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Summary Selective breeding of tilapia populations started in the early 1990s and over the past three
decades tilapia has become one of the most important farmed freshwater species, being
produced in more than 125 countries around the globe. Although genome assemblies have
been available since 2011, most of the tilapia industry still depends on classical selection
techniques using mass spawning or pedigree information to select for growth traits with
reported genetic gains of up to 20% per generation. The involvement of international
breeding companies and research institutions has resulted in the rapid development and
application of genomic resources in the last few years. GWAS and genomic selection are
expected to contribute to uncovering the genetic variants involved in economically relevant
traits and increasing the genetic gain in selective breeding programs, respectively.
Developments over the next few years will probably focus on achieving a deep
understanding of genetic architecture of complex traits, as well as accelerating genetic
progress in the selection for growth-, quality- and robustness-related traits. Novel
phenotyping technologies (i.e. phenomics), lower-cost whole-genome sequencing
approaches, functional genomics and gene editing tools will be crucial in future
developments for the improvement of tilapia aquaculture.

Keywords domestication, genetic improvement, genomic selection, genomics, GWAS,
Oreochromis niloticus, sex determination, tilapia

Introduction

Tilapia is the common name of over 70 species of the
Cichlidae family native to Africa and the Middle East. The
genus Tilapia was first described in 1940 by Smith (1940). It
consists of three subgenera taxonomically distinguished by
reproductive behavior and feeding habits: Tilapia (biparental
and substrate spawners), Oreochromis (female mouthbrood-
ers) and Sarotherodon (biparental mouthbrooders). They are
primarily herbivores, feeding mainly on phytoplankton and
other aquatic vegetation, but readily accept complete
artificial feeds that contain plant and/or animal proteins
(El-Sayed, 2019).

Tilapia are widely desired for aquaculture across all
tropical and subtropical climates owing to their favorable
characteristics such as fast growth, tolerance to a wide
range of environmental conditions, acceptance of artificial
feed, and adaptability for production in different systems (El-
Sayed, 2019). Owing to the rapid expansion of aquaculture
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over recent decades, it has been projected that the global
production of tilapia will increase more than double
between 2010 and 2030 (FAO, 2018a), which has
encouraged the private sector to invest in technological
improvements to increase production. Currently, tilapia is
one of the most important warm-water species cultivated
worldwide and in 2017 it was produced in more than 125
countries (FAO, 2019), reaching an annual global produc-
tion of 5.88 million tonnes (FAO, 2018b). However, only
China (32%), Indonesia (22%), Egypt (15%) and Brazil (7%)
dominate world production, with more than 75% of the
total. The Nile tilapia (Oreochromis niloticus) is the most
important farmed tilapia, representing more than 70% of
global production, with a value corresponding to US$ 7.6
million in 2017 (FAO, 2019). In addition, Oreochromis
mossambicus and Oreochromis spp. (red tilapia), and hybrid
tilapia like O. aureus x O. niloticus and O. mossambicus x
O. aureus, have also played a significant role in production
around the world (El-Sayed, 2019), representing a com-
mercial value of US$ 3.4 million (FAO, 2019).

Tilapia production encompasses the whole spectrum from
small farms to larger commercial investments, with all types
of semi-intensive and intensive systems (cages, tanks,
raceways and recirculation systems). Semi-intensive fish
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production uses natural food or both pond fertilization and
supplemental food. This system is considered a low-cost fish
production scheme owing to the stimulation of primary
productivity through the pond’s organic or inorganic
fertilization and is commonly adopted for herbivorous and
omnivorous species. On the other hand, the intensive
system consists of high stock densities, a high rate of water
exchange (with temperatures ranging from 20 to 35 °C)
and high dependence on artificial food (El-Sayed, 2019).
Furthermore, tilapia can be cultured in fresh water in
tropical and subtropical climates, but in constrained range
of temperatures. In addition, some species, including
0. mossambicuss and O. aureus, have greater tolerance to
saline water, whereas the O. niloticus have a limited
capacity for reproduction, survival and growth in saline
conditions (Suresh & Lin, 1992; Ninh et al., 2014).

Domestication and selective breeding

Nile tilapia is one of the aquaculture species for which there
is evidence of control of their reproduction early in human
history (~3500 years ago; Harache, 2002). It is believed
that the ancestors of cichlids had 24 chromosome pairs
which eventually became 22 pairs (Majumdar & McAn-
drew, 1986; Ferreira et al., 2010) during the domestication
process. Out of these 22 pairs, three have been categorized
into meta-submetacentric and the rest into subtelo-acro-
centric chromosomes (Ferreira et al., 2010).

