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Abstract

With increasing scarcity of fresh water available for aquaculture,
especially in arid regions, development of tilapias that tolerate high
salinity would increase fish (and hence, animal protein) production.
We review culture practices, nutrition, physiology, and genetics,
and propose approaches to improving salinity tolerance in tilapias.
Physiological studies of biochemical pathways underlying
phenotypic differences in salt tolerance can lead to genetic studies
of intra and interspecific variation. Molecular technology can lead
to studies on osmoregulation-related biochemical pathways, for
which the euryhaline tilapia is an attractive model. Functional
genomics and proteomics are powerful tools for studying the
molecular bases of environmental adaptation and metabolic
connections to osmoregulatory physiology. Both provide avenues
for discovering novel pathways related to osmoregulation with
relevance to aquaculture. Dietary supplementation with NaCl and
optimized acclimation protocols are immediate and practical ways
to improve salt tolerance. Inter-specific variation in salinity
tolerance may be used to select salt-tolerant species and develop
salt-tolerant hybrids. In the long term, quantitative trait loci
associated with, or genes involved in, saltwater tolerance may
facilitate marker-assisted or gene-assisted selection for this trait in
tilapia.
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Introduction

Tilapias consist of about 70 species of the genera Tilapia, Sarotherodon, and
Oreochromis, belong to the family Cichlidae (cichlids), and are native to fresh
and brackish waters of Africa and the Middle East. Phylogenetically, cichlids
belong to the order Perciformes and suborder Labroidei, a cluster of closely
related families that also includes the wrasses (Labridae), the damselfishes
(Pomacentridae), the parrotfishes (Scaridae), and the surfperches
(Embiotocidae). Most of these fishes live in a marine environment (Stiassny
and Jensen, 1987).

Many cichlid species are remarkably tolerant of brackish water while some
thrive and even breed in salt water. Euryhaline species of tilapia can be found
along brackish coastlines between rivers (Nelson, 2006). A few tilapias are
found primarily in brackish or salt water, most notably S. melanotheron
(Pauly, 1976; Payne, 1983). Penetration of a marine ancestor into fresh water
could account for the marked euryhalinity of some tilapia species (Kirk, 1972;
Barlow, 2000).

With the increasing scarcity of fresh water available for aquaculture,
especially tilapia culture in arid regions such as Israel, tilapias that tolerate
high salinity would enable expanding the range of culture and increasing
global tilapia (and hence, animal protein) production. Culture of tilapias in
saline waters is well documented (e.g., Philippart and Ruwet, 1982; Stickney,
1986; Watanabe et al., 1988, 1993; Hopkins et al., 1989; Villegas, 1990;
Watanabe, 1991; Suresh and Lin, 1992; El-Sayed, 2006). Biotechnical and
socioeconomic aspects of farming tilapias in saline water focus on the Florida
red tilapia hybrid but refer to other species and hybrids (Watanabe et al.,
2006). Tilapias cultured in high salinity, however, are more sensitive to
handling and secondary infection than those cultured in fresh or low-salinity
water (Liao and Chang, 1983; Suresh and Lin, 1992; Chang and Plumb,
1996).

The objectives of this paper are to review culture management practices,
nutrition, physiology, and genetics, and to propose approaches for improving
salinity tolerance in tilapias.

Physiological Studies - What Can They Teach Us?
Control of salt and water balances is critical to life in all multicellular
organisms including teleost fishes. “Salt tolerance” describes the overall
fitness or productivity of a fish in a saline environment. It is a combination of
quantitative traits such as metabolism, growth, osmoregulation,
immunocompetence, and fecundity, each of which is influenced by multiple
genes that cause genetic variation. Physiological studies of biochemical
pathways underlying phenotypic differences in salt tolerance can lead to

genetic studies for intra and inter-specific variation among tilapias.
Physiological studies on salinity tolerance in tilapias were reviewed by
Prunet and Bornancin (1989). The fine structure of the esophageal epithelial is
modified after transfer to sea water in O. mossambicus but not in O. niloticus,
suggesting that the former species may be more adaptable to saline water
than the latter (Cataldi et al., 1988a,b). Despite differences in salinity
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tolerance, similar transformations in the kidneys occur in both species,
indicating that the different degree of euryhalinity between the species is
related to functional rather than structural differences (Cataldi et al., 1991;
Cioni et al., 1991).

