy JE
(eds.) Tilapia Aquaculture in the Americas. The World Aquaculture Society: Baton
Rouge, Louisiana, USA, 2: 34-59.

Place S. P., Zippay M. L., and Hofmann G. E. (2004) Constitutive roles for inducible genes:
evidence for the alteration in expression of the inducible hsp70 gene in Antarctic
notothenioid fishes, Ame J Physiol 287: 429-436.

Pritchard J. K., Stephens M., Donnelly P. (2000) Inference of population structure using
multilocus genotype data, Genetics 155: 945-959.

Raymond M., and Rousset F. (1995) An exact test for population differentiation, Evol 49:1280-

1283.

106




Redenbach 7., and Taylor E. B. (2003) Evidence for bimodal hybrid zones between two species
of char (Pisces: Salvelinus) in northwestern North America, J Evol Biol 16: 1135-1148.
Reilly A., Elliott N. G., Grewe P. M., Clabby C., Powell R., and Ward R. D. (1999) Genetic
differentiation between Tasmanian cultured Atlantic salmon (Salmo salar 1.) and their
ancestral Canadian population: comparison of microsatellite DNA and allozyme and
mitochondrial DNA variation, Aquaculture 173: 459—469.

Renn C. P. S., Aubin-Horth N., and Hofmann H. A. (2004) Biologically meaningful expression
profiling across species using heterologous hybridization to a cDNA microarray, BMC
Genomics 5:42

Rhymer J. M., and Simberloff D. (1996) Extinction by hybridization, Annu Rev Ecol Syst 27:83—
109

Rich A., Nordheim A., and Wang A. H. J. (1984) The chemistry and biology of left-handed Z-
DNA. Ann. Rev. Biochem. 53: 791-846.

Ross J. A., Urton J. R., Boland J., Shapiro M. D., and Peichel C. L. (2009) Turnover of sex
chromosomes in the stickleback fishes (gasterosteidae), PLoS Genet 5(2):¢1000391
Rougeot C., Krim A., Mandiki S. N., Kestemont .P, and Me lard C. (2007) Sex steroid dynamics
during embryogenesis and sexual differentiation in Eurasian perch, Perca fluviatilis,

Theriogenology 67:1046—1052

Rousset F. (2008) Genepop’007: a complete re-implementation of the genepop software for

Windows and Linux, Mol Ecol Resour 8:103-106.
Ruzzante D. E., Hansen M. M., and Meldrup D. (2001) Distribution of individual inbreeding
coefficients, relatedness and influence of stocking on native anadromous brown trout

(Salmo trutta) population structure, Mol Ecol 10: 2107-2128.

107



derson S. L., Stebar M. C., Ackermann L. L., Jones S. H., Batjakas I. E., and Kaufman L.
(1995) Mucus Entrapment of Particles by Suspension-Feeding Tilapia (Pisces: Cichlidae),
J Exp Biol 199:1743-1756.
Sarder M. R. 1., Penman D. J., Myers J. M., and McAndrew B. J. (1999) Production and
propagation of fully inbred clonal lines in the O. niloticus (Oreochromis niloticus L.), J
Exp Zool 284: 675-685.

Sanetra M., Henning F., Fukamachi S., and Meyer A. (2009) A microsatellite-based genetic
linkage map of the cichlid fish, 4statotilapia burtoni (Teleosti): A comparison of genomic
architecture among rapidly speciating cichlids, Gener 182: 1-11.

Sawyer S. J., Gerstner K. A., and Callard G. V. (2006) Real-time PCR analysis of cytochrome
P450 aromatase expression in zebrafish: gene specific tissue distribution, sex differences,
developmental programming, and estrogen regulation, Gen Comp Endocrinol 147:108—
117

Shirak A., Seroussi E., Cnaani, A., Howe A. E., and Domokhovsky R. (2006) 4mh and dmrta2
genes map to tilapia (Oreochromis spp.) linkage group 23 within quantitative trait locus

regions for sex determination, Genet 174: 1573-1581.