Although tilapia has been farmed for thousands of years,
expansion in commercial tilapia farming started in the
1980s, followed by a rapid increase in production
(Teletchea, 2019) after the establishment of the first
breeding program for Nile tilapia in 1988, by a collabora-
tion between the International Center for Living Aquatic
Resources Management (ICLARM, later renamed World-
Fish) and AKVAFORSK in Norway. The project was named
Genetically Improved Farmed Tilapia (GIFT), generated by
crossing four wild strains from Africa and four farmed
strains from the Philippines (Eknath et al., 1993). Currently,
this strain or some derivative of this strain is farmed in more
than 87 countries in Africa, Asia and Latin America, and it
has played an important role in tilapia production (Gjedrem
et al., 2012; Neira et al., 2016). The selection program of
the GIFT strain at the WorldFish Centre is in generation
20 (https://www.worldfishcenter.org/pages/gift/), primarily
selected for growth. Meanwhile, another important com-
mercial strain of GIFT (separate breeding program after
generation 10 of original GIFT), under the brand name
Genomar Supreme Tilapia (GST), is currently in generation
29 of the genetic selection program and fish are primarily
selected for growth, fillet yield, disease resistance (Strepto-
coccus agalactiae and Flavobacterium columnare) and survival,
using genomic tools (http://www.genomar.no/).

Mass selection and pedigree-based selection are the most
prevalent methods for genetic improvement in tilapias.

Marker-assisted selection using microsatellites for parentage
assignment has been practiced in Nile tilapia since 2004 in
the commercial breeding program of GenoMar Genetics AS.
Selection using genome-wide single nucleotide polymor-
phism (SNPs) is becoming a standard practice in routine
selection programs in almost all species, including aqua-
culture, and is driven by the top international breeding
companies. Benchmark Genetics has recently implemented
genomic selection to increase resistance against S. agalac-
tiae, whereas GenoMar Genetics AS has fully implemented
genomic selection for all of the commercial traits in their
GST breeding nucleus since 2019. Similarly, AquaBounty
has already received genetic modification exemption for
gene-edited tilapia (for fillet yield) in the Argentinian
market. The different tools and methods that have been
sequentially used in selective breeding of tilapias, including
past, current and potential approaches, are shown in Fig. 1.

Population genetic studies

Previous studies using microsatellites investigated the
genetic changes and characterization of different domesti-
cated strains of tilapia (Rutten et al., 2004; Sukmanomon
et al., 2012) or compared the improved strains with wild
populations (Bezault et al., 2011). Moderate to great genetic
differentiation was reported by Rutten et al. (2004) when
comparing four different strains from different origins:
Chitralada (AIT), International Development Research
Centers (IDRC), GIFT and University of Gottingen (GOTT)
strains. Sukmanomon et al. (2012) reported that three of
the four GIFT-derived populations studied retained the
purity of GIFT and no reduced genetic variation was
observed. McKinna et al. (2010) suggested that the decline
of genetic diversity of a GIFT strain from Fiji was due to poor
management of the genetic resource. In farmed stocks, an
adequate level of genetic diversity is important to prevent
the accumulation of inbreeding. Different selection and
mating allocation strategies have been suggested to be
successful in constraining the inbreeding levels and main-
taining a sustainable breeding program in the long term in
different tilapia breeding programs (Ponzoni et al., 2010;
Yoshida et al.,, 2017c¢). For instance, Ponzoni et al. (2010)
estimated an inbreeding rate of 0.37% per generation for a
GIFT population established in Malaysia, where Bolivar &
Newkirk (2002) estimated an inbreeding coefficient of 6.3%
after 12 generations of selection for Nile tilapia.

The estimation of the effective population size (N,) can be
used to quantify how a population could be affected by
genetic drift or inbreeding (Falconer & Mackay, 1996) and
thus help in the monitoring and control of genetic diversity
(Ponzoni et al., 2010). An N, value ranging from 50 to 200
is recommended to ensure the genetic variability and
diversity in breeding programs (Smitherman & Tave,
1987); however, N, values above 500 are suggested to be
necessary in order to retain the evolutionary potential of a
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Figure 1 Different tools and methods used in tilapia selective breeding, with the arrow indicating the progressive temporal advancement of the
methods. The blue and orange boxes indicate the methods being currently used and those not yet utilized for selection in Nile tilapia, respectively.

population (Franklin & Frankham, 1998). In Nile tilapia,
the N, calculated based on the rate of increase of coancestry
was 88 in the GIFT Nile tilapia population (Ponzoni et al.,
2010) and 95 in the GST strain (Joshi et al, 2018b),
whereas using information from a 50K SNP panel, a
contemporary N, value, ranging from 78 to 159, was
calculated for three commercial Nile tilapia populations
from Latin America (Yoshida et al., 2019c).