Chloride cells, also known as mitochondrion rich cells (MRC), in the gill
epithelium are important osmoregulatory sites in fishes. The large surface
areas on the apical and basolateral sides of the chloride cells are sites of ion-
transporting proteins such as sodium-potassium ATPase (Na*/K*-ATPase) and
Na*/K*/2CI" co-transporter (NKCC). Changes in chloride cell characteristics
and function in response to salinity challenges were studied mainly in O.
mossambicus. In these studies, the abundance of chloride cells and ion
transporter activity significantly increased in the gills (Uchida et al., 2000;
Fiess et al., 2007). The four types of chloride cells in tilapia differ by type and
membrane-location of ion transporting proteins. The relative number of each
type changes during adaptation to different salinities, reflecting the crucial
role of chloride cells in ion regulation (Hiroi et al., 2005, 2008). A similar
pattern of increased number and size of chloride cells, as well as changes in
their location on the gill filaments, occurs in black-chinned tilapia (S.
melanotheron) when water salinity increases (Ouattara et al., 2009). There
are also differences between fresh and salt-water challenged fish in ion
transporter type and membrane location on the chloride cells.

Growth is 60% slower in O. niloticus reared in sea water than in those
reared in fresh water, and the amino acid composition of the proteases
produced in seawater-acclimated O. niloticus seem to differ from that of
freshwater fish, possibly as a mechanism to maintain activity in the high salt
medium (Fang and Chiou, 1989). This suggests that the slower growth of O.
niloticus in sea water is not due to the inefficiency of digestive enzymes in
water of high salinity (as it is compensated for by the production of salt-
adapted isozymes), and that the changes in amino acid composition render
them less potent than at low salt concentrations (Fang and Chiou, 1989).
While growth of O. niloticus at high salinity is significantly lower than in fresh
water, survival is not affected by salinity (Fineman-Kalio, 1988). Further, high
salinity seems to suppress, or at least delay, onset of reproduction in O.
niloticus, representing a practical method of population control.

The emergence of molecular technologies led to studies on
osmoregulation-related biochemical pathways. Due to their euryhaline nature,
tilapias are an attractive model for such studies. These studies aim to describe
the physiological basis of osmoregulation and focus mainly on the
endocrinological regulation of gill function. Hormones of the neuroendocrine
system are essential players in the control of osmoregulatory mechanisms.
Extensive studies on endocrine pathways have clarified the role of prolactin
(PRL) and growth hormone (GH) in osmoregulation. PRL and GH are closely
related and thought to derive from a common ancestral gene. They are
involved in a variety of functions in growth, development, osmoregulation,
and reproduction that can be distinct, overlapping, or opposing (Sakamoto
and McCormick, 2006; Mancera and McCormick, 2007).
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One of the first known functions of PRL in teleosts is its role in promoting
survival in fresh water (Pickford and Phillips, 1959). Subsequent
investigations revealed its key role in regulating water and ion permeability in
the gill, gut, and kidney (Hirano, 1986; Auperin and Prunet, 1996), and in
metabolism of calcium in tilapia (Flik et al., 1994). Tilapias possess two PRLs
that are encoded by separate genes (Specker et al., 1985). One form
(PRL177) binds to the GH receptor and somatotropically acts to stimulate
growth and cell proliferation (Shepherd et al., 1997).

GH is produced and secreted from the anterior pituitary gland and has an
osmoregulatory role in sea water, where it promotes ion regulation by
stimulating chloride cell proliferation and up-regulating ion transporters tied to
extrusion pathways (Sakamoto and McCormick, 2006; Mancera and
McCormick, 2007). GH directly promotes growth by stimulating cell
differentiation; its somatotropic effects are mediated, at least in part, by
stimulating the release of insulin-like growth factor I (IGF-I) from the liver.
There are two subtypes of the GH receptor (GHR1 and GHR2) in tilapia
(Kajimura et al., 2004; Pierce et al., 2007). Phylogenetic analyses and binding
studies in non-tilapiine species suggest that GHR1 is likely to be a receptor for
somatolactin (SL), a protein found only in teleosts and whose physiology has
yet to be determined, while GHR2 is the GH receptor (Fukada et al., 2005;
Fukamachi et al., 2005). Several isoforms of the PRL receptor exist in tilapia,
with unique intracellular signaling pathways (Fiol et al., 2009). It is becoming
increasingly apparent that an array of receptor subtypes have major roles in
the pleiotropic natures of GH and PRL.