Shirak A., Palti Y., Cnaani A., Hulata G., Ron M., and Avtalion R. R. (2002) Association
between loci with deleterious alleles and distorted sex ratio in an inbred line of tilapia
(Oreochromis aureus) J Hered 93: 270-276.

Shaklee J. B., and Bentzen, P. (1998) Genetic identification of stocks of marine fish and shellfish,

Bulletin of Marine Science 62: 589-621.

Shelton W. L. (1989) Management of finfish reproduction for aquaculture, Reviews in Aquatic

Science 1: 497-535.

108



Stepien C. (1995) Population genetic divergence and geographic patterns from DNA sequences:
examples from marine and freshwater fishes. American Fisheries Society Symposium 17:
263-287.

Streelman J. T., and Kocher T. D. (2002) Microsatellite variation associated with prolactin
expression and growth of salt-challenged tilapia. Physiol, Genomics 9: 1-4.

Sudhakumari C. C., Kobayashi T., Kajiura-Kobayashi H., Wang D. S., Yoshikuni M., Nagahama
Y., and Senthilkumaran B. (2005) Ontogenic expression patterns of several nuclear
receptors and cytochrome P450 aromatases in brain and gonads of the O. niloticus
Oreochromis niloticus suggests their involvement in sex differentiation, Fish Physiol
Biochem 31:129-135.

Swain A., Narvaez V., Burygone P., Camerino G., and Lovell-Badge R. (1998) Dax 1
antagonises SRY action in mammalian sex determination, Nature 391: 761-767.

Templeton A. R., Crandall K. A., and Sing C. F. (1992) A cladistic analysis of phenotypic
associations with haplotypes inferred from restriction endonuclease mapping. I'V. Nested
analyses with cladogram uncertainty and recombination, Genetics 134: 659—669.

Tessier N., Bernatchez L., and Wright J. M. (1997) Population structure and impact of supportive
breeding inferred from mitochondrial and microsatellite DNA analyses in land-locked
Atlantic salmon Salmo salar L. Mol Ecol 6: 735-750.

Thompson J. D., Higgins D. G., and Gibson T. J. (1994) CLUSTAL W: improving the sensitivity
of progressive multiple sequence alignment through sequence weighting, position-specific
gap penalties and weight matrix choice, Nucl Acids Res 11: 4673-80.

Toth G., Gaspari Z., and Jurka J. (2000) Microsatellites in different eukaryotic genomes: survey

and analysis, Genome Res 10: 967-981.

109




rewavas E. (1983) Tilapiine fishes of the Genera Sarotherodon, Oreochromis and Danakilia.
British Museum of Natural History: London No. 878.

wongo T. K, Bayona J. D. R., Hanssens M. (2006) Oreochromis esculentus. In: [IUCN 2009.
[UCN Red list of threatened species. Version 2010.2. www.iucnredlist.org. Accessed
20 Dec 2010

vyler C. R., Pottinger T. G., Coward K., Prat F., Beresford N., and Maddix S. (1997) Salmonid
follicle-stimulating hormone (GtH I) mediates vitellogenic development of oocytes in
rainbow trout, Oncorhynchus mykiss, Biol Reprod 57: 1238—1244.

van Oosterhout C., Hutchison W. F., Wills D. P. M., and Shipley P. (2004) Micro-checker:
software for identifying and correcting genotyping errors in microsatellite data (Program
Note). Mol Ecol Notes 4: 535-538.

Vandeputte M., Dupont-Nivet M., Chavanne H., and Chatain B. (2007) A Polygenic hypothesis
for sex determination in the European sea bass Dicentrarchus labrax, Genetics 176:
1049-1057.

Van Nes S., and. Andersen @. (2006) Temperature Effects on Sex Determination and
Ontogenetic Gene Expression of the Aromatases cypl9a and cypl9b, and the Estrogen
Receptors esrl and esr2 in Atlantic Halibut (Hippoglossus Hippoglossus) Mol Reprod
Dev 73: 1481-1490.