The genomic population structure and linkage disequi-
librium (LD) have also been reported using dense SNP
panels in different tilapia populations (Xia et al., 2014;
Joshi et al., 2018; Conte et al, 2019; Yoshida et al.,
2019c). For farmed Nile tilapia, strong admixture among
three different farmed populations from Latin America and
a rapid decrease in LD with increasing inter-marker
distance were observed (Yoshida et al., 2019c), in accor-
dance with Xia et al. (2014), who found similar LD
patterns for GIFT populations from South Africa, Singapore
and China. Most of the linkage groups in Nile tilapia were
found to have a sigmoidal pattern of recombination, with
wide recombination deserts (areas with no recombination
or high LD) stretching up to 5-10 Mb at terminal regions
of most of the linkage groups (Joshi et al., 2018a). These
patterns have also been observed in the hybrid crosses of
Lake Malawi cichlids (Conte et al., 2019) and are opposite
to what is seen in other fish species, e.g. channel catfish (Li
et al, 2015a, 2015b), salmon (Tsai et al., 2015), Asian
seabass (Wang et al.,, 2015) and stickleback (Roesti et al.,
2013), in which the recombination rate is higher in the
terminal regions.

Main traits, genetic parameters and genotype
by environment interaction

Selective breeding is an effective approach to increase
aquaculture production efficiency and profitability (Gje-
drem, 2012). Despite the advantages of using improved
animals, only a small proportion of global aquaculture is
based on genetically improved stocks; nevertheless, most of
the operating aquaculture breeding programs in the world
were reported for Nile tilapia (Rye, 2012). Although there is
a wide variation of culture systems, the main targeted traits
included in tilapia breeding programs are associated with

growth (e.g. body weight), with only a few breeding
programs selecting for fillet yield, survivability and resis-
tance to diseases. The heritability (h?) for growth-related
traits in Nile tilapia is in general diverse, ranging from 0.06
to 0.60 (Ponzoni et al., 2005; Charo-Karisa et al., 2006;
Bentsen et al., 2012; Khaw et al., 2009, 2012; Hamzah
et al, 2014) (Table 1). Further, significant non-additive
genetic effects and maternal effects have been reported for
body weight, with inbreeding depression of 0.9% per 1%
increase in the individual homozygosity for body weight
(Joshi et al., 2018b, 2020a). Genetic studies for resistance
against diseases are scarce in Nile tilapia (Table 2), Shoe-
maker et al. (2017) and Suebsong et al. (2019) reported
heritabilities for resistance to S. agalactiae in Nile tilapia,
which ranged from 0.22 to 0.38, whereas for Oreochromis
spp. a heritability of 0.27 was estimated by Sukhavachana
et al. (2019). Joshi et al, (2020b) reported genomic
heritabilities for resistance against S. agalactiae in Nile
tilapia ranging from 0.15 to 0.26. Significant genetic
variation has also been detected for resistance against
Flavobacterium columnare (Wonmongkol et al., 2018) and
Streptococcus iniae (LaFrentz et al., 2016; Shoemaker et al.,
2017), indicating the potential for improving survival
against bacterial outbreaks by using artificial selection.

In aquaculture, fillet yield is a key trait, but difficult to
select for (Vandeputte et al, 2020). However, a large
phenotypic variation, ranging from 32 to 45%, and low
(0.06 + 0.04) to medium (0.25 + 0.07) values of heritabil-
ity have been reported for fillet yield in Nile tilapia,
suggesting that this trait can be improved through selection
(Rutten et al., 2005; Gjerde et al., 2012; Joshi et al., 2018b,
2020a; Thodesen (Da-Yong Ma) et al., 2011; Yoshida et al.,
2019b). However, fillet-related traits are always laborious
and costly to measure; furthermore, these traits cannot be
recorded on alive breeding candidates (Gjerde et al., 2012a).
For this reason, several studies estimated the genetic
correlation (Table 3) to identify the feasibility of improving
fillet traits through indirect selection for body traits that
were recorded on live candidates. If these traits are well
correlated, both selection intensity and accuracy may be
increased, resulting in a higher genetic gain when com-
pared with sib selection. In general, the genetic correlation
between fillet weight and growth traits (e.g. body weight)
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Table 1 Heritabilities (standard error) reported in the literature for body weight, morphological and fillet traits in tilapia.