The adaptive and physiological responses of fishes to changes in
environmental salinity are based on efficient mechanisms of osmosensing. It
is likely that multiple osmosensors, such as calcium-sensing receptor (CaSR),
adenyl cyclase, transient receptor potential (TRP) channels, and aquaporin
(AQP), convey information about osmolality changes to downstream signaling
and regulation mechanisms. However, the exact role of these factors in
osmoregulation lacks functional evidence (Fiol and Kiltz, 2007).

In fishes, CaSR expressed in endocrine tissues (such as the pituitary
gland) may play a central role in integrative signaling, whereas CaSR
expressed in ion-transporting tissues (kidney, intestine, gills) may have local
direct effects on monovalent and bivalent ion transport that are independent
of endocrine signaling (Loretz, 2008). In tilapia, CaSR expression is salinity-
dependent in some osmoregulatory tissues. CaSR is expressed in the rostral
pars distalis (containing PRL-secreting cells) and the pars intermedia
(containing SL and MSH-secreting cells) of the tilapia pituitary gland (Loretz
et al., 2009). The AQP3 water channel is another osmoreceptive mechanism
involved in PRL regulation in tilapia. AQP3 expression levels in the rostral pars
distalis of the pituitary are higher in fish adapted to fresh water than in fish
adapted to sea water (Watanabe et al., 2008).

Although the array of receptors sensing environmental changes in fish has
been little studied, it is clear that these pathways are crucial for the
adaptation to salinity changes and might be a target for control and
manipulation in commercial culture.
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Osmoregulation, somatic growth, and reproduction are among the most
energetically costly metabolic activities in teleosts. There are four possible
pathways of interaction between osmoregulation and growth: (1) differences
in standard metabolic rate, (2) increases in food intake, (3) increases in
digestibility, and (4) hormonal stimulation (Boeuf and Payan, 2001). These
pathways can interact, and none can be considered a unique route connecting
osmoregulation and growth.

Growth and development are directed by the integration of environmental,
physiological, and genetic factors. The high energetic cost of osmoregulation,
usually estimated as 25-50% of the metabolic output, means that there is a
link between osmoregulatory and growth capacity. This might explain why
growth and osmoregulation are governed by many of the same hormones,
notably PRL and GH. Genetic variation in the tilapia PRL gene is associated
with differential gene expression and growth rates in saline water (Streelman
and Kocher, 2002). How the production and release of these hormones is
controlled in fresh and salt water, and how that regulation is tied to growth
performance, are important lines of study, as these are pleiotropic hormones
with a wide spectrum of function.

Functional genomics (the field of molecular biology that describes the
function of DNA at the level of genes, RNA transcripts, and protein products)
and proteomics (the study of the entire complement of proteins, particularly
their structures and functions) can be powerful tools for gaining insight into
the molecular bases of environmental adaptation. These technologies have
begun to reveal important interactions between organisms and their
environments at the genomic, transcriptomic, and proteomic levels (Cossins
and Crawford, 2005; Kiltz et al., 2007; Prunet et al., 2008).

Analysis of mMRNA abundance by use of a complementary cDNA microarray
is useful in screening for genes that are differentially expressed in groups
subjected to different treatments; however, prior knowledge of the organism’s
transcriptome is required. A transcriptome is the set of all RNA molecules,
coding, and non-coding RNA produced in a cell or population of cells.
Suppression subtractive hybridization, which is based on differential analysis
of RNA levels and less dependent on prior sequence knowledge, can be useful
for species like tilapia that lack genomic and transcriptomic resources (Kiiltz
et al., 2007). This approach has been used to examine gene expression
patterns associated with various stressors including changes in environmental
salinity. Gene transcripts for ion transporters, enzymes, hormones, and
components of cellular stress signaling were characterized in the brain, gill,
gut, and kidney of European eel (Anguilla anguilla; Kalujnaia et al., 2007),
European sea bass (Dicentrarchus labrax; Boutet et al., 2006), Mozambique
tilapia (Fiol et al., 2006), and black-chinned tilapia (D’Cotta et al., 2006; Tine
et al., 2008).