Vijayan M. M., Pereira C., Grau E. G., and Iwama G. K. (1997) Metabolic response associated

with confinement stress in tilapia: the role of cortisol. Comp Biochem Physiol 126: 89-95.

Von Hofsten J., and Olsson P. E. (2005) Zebrafish sex determination and differentiation:

involvement of FTZ-F1 genes, Rep Biol Endocrinol 3:63
Waindi E. N. (1994) “A laboratory manual of cell biology”. Nairobi University Press, pp 19-40,

ISBN 9966846263.

110



Waindi E. N. (1996) Oocyte Development pattern as indicator of reproductive activity in the
Lates niloticus, South Afric J. Sci, 570.

Wang L. H., and Tsai C. L. (2000a) Temperature affects the development of central neurotransmitter
systems of tilapia, Oreochromis mossambicus, Neurosci Lett 285: 95-99.

Wang L. H and Tsai C. L (2000b) Effects of temperature on the deformity and sex differentiation of
tilapia, Oreochromis mossambicus, J Exp Zool 286: 534-537.

Wang, L. H., and Tsai C. L. (2006) Influence of temperature and gonadal steroids on the
ontogenetic expression of brain serotonin 1A and 1D receptors during the critical period
of sexual differentiation in tilapia, Oreochromis mossambicus, Comparative Biochemistry
and Physiology Part B: Biochem Mol Biolo
143: 116-125

Weir B. S, and Cockerham C. C (1984) Estimating F—statistics for the analysis of population
structure, Evol 38:1358-70.

Wibbles T., Bull J. J, and Crew D. (1991) Chronology and morphology of temperature
dependent sex determination: a mechanistic approach, J Exp Zool 260: 371-381.

Williams J. H., Farag A. M., Stansbury M. A., Young P. A., Bergman H. L., and Peterson N. S.
(1996) Accumulation of hsp70 in juvenile and adult rainbow trout gill exposed to metal-
contaminated water and/or diet, Env Toxicol Chem 15: 1324—-1328.

Withler R. E., Candy J. R., Beacham T. D., and Kristina Miller K. M. (2004) Forensic DNA
analysis of Pacific salmonid samples for species and stock identification, Env Biol Fishes
69: 275-285.

Wohlfarth G. W. (1994) The unexploited potential of tilapia hybrids in aquaculture, Aquaculture
Fish Management 25: 781-788.

Wohlfarth G. W., and Hulata G. (1983) Applied genetics of tilapias. ICLARM Stud Rev 6: 1-26.

111



ooton R. J. (1990) Ecology of Teleost Fishes Chapman and Hall; London pp 56

Wright J. M., and Bentzen P. (1994) Microsatellites: genetic markers for the future. G. R.
Carvalho and T. J. Pitcher (Ed.), Reviews in fish biology and fisheries. Chapman and
Hall, London Vol. 4. pp 384-388.

Zakhartsev M. V., De Wachter B., Johansen T., Po” rtner H. O., and Blust R. (2005) Hsp70 is not
a sensitive indicator of thermal limitation in the North Atlantic cod (Gadus morhua), J
Fish Biol 67: 767-778.

Ziegle J. S., Su Y., Corcoran K. P., Nie L, Mayrand P. E., Hoff L. B., McBride L. J., Kronick M.
N., and Diehl S. R. (1992) Application of automated DNA sizing technology for
genotyping microsatellite loci, Genomics 14:1026-1031.

Zhang C, Yeh S, Chen Y. T., Wu C. C., Chuang K. H., Lin H. Y., Wang R. S., Chang Y. J.,
Mendis-Handagama C., and Hu L. (2006) Oligozoospermia with normal fertility in male
mice lacking the androgen receptor in testis peritubular myoid cells. PNAS 103 17718-
17723.

Zhou L. Y., Wang D. S., Kobayashi T., Yano A., Paul-Prasanth B., Suzuki A., Sakai F. and
Nagahama Y. (2007) A novel type of P450c17 lacking the lyase activity is responsible for

C21-steroid biosynthesis in the fish ovary and head kidney, Endocrinol 148: 4282-4291.

112