Traits  Species

Heritability

Mean phenotype

Statement

Reference

BD Oreochromis
niloticus
Oreochromis
niloticus
Oreochromis
niloticus
Oreochromis
niloticus
Oreochromis
niloticus
BL Oreochromis
niloticus
Oreochromis
niloticus
Oreochromis
niloticus
Oreochromis
niloticus
Oreochromis
niloticus
Oreochromis
niloticus
Oreochromis
niloticus
Oreochromis
Oreochromis
BT Oreochromis
niloticus
Oreochromis
niloticus
Oreochromis
niloticus
Oreochromis
niloticus
Oreochromis
niloticus
Oreochromis
niloticus
Oreochromis
niloticus
Oreochromis
niloticus
Oreochromis
niloticus
Oreochromis
niloticus
Oreochromis
niloticus
Oreochromis
niloticus
Oreochromis
niloticus
Oreochromis
niloticus
Oreochromis
niloticus

BWH

Spp.
Spp.

0.14 ©9 5 0.20 ©O9
0.16 ©09

0.17 ©9 t5 0.44 ©-V
0.28 (0.17-0.41)

0.32 ©19

0.09 (0.03)

0.17 ©%® t0 0.29 ©%®
0.19 (0.12)

0.30 (0.19-0.42)

0.29 (0.05) to 0.30 (0.05)
0.31 (0.10)

0.27 (0.19)

0.13 (0.07)

0.07 ©19 5 0.13 ©08
0.17 (0.04)

0.20 (0.08)

0.21 (0.07)

0.25 (0.13)

0.26 ©%9 16 0.29 (.10
0024;) (0.19-0.41)

0.10 (0.04)

0.14 (0.07) to 0.43 (0.10)
0.19 (0.04)

0.06 (0.09) to 0.48 (0.16)
0.26 (0.12)

0.31 (0.05)

0.31 0.11)

0.33 (0.05) to 0.36 (0.05)

0.34 (0.07)

67" t0730P
8.9 1

8.9 (1.0

7.5 ©7

103 @V

22.4 @7

22.4 @V

259 6

19.7 09

16.2 ®? t0 17.3 @9
23.8 (2.0)

18.8 7 t0 21.9 @¥
18.1 3.4)

17.6 (2.9) to 18.3 (3.5)
4.1 (0.4)

4.7 (0.9)

4.1 (0.4)

5.1 (0.9)

3.0 0.7) to 3.2 (0.7)
35 (0.4)

403.8 (124.8)

403.8 (124.8)

817.0 (261.1)

121 7 to 270 “?
787.7 (313.1)

166.0 (59.0)

527 (132.5)

168.3 ©29 t0 206.8

(99.7)
192.0 (116.1)

Male, female and all

Genomic estimates

Genomic estimates

Males, females and all

Culture in brackish water

Cage and pound culture
Genomic estimates

Male, female and all

Genomic estimates

Genomic estimates

Five different generations

log(BWH)

Male, female and all

Nguyen et al. (2007)
Joshi et al. (2020a)
Joshi et al. (2018b)
Reis Neto et al. (2014)
Nguyen et al. (2010)
Joshi et al. (2020a)
Joshi et al. (2018b)
Rutten et al. (2005)
Reis Neto et al. (2014)
Nguyen et al. (2007)
Nguyen et al. (2010)
Ninh et al. (2014)
Hamzah et al. (2017)
Nguyen et al. (2017)
Joshi et al. (2020a)
Nguyen et al. (2010)
Joshi et al. (2018b)
Rutten et al. (2005)
Nguyen et al. (2007)
Reis Neto et al. (2014)
Joshi et al. (2020a)
Joshi et al. (2018b)
Joshi et al. (2019)
Bentsen et al. (2012)
Rutten et al. (2005)
Khaw et al. (2016)
Nguyen et al. (2010)
Nguyen et al. (2007)

Ponzoni et al. (2005)
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Table 1 (Continued)