The immediate and long term transcriptional responses to salinity
challenge were studied in two high-salinity-tolerant tilapias. In the
Mozambique tilapia, genes involved in the immediate hyperosmotic stress
response were analyzed in gill epithelial cells (Fiol et al., 2006). Most genes
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showed an immediate response with peak levels observed 2-8 h after
seawater transfer. Pathway analysis of the newly identified genes revealed
that more than half of the identified immediate hyperosmotic stress genes
interact closely within a cellular stress response signaling network. The genes
cluster together in six molecular processes that are rapidly activated in tilapia
gills upon salinity transfer: (1) stress response signal transduction, (2)
compatible organic osmolyte accumulation, (3) energy metabolism, (4) lipid
transport and cell membrane protection, (5) actin-based cytoskeleton
dynamics, and (6) protein and mRNA stability (Fiol et al., 2006). In the black-
chinned tilapia, genes whose transcription is induced by 45 days of
acclimation to hyper-saline or fresh water were analyzed in the gills (D'Cotta
et al., 2006; Tine et al., 2008). Suppression subtractive hybridization (SSH)
resulted in the isolation of a wide spectrum of differentially expressed genes,
classified according to functional annotation and clustered into 14 functional
categories of biological processes. Cellular processes, metabolic processes,
and localization were the most abundant categories in the high salinity library
(D'Cotta et al., 2006; Tine et al., 2008).

Metabolic connections to osmoregulatory physiology were revealed only by
using functional genomics. Thus, this approach serves as an avenue for
discovering unknown pathways related to osmoregulation that are relevant to
aquaculture (Prunet et al., 2008; Tseng and Hwang, 2008). Improvement of
salt tolerance has been studied using genetic and non-genetic approaches
including the addition of salt to feeds, various acclimation protocols, exploiting
variations among and within species through hybridization and selective
breeding, and genomics, as described in detail below.

Improving Salinity Tolerance by Adding Salt to Feed
A high-salt diet (10% NaCl) was fed to O. mossambicus, O. spilurus, and O.
aureus X 0. niloticus hybrids for four weeks, and survival rates were
estimated weekly after transferring the fish directly to various salinity levels
(Al-Amoudi, 1987a). Survival in salt water improved 84% in O. mossambicus
and 62% in the hybrids after two weeks of feeding high-salt diets and 50% in
O. spilurus after three weeks of feeding the high-salt diet. The plasma osmotic
concentration increased suddenly in control fish transferred directly from fresh
water to 60% sea water but only slightly in fish fed a high-salt diet prior to
transfer (Al-Amoudi, 1987b). Nile tilapia (O. niloticus) fed a diet containing
8% NaCl had significantly lower plasma CI" and osmolarity after transfer to
brackish water (15-20 ppt) than control fish fed a diet without NaCl
supplementation, indicating a reduction of osmotic imbalance (Fontainhas-
Fernandes et al., 2001). Nile tilapia kept in fresh water and fed a diet
supplemented with 8% NaCl for 90 days had a higher growth rate than those
fed a diet without NaCl supplementation in an all-female population, but there
was no effect in an all-male population; for fish kept in brackish (10 ppt)
water, there was no effect on either sex (Fontainhas-Fernandes et al., 2000).
In all-male tilapia hybrids (O. aureus x O. niloticus) fed a diet containing no
fishmeal, 3% dietary salt supplementation resulted in a 20% improvement in
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specific growth rate and feed conversion ratio when cultured in fresh water for
two months (Cnaani et al., 2010).

Improving Salinity Tolerance by Adjusting Acclimation Procedures
Oreochromis mossambicus can be acclimated to full sea water salinity in only
one day in an intermediate salinity with no mortality, while O. aureus requires
four days and O. niloticus eight (Perschbacher, 1992). In red tilapia hybrids
(0. mossambicus x O. hornorum), fry and juveniles tolerate direct transfer to
19 ppt but suffer 100% mortality and stress effects when transferred to 27
ppt; adults are more tolerant, with mortality starting at 29 ppt and reaching
100% at 37 ppt (Perschbacher and McGeachin, 1988). Newly released fry
(0.03 g) of O. spilurus spilurus can be gradually acclimated to sea water
during a period of 48 h; while, in general, the acclimation regime had no
effect on growth rate, an acclimation period of 120 h produced the highest
final weight (Jonassen et al., 1997). In Nile tilapia (O. niloticus) fingerlings (8-
12 g), three-week survival was high (84.3-96.8%) in fish transferred directly
to water up to 17 ppt but mortality was significant above that salinity and
high (78-81%) in fish gradually acclimated to 30 ppt salinity during two days
(Yao et al., 2008).

Variation among Species and Hybrids

The salinity tolerance of wild tilapias in the lower Nile River and its delta can
be ranked as follows: T. ZzZillii>>S. galilacus>0. aureus>Q0. niloticus (Payne
and Collinson, 1983). Oreochromis niloticus, the most widely cultured tilapia,
is not among the more saline-tolerant tilapia species (Wohlfarth and Hulata,
1983). While O. mossambicus can survive salinities above 35 ppt (Whitefield
and Blaber, 1979), O. niloticus is significantly less saline-tolerant than O.
mossambicus and their reciprocal F; hybrids (Villegas, 1990). In addition, O.
niloticus exhibits faster growth in low salinity and O. mossambicus in high
salinity, while their hybrid was superior to O. mossambicus at all salinities and
to O. niloticus at salinities above 10 ppt (Kamal and Mair, 2005). Optimization
of the transfer time from fresh to salt water may improve the performance of
the moderately salt-tolerant O. niloticus in saline waters (Watanabe et al.,
1985).

Freshwater O. aureus, O. mossambicus, O. spilurus, O. niloticus, and
hybrids of O. aureus x O. niloticus tolerate direct transfer to 18 ppt salinity,
but have different mortality rates when transferred directly to salinities over
21.6 ppt; O. aureus, O. mossambicus, and O. spilurus proved most suitable
for mariculture upon gradual transfer (Al-Amoudi, 1987b). Oreochromis
spilurus was chosen for mariculture in Kuwait (Hopkins et al., 1989).
Reproductive performance, growth, feed conversion, and survival indicate the
potential for commercial culture of O. spilurus in sea water (Al-Ahmad et al.,
1988a,b; Cruz et al., 1990; Cruz and Ridha, 1991, 1995) and low-salinity (3-5
g/l) groundwater (Ridha, 2004).

In the Ivory Coast's Ebrié brackish water lagoon, neither O. niloticus nor
the local S. melanotheron or T. guineensis are suitable for culture (Legendre
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and Ecoutin, 1989; Legendre et al., 1989); O. aureus is most suitable,
followed by hybrids of O. niloticus x O. aureus, and O. mossambicus x O.
niloticus (Doudet, 1992). The Ivory Coast strain of O. aureus acclimates more
easily than O. niloticus strain to osmotic challenges (10, 20, and 30%o
salinity) in brackish water (Avella et al., 1993; Avella and Doudet, 1996).

Juveniles (4 g) of O. niloticus, blue tilapia (O. aureus), Florida red tilapia
(O. urolepis hornorum x O. mossambicus), and Mississippi commercial tilapia
(Oreochromis spp.; derivative of the Rocky Mountain White® O. aureus x O.
mossambicus) were subjected to four salinity regimes for 97 h, with an
acclimation period as long as 63 h (Nugon, 2003). Juvenile O. niloticus, O.
aureus, and Florida red tilapia exhibited good survival (>81%) in salinity up
to 20 ppt, with moderate survival of O. aureus (54%) and Florida red tilapia
(33%) at 35 ppt salinity. Mississippi commercial tilapia survived salinity up to
10 ppt and exhibited poor survival (5%) at 20 ppt.

Taiwanese (Cheong et al., 1987), Florida (Thouard et al., 1990; Watanabe
et al., 1990; Ernst et al., 1991; Head et al., 1996), Philippine (Romana-Eguia
and Eguia, 1999), and Thai (Yi et al., 2002) red tilapias, originating from
hybridization of O. niloticus or O. mossambicus, are also saline-tolerant. Using
0. mossambicus as a reference strain, growth significantly differed among five
strains of Asian red tilapia (O. mossambicus or O. mossambicus-hornorum
hybrid crossed with O. niloticus) grown in fresh, brackish, and salt water;
although there was significant interaction between strain and rearing
condition, when interaction effects are ignored, overall growth in length is
more rapid in brackish (17 ppt) than in fresh or salt (34 ppt) water (Romana-
Eguia and Eguia, 1999).