Genomics for tilapia breeding

Traits ~ Species Heritability Mean phenotype Statement Reference
Oreochromis 0.68 ©1 173.0 Cage culture Bentsen et al. (2012)
niloticus
Oreochromis 0.485 (0.05) 262.4 ®3V 07923  Cage culture de Oliveira et al. (2016)
niloticus 2783
Oreochromis 0.38 %2 10 0.60 ©°®  70.0 ®? t0 130.9 Low-input earthen ponds Charo-Karisa et al. (2006)
niloticus (39.5)
Oreochromis 0.24 ©03) 214.9 Cage culture Hamzah et al. (2014)
niloticus
Oreochromis 0.53 ©12 217.6 787 t0366.3  Culture in brackish water Ninh et al. (2014)
niloticus (109.2)
Oreochromis 0.14 ©09 73.6 “46© Pond culture Rezk et al. (2009)
niloticus
Oreochromis 0.36 ©%® 0 0.71 ©29 536?79 t5 129.0 Low- and high-input Khaw et al. (2009)
niloticus “1.0 environment
Oreochromis 0.55 ©9 743 @71 Cage culture Trong et al. (2013)
niloticus
Oreochromis 0.10 ©0® 1415 619 Genomic estimates Joshi et al. (2020a)
niloticus
Oreochromis 0.10 ©% 0 0.45 ©1 1415 &1D - Joshi et al. (2018b)
niloticus
Oreochromis 0.36 0 9535 (2529 Genomic estimates Yoshida et al. (2019¢)
niloticus
Oreochromis 0.14 ©0® 715 199 0 96.1 Pound culture Maluwa & Gjerde (2007)
shiranus 24.41
Oreochromis 0.40 ©09 142 €V to 487 (129 Earthen pond culture Thodesen Da-Yong Ma et al.,
aureus 2011
Oreochromis 0.18 ©% 0 0.55 ©19  181.9 ®52 153162  Pond culture Zak et al. (2014)
aureus (125.9)
Oreochromis spp.  0.08 ©%® 10 0.22 ©19 2457 57 9 2514  Cage and pond culture Nguyen et al. (2017)
(138.5)
Oreochromis spp.  0.38 ©-%? 247.6 (112 - Hamzah et al. (2017)
FW  Oreochromis 0.17 ©09 300.0 (1973 Genomic estimates Joshi et al. (2019)
niloticus
Oreochromis 0.24 ©11 308.1 (152 Tank culture Rutten et al. (2005)
niloticus
Oreochromis 0.33 ©19 177.7 499 - Nguyen et al. (2010)
niloticus
Oreochromis 0.16 ©02 197 @27 t0 537 >V Net-cages and earthen ponds  Gjerde et al., (2012)’
niloticus
Oreochromis 0.12 ©09 373698 - Rutten et al. (2005)
niloticus
Oreochromis 0.19 ©09 32.6 G2 Genomic estimates Joshi et al. (2020a)
niloticus
FY Oreochromis 0.22 ©0% 36.4 @ Genomic estimates Joshi et al. (2019)
niloticus
Oreochromis 0.25 ©07 33.6 @2 - Nguyen et al. (2010)
niloticus
Oreochromis 0.24 ©O7 32.6 62 - Joshi et al. (2018b)
niloticus
Oreochromis 0.23 © 34.6 39 t039.7 2  Cage and ponds culture Thodesen (Da-Yong Ma) et al.
niloticus (2011)
Oreochromis 0.06 ©0¥ 413 ©® 10 451497 Net cages and earthen ponds  Gjerde et al. (2012)
niloticus culture
Oreochromis 0.12 ©09 37.3 @191 Tank culture Rutten et al. (2005)
niloticus
Oreochromis 0.21 ©O¥ 317 @2 Genomic estimates Yoshida et al. (2019¢)
niloticus

The six morphological traits are: BD, body depth; BL, body length; BT, body thickness; BWH, body weight at harvest; FW, fillet weight; and FY, fillet
yield. Units for the mean phenotypes are centimeters for BD, BL and BT; grams for BWH and FW; and percentage for FY.
TCoefficient of variation in brackets.
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Table 2 Heritabilities for disease resistance traits in tilapia.

Species  Disease Trait h? (se) Reference
Nile Streptococcus Survival 0.15 @931 {0 Joshi et al.,
tilapia  agalactiae 0.26 ©0 (2020b)
Survival 0.27 ©™ Lin (2016)
Survival  0.38 .11y Shoemaker
et al. 2017)
Streptococcus Survival 052 ©12 Shoemaker

iniae et al. (2017)
Survival  0.42 ©°7 LaFrentz et al.