Variation within Species

To the best of our knowledge, there is not much divergence for salt tolerance
within Nile tilapia (O. niloticus). Selection of more salt-tolerant strain(s) or
population(s) of O. niloticus could be based on documenting the salinity
tolerance of wild stocks in their native waters, and comparing them under
standard conditions. Brackish water bodies in Egypt, notably the Great Bitter
Lakes, support wild O. niloticus stocks that could serve as resource
populations, even though O. niloticus from the Great Bitter Lakes do not
survive salinities above 22.5 ppt (Bayoumi, 1969).

There are significant strain effects on specific growth in standard length in
O. niloticus grown in fresh or saline water (32 ppt) relative to an 'internal
reference' population (Basiao et al., 2005). Growth performance improved in
two selected lines of Nile tilapia compared to a non-selected line in a closed
system in Kuwait using low-salinity (3-9 ppt) groundwater (Ridha, 2006).

Hybridization
A three-generation crossing of the salt-tolerant O. mossambicus with the
commercial ND9 line noted for its fast growth and white body resulted in a
saline-tolerant hybrid with a good growth rate and high salinity tolerance
(Lahav and Ra'anan, 1997). Males of this F3 hybrid were crossed with orange
females of the commercial ND5 line, resulting in a mostly homogenous red
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tilapia with a good growth rate and salinity tolerance, termed ND60. The
growth performance qualities of ND60 favorably compared to a commercially-
cultured hybrid of O. niloticus x O. aureus in tanks and in commercial sea
cages. Consequently, this hybrid was introduced into a brackish water farm in
Surinam and a marine farm in Guatemala (Lahav and Ra'anan, 1997).

Parental O. mossambicus has a higher salinity tolerance, and parental O.
niloticus has a lower salinity tolerance, than their reciprocal hybrids and
backcrosses; salinity tolerance increases in offspring as they are backcrossed
with the saline-tolerant O. mossambicus parent (Mateo et al., 2004). A
synthetic strain of fast-growing tilapia was developed in the Philippines
starting in 1999 through a series of repeated backcrosses of the saline-
tolerant O. mossambicus with hybrids and backcrosses chosen for their
suitability as a base population for selection. The strain was selected for high
salinity tolerance and growth rate, breeds naturally in brackish water, and
was named "molobicus". The first stage of the project produced a hybrid
population that was one-third O. niloticus and two-thirds O. mossambicus
with good salinity tolerance (Rosario et al., 2004; P. Morissens, CIRAD,
France, and W. Rosario, BFAR-NIFTDC, Philippines, pers. comm.).

An inter-generic hybrid between S. galilaeus and O. niloticus was produced
by artificial propagation in an attempt to produce a synthetic stock (an
artificial center of origin - ACO) to be used as a base population from which to
select for salinity tolerance and other traits (Hulata et al., 2004). Crosses
involving this F; hybrid were obtained by natural propagation, however, the
approach failed due to a fertility problem in the second generation of the four-
way cross [(O. mossambicus x O. aureus) x (S. galilaeus x O. niloticus)].
Another inter-generic hybrid was produced for salinity tolerance, again by
artificial propagation, between the two reciprocal hybrids of the fast-growing
O. niloticus and the highly euryhaline S. melanotheron (Toguyeni et al., 1997;
Baroiller et al., 2000). Both hybrids were viable and fertile, and their growth
rate was intermediate to that of the two parental species, but their relative
salinity tolerance was not reported.

Selective Breeding

A simple method for evaluating salinity tolerance in parental strains and
hybrids of tilapia is necessary for conducting selective breeding programs for
salinity tolerance. One methodology, tested on O. niloticus and S.
melanotheron, is median lethal salinity (MLS), a simple index based on the
short-term capacity of the fish to adapt to daily increments of salinity
(Lemarié et al., 2004). The MLS is defined as the salinity at which 50% of the
fish die at a given daily rate of increasing salinity. Seven salinity increments
were tested: 2, 4, 6, 8, 10, 12, and 14 ppt/day. The metric MLS-8 ppt/day
takes into account the capacity of fish to adapt to increasing salinity and is a
simple, optimized, efficient criterion for assessing salinity tolerance of O.
niloticus and S. melanotheron.