(2016)
Flavobacterium ~ Survival 0.15 ©-%® Wonmongkol
columnare Days to 0.15 ©%® et al. (2018)
death
TiLV Survival 0.40 %9 Barria et al.
Days to 0.23 ©-%9 (2020)
death
Red Streptococcus Survival 0.13 ©%2 Sukhavachana

Days to  0.20 ©%® et al. (2019)
death
Survival 0.13 ©2
Days to 0.20 ©-%®
death
Survival 0.11 ©191
Days to 0.17 ©-91
death

tilapia  agalactiae

Suebsong
et al. (2019)

Sukhavachana
et al. (2020)

"Estimated using genomic matrix.

was close to unity, whereas the genetic association between
body weight and fillet yield was generally low (Rutten et al.,
2005; Nguyen et al., 2010; Gjerde et al., 2012a; Thodesen
(Da-Yong Ma) et al., 2011). Thus, improvement for fillet
yield through indirect selection for body weight might be
ineffective. In contrast, selection for high growth can result
in a significant correlated increase in fillet weight (Nguyen
et al., 2010). The use of advanced phenotyping technolo-
gies, including computed tomography scan or ultrasound
(Vandeputte et al., 2017; Maas et al., 2020; Prchal et al.,
2020) and automation of recording procedures (Ventura
et al., 2020), will help to effectively measure fillet yield in
the future and exploit this information for genetic selection.

To date, genetic evaluations for tilapia breeding programs
are primarily based on pedigree and phenotype information,
which are well suited for traits that are directly measured in
the selection candidates. For instance, high levels of genetic
gains have been achieved for growth in Nile tilapia, ranging
from 7 to 20% per generation (Bentsen et al., 2017; Eknath
et al., 1998; Gjedrem et al.,, 2012 and Khaw et al., 2008).
Nevertheless, pedigree-based genetic evaluations have some
limitations for traits which are evaluated via sib-testing.
New genomics technologies, including next-generation
sequencing and high-performance genotyping methodolo-
gies, represent an alternative to disentangle the genetic
basis and enhance genetic evaluation methods for impor-
tant traits which are difficult to measure in selection
candidates in tilapia breeding schemes.

The commercial production of tilapia can be done in a
wide range of production systems, including cages and
excavated ponds subjected to different conditions, whereas
the genetic selection is usually conducted in controlled
environment, that may result in genotype by environment
(G x E) interaction. This means that different genotypes do
not respond in the same way in two or more environments,
and the same phenotype can represent different traits
(Falconer & Mackay, 1996). The G x E interaction can be
quantified using the genetic correlation between the trait
measured in different environments. For instance, the
genetic correlations for growth traits measured in pond
and cage environments ranged from 0.73 to 0.99, suggest-
ing that G x E interaction was not important for body traits
in Nile tilapia (Khaw et al., 2012; Thodesen (Da-Yong Ma)
et al, 2011; Trong et al, 2013). Non-significant G x E
interactions have also been reported for body weight and
harvest weight of O. shiranus (Maluwa et al., 2006) and
Oreochromis spp. (Nguyen et al., 2017), respectively.

Genomic resources and applications

Reference genome and SNP panels

The use of molecular markers (e.g. SNPs) has allowed the
implementation of several applications in aquaculture
species, including strain and hybrid traceability, assessment
of genetic variability, parentage analyses, pedigree recon-
struction, quantitative trait locus (QTL) mapping, genome-
wide association study (GWAS), marker assisted selection
(MAS) and genomic selection (Liu & Cordes, 2004; Yanez

Table 3 Genetic correlation and standard error (SE) of body weight at
harvest with different traits.

Mean BWH BD BL BT FW

(g)" (cm) (cm) (ecm) (g) FY (%) References
188.9 (94.02) 0.99 ©.0n 0.98 (0.01)
0.93 ©9 - - Nguyen
et al.
(2007)
527 (132.5) 0.95 (0.02) 0.89 (0.05)
0.82 ©0® 0.96 ©02 .44 ©29
Nguyen
et al.
(2010)
787.7 (313.1) 0.87 (0.08) 0.92 (0.05)
0.99 ©0P 0.74 ©1®  Rutten
et al.
(2005)
817 (261.11) _ _ _ 0.96 (0.01) —0.11 (0.15)
Joshi et al.
(2019)
419 @2M o _ - - 0.99 0.21 Gjerde
1188 (24.5) (ne) ©31) et al.
(2012)

TStandard deviation in brackets.
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et al., 2015). By far the most groundbreaking and revolu-
tionary application of dense SNP panels is genomic selec-
tion, which has allowed increases in the rate of genetic
progress in breeding programs for several species (Meuwis-
sen et al., 2001).