The salinity tolerance of O. spilurus, O. aureus, O. mossambicus, and
three genetically improved strains of O. niloticus (sixth-generation improved
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GIFT strain; FAC selected line FaST; and all-male YY tilapia) in the Philippines
was evaluated by Tayamen et al. (2002). Diallel crosses of the species/strains
were produced following GIFT Project procedures (Eknath et al., 1993, 1998).
Progenies from 27 cross combinations (five purebreds and 22 crossbreds)
were evaluated in ten environments with different salinity levels and agro-
climatic conditions using a communal rearing design. The O. aureus x O.
spilurus cross had the highest body weight; the O. mossambicus x O. spilurus
cross had the highest survival rate. The highest mean percent heterosis was
obtained in the O. aureus x O. spilurus and O. mossambicus x O. niloticus
(FAC selected line) crosses, 22% and 25%, respectively. Fifty males and 150
females representing the 16 fastest-growing purebred and crossbred groups
were selected to build a genetically mixed base population (synthetic breed).
Breeders were randomly assigned using a nested mating design (one male
mated to three females in 50 breeding hapas). Control groups (O.
mossambicus x O. mossambicus and O. mossambicus & x O. niloticus Egypt
Q) were bred at a ratio of 1:2 (male:female). The progeny were tested in
different culture systems and growth performance of families and groups was
evaluated using communal stocking techniques in cages, ponds, and tanks
(Tayamen et al., 2004). The selection resulted in increased growth and
survival rates: 18 and 36 families obtained higher weight gains than the two
control groups, respectively, while 20 and 26 families achieved higher survival
rates. Salinity tolerance in terms of growth and survival was positively
influenced by having O. spilurus as sires, while O. niloticus FaST dams
contributed most to increased growth rate. All hybrid crosses with pure O.
spilurus were included in the top-ranking families based on survival; however,
some top-ranking families based on body weight were not included in the top-
ranking families based on survival.

The second stage of the "molobicus" project was initiated in 2003 with a
selection process based on a simple within-family selective breeding scheme
in a saline environment (Rosario et al., 2004). The approach involved a
double selection process: active selection of large hybrid individuals of both
sexes after five months growth and passive selection of individuals with less
resistance to salinity which died or grew slowly. Fish of the first selected
generation of "molobicus" were used on a small scale in the Philippines, where
the selection process continues (Rosario et al., 2004; P. Morissens, CIRAD,
France, and W. Rosario, BFAR-NIFTDC, Philippines, pers. comm., 2009).

Quantitative genetics was used to evaluate genetic effects influencing
tilapia salinity tolerance using a diallel mating design (Armas-Rosales, 2006).
Six parental strains (O. aureus, O. mossambicus, O. niloticus, stirling red O.
niloticus, a Florida red tilapia that originated from an O. urolepis hornorum x
0. mossambicus male hybrid, and a commercial hybrid that originated from
the Rocky Mountain White® tilapia) resulted in 36 genetic groups used in a
growth trial in 24 salinity levels. Salinity tolerance was determined for each
strain and cross by placing samples from each group in a plastic jar, fitting a
soft knotless nylon netting over the mouth of the jar to allow water to enter,
and suspending the jars in large tanks filled with fresh water. The salinity was
increased daily by 7 ppt intervals and dead fish were removed daily. The trial
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continued until all fish died. The mean salinity tolerance and survival time to
the last fish were evaluated for each group. Estimation of genetic effects
provided clear evidence of additive and dominance effects influencing salinity
tolerance in tilapia strains and crosses. Several lines exhibited highly
significant line and maternal effects. Several crosses exhibited highly
significant heterosis effects. The results suggest that salinity tolerance can be
improved through a breeding program that combines selection, hybridization,
and backcrossing of O. aureus, O. mossambicus, and Florida red tilapia.

The growth and survival of the GIFT and Viethamese strains of Nile tilapia
in fresh and brackish water earthen ponds were evaluated at the Research
Institute for Aquaculture No. 1 (RIA1l) in northern Vietham (Luan et al.,
2008). Heritability and genetic correlation estimates for harvest body weight
and survival were obtained by evaluating GIFT strain families for three
generations. In both environments, the heritability estimates for harvest
weight were moderate (~0.2) and the genetic correlations for harvest body
weight and survival were relatively low (>0.4), suggesting that the substantial
additive genetics variance for these traits can be exploited in selective
breeding programs. However, in view of the strong genotype by environment
interaction for harvest weight and survival, breeding programs for Nile tilapia
should be separate for fresh and brackish water farming (Luan et al., 2008).

A breeding program aimed at developing a fast-growing strain of red
tilapia that adapts well to culture environments in Thailand and other Asian
countries involves testing the fish in freshwater (0 ppt) ponds, freshwater (0
ppt) cages, and saline water (30 ppt) tanks (R. Ponzoni and T. Nguyen,
WorldFish Center, Malaysia, pers. comm., 2009).

Genomics

Genomic approaches may contribute to aquaculture over a longer term. By
using modern molecular biology techniques, it may be possible to identify
genes encoding proteins active in salt-tolerant species that are lacking or less
active in less-tolerant species, or that are induced under salt stress. One such
gene is prolactinl (PRL1), which plays a central role in adaptation of marine
species to fresh water by reducing Na*/K*-ATPase activity and consequently
increasing the osmotic level of the plasma (e.g., Sakamoto et al., 1997; see
more in Physiological Studies, above). Microsatellite polymorphism in the
tilapia PRL1 promoter is associated with differences in PRL1 gene expression
and the growth response of salt-challenged fishes (Streelman and Kocher,
2002).

Females of the salt-tolerant O. mossambicus (homozygous for long alleles)
were crossed with a freshwater-adapted O. niloticus male (heterozygous for
microsatellite alleles) that differed by 17 repeat units, i.e., CA31 vs. CAl4
(Streelman and Kocher, 2002). The mated F; progeny produced an F2
generation that segregated into three genotypes - homozygotes for the short
allele, homozygotes for the long allele, and heterozygotes. Whereas in fresh
water, fish homozygous for the long allele had significantly lower levels of
PRL1 than the other genotypes, they expressed twice as much PRL1 in water
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of 16 ppt salinity. When kept in 16 ppt water, these fish grew more slowly and
reached only half the weight of the other genotypes, but the growth rate did
not significantly differ among genotypes in fresh water. Results from our
laboratory confirm that, in other families as well, long alleles are associated
with slower growth rate at 16 ppt (in prep.).

Four candidate genes are associated with salt tolerance in tilapia: beta
hemoglobin, Ca’* transporting plasma membrane ATPase, and pro-
opiomelanocortin which are up-regulated in salt water, and beta-actin which is
down-regulated in salt water (Rengmark et al., 2007). The roles of these
genes in saltwater adaptation are supported by other studies, although the
mechanisms by which they affect saltwater adaptation is yet unknown.

The role of transferrin, an iron-binding glycoprotein that plays an
important role in the immune system, on salinity tolerance was studied
(Rengmark and Lingaas, 2007). The gene was partially cloned and mapped to
linkage group (LG) 21 of the tilapia linkage map (Cnaani et al., 2002), LG18
in the more recent map (Lee et al., 2005). The entire transferrin gene of
tilapia was cloned and sequenced, and two microsatellites closely linked to the
gene as well as many single nucleotide polymorphisms (SNPs) within it were
identified (Rengmark and Lingaas, 2007). Studies of the segregation of alleles
in the two closely-linked microsatellite loci show that they define two
haplotypes (combinations of alleles): salt-tolerant individuals strongly tend to
possess haplotype 2, while less salt-tolerant individuals tend to possess
haplotype 1 (Rengmark and Lingaas, 2007). Using real-time PCR, transferrin
expression levels in tilapia kept in salt water show an 85% up-regulation
compared to those kept in fresh water, suggesting that transferrin or closely-
linked genes may be directly involved in saltwater tolerance (Rengmark and
Lingaas, 2007).

Conclusion

Studies of the molecular basis of osmoregulatory properties of the dgills,
kidney, gut, and brain have produced a wealth of genomic knowledge that can
be used in genetic studies of intra and inter-specific variation for salinity
tolerance. Once relevant genes are identified, genetic polymorphisms can be
searched for in cultured and natural populations. Knowledge of quantitative
trait loci (QTL) associated with, or genes directly involved in, saltwater
tolerance may facilitate marker-assisted or gene-assisted selection for this
trait in tilapia. Two routes hold the keys to improving salinity tolerance: (1)
exploration and discovery of the biochemical pathways and gene networks
involved in osmoregulation to better understand the salt tolerance phenotype
and its genotypic background; and (2) screening of genetic variation in the
biochemical pathways that underlie phenotypic differences in domesticated
and natural populations. Such knowledge can be exploited to selectively breed
tilapia stocks that perform well in saline waters.
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