Identifying the molecular basis underlying complex traits
at a whole-genome level and implementing genomic selec-
tion require a large number of highly informative SNPs,
which ideally segregate into several populations. Therefore,
discovery and validation of SNPs, which are densely and
uniformly distributed across the entire genome, can pro-
mote a better understanding of biologically and economi-
cally important traits, with a high potential to increase the
genetic progress in tilapia. The availability of a reference
chromosome-level genome assembly for Nile tilapia (Conte
et al., 2017, 2019) has facilitated the development of high-
throughput SNP genotyping platforms for this species. The
first version of a reference genome assembly for Nile tilapia
(Orenil 1.0) was released in January 2011. The most recent
Nile tilapia genome assembly (O_niloticus_UMD_NMBU;
GenBank assembly accession no. GCA_001858045.3),
released in 2018, consists of 1005 Mb of total length
sequence across the 22 chromosomes and 2437 unplaced
scaffolds, with the minimum contig length needed to cover
50% of the genome (N50) of 2.9 Mb. Besides Nile tilapia
there is only one scaffold-level genome assembly for blue
tilapia (Tao et al, 2020). A detailed summary of the
available genomes is shown in Table 4.

The first SNP array for Nile tilapia was developed in 2018
(Joshi et al., 2018a), which is a 58K Affymetrix (Thermo
Fisher) SNP array generated by means of markers discov-
ered based on a whole-genome resequencing experiment in
32 fish from the Genomar farmed strain. A second SNP
panel was then developed using a large-scale de novo variant
discovery effort by whole-genome re-sequencing of 326 Nile
tilapias from three different commercial strains (two from
Costa Rica and one from Brazil). This information was
exploited for the discovery and validation of a 50K SNP
panel, which was posteriorly implemented in an Illumina
bead chip for routine genotyping (Yanez et al, 2020).
Recently an open access Affymetrix (ThermoFisher) 65K
SNP array has been developed by whole-genome re-
sequencing of 100 GIFT tilapia and utilizing SNP datasets
from wild and several other farmed Nile tilapia strains. The
utility of this SNP array has been demonstrated across
multiple strains of Nile tilapia (Penaloza et al., 2020).

At least five linkage maps have been constructed for Nile
tilapia using different marker types and densities (Table 5).
Low-density maps were constructed using SNPs from
Restriction-site Associated DNA (RAD) sequencing experi-
ments (Palaiokostas et al., 2013), microsatellites and/or
AFLP markers (Kocher et al., 1998; Lee et al., 2005; Guyon
et al., 2012), whereas the genetic map with the highest
resolution was recently developed using a dense SNP panel
(Joshi et al., 2018a). This linkage map in turn has facilitated
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the generation of an improved version of the Nile tilapia
genome  assembly  (O_niloticus_ UMD to  O_niloti-
cus_UMD_NMBU assembly). The size of this dense linkage
map was 1469.69 cM and consisted of 40,186 SNPs.
Further, Nile tilapia, similar to other tilapia species (e.g. blue
tilapia; Lee et al., 2004), have a sex-specific pattern of
recombination (Joshi et al., 2018a), with females having an
approximately 20% higher recombination rate than the
males.

QTL mapping, GWAS and genomic selection

Information from SNP markers are being increasingly used
to generate a deeper knowledge of the genetic basis of
important traits and speed up the genetic progress in
aquaculture species by means of GWAS and genomic
selection, respectively (Yanez et al., 2014). GWAS allows
the identification of genetic variants associated with com-
plex traits (i.e QTL). When one or few QTL explain a high
percentage of genetic variance for a particular trait, it is
possible to improve the trait more rapidly by means of MAS.
However, the complexity of some traits and the absence of
QTL with major effects constrain the successful implemen-
tation of MAS. In contrast, genomic selection is the most
appropriate way to select for traits that are controlled by
several loci of small effects (i.e. polygenic traits) (Meuwissen
et al., 2013).

In general, GWAS and genomic selection studies in tilapia
are scarce. From previous experience in other aquaculture
species, the implementation of genomic selection is expected
to speed up the genetic progress for traits that are difficult to
measure in selection candidates (@degard et al, 2014;
Lhorente et al., 2019), including carcass traits (e.g. fillet
yield, fat content and composition) and resistance against
diseases (e.g. Streptococcus spp., Francisella spp., viral ner-
vous necrosis and tilapia lake virus).

GWASs have been carried out for several traits in
different fish species of commercial interest, including
growth traits (Tsai et al, 2015; Gonzalez-Pena et al.,
2016; Yoshida et al, 2017b; Garcia et al, 2018;
Palaiokostas et al., 2018; Reis Neto et al, 2019) and
resistance against bacterial, viral and parasitic diseases
traits (Barria et al, 2019, 2018; Caceres et al., 2019a;
Correa et al.,, 2015; 2017a; Rodriguez et al., 2019; Tsai
et al., 2016; Vallejo et al., 2017). Most of these traits are
under polygenic control, with several markers explaining a
small effect, and thus limiting the implementation of MAS.
Therefore, the genomic selection approach has been
proposed to effectively accelerate the rate of genetic progress
for different traits in important farmed fish species, e.g.
salmonids (Tsai et al., 2016; Bangera et al., 2017; Correa
et al., 2017b; Barria et al., 2018; Yoshida et al., 2019a,
2018).

Genotyping by sequencing, including RAD-seq and
ddRAD-seq approaches, have been applied for QTL and
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Table 4 Available genomes for tilapia.

Assembly

size
level

Genome Total

Sequencing
platform

of Percentage on

Number

Scaffold

Contig N50  N50

References

(Mb)

coverage

chromosome

scaffolds

Versions

Species

Brawand et al.
(2015)

Scaffold

269 x 928

87.96 lllumina

2,802,423 5,900

29,493

Orenil 1.0

Oreochromis
niloticus

269x 928 Chromosome
1010

lllumina
PacBio

87.97

99.58

2,766,223 5,909

29,493

Orenil 1.1/O0reNil2
O_niloticus_UMD1

Conte et al.
(2017)

Chromosome

44 x

3,090,215 37,007,722 2,567

Conte et al.
(2019)

44 % 1006 Chromosome

PacBio

99.99

O_niloticus_UMD_NMBU"""

2,923,640 38,839,487 2,460

Tao et al. (2020)

Bian et al.
(2019)

Chromosome

Scaffold

994
919

96 x

Nanopore

97.40
89.84

2,651,554 40,346,024 403

60,338

ONlJp

166x

lllumina HiSeq

12,952

1,102,239

Oreochromis
aureus

Tao et al. (2020)

1006 Chromosome

85x

Nanopore

97.80

4,404,323 40,723,988 303

OA

"Representative genome.

linkage mapping in tilapia. For instance, using a hybrid
population of Mozambique x Red tilapia, Liu et al., (2014)
found a major QTL for growth in a sex-determining locus in
LG1, explaining more than 65% of phenotypic variation.
Lin et al. (2016) detected that the phenotypic variation
explained by QTL associated with growth-related traits
under saline conditions was lower than 3%, with some
important genomic regions found in LG12, LG20 and LG22.
Evidence of the polygenic nature underlying harvest weight
and fillet yield was provided by a GWAS performed using
genotypes from a 50K SNP panel in a commercial Nile
tilapia population from Costa Rica (Yoshida et al., 2019Db),
which is in agreement with previous studies for growth-
related traits in other fish species (Tsai et al., 2015; Yoshida
et al., 2017b; Reis Neto et al., 2019). In addition, the same
authors tested the use of genotype imputation from low- to
high-density SNP panels, suggesting a reduction of geno-
typing cost up to 69%, depending on the breeding popula-
tion size, without considerable losses in accuracy of
genomic predictions when compared against the use of
true dense SNP genotypes (Yoshida et al., 2019b). Recent
studies have also demonstrated the absence of major QTL
for resistance against S. agalactiae, and also that genomic-
based approaches outperform conventional pedigree-based
methods for the genetic evaluation of this trait in Nile tilapia
(Lu et al., 2020) and hybrid red tilapia (Sukhavachana
et al., 2020).

Dense SNP genotypes have also been used for the
genomic dissection of additive and non-additive genetic
effects for body weight, fillet traits and conformational traits
in Nile tilapia, showing non-additive genetic effects, mater-
nal environmental effects and the detrimental effects of
inbreeding over these commercially relevant traits (Joshi
et al., 2020a). Furthermore, univariate and multivariate
genomic selection approaches have also been tested using
dense SNP genotypes for growth- and disease resistance-
related traits (e.g. Streptococcus resistance), showing an
increase in prediction accuracy, when compared with
conventional pedigree-based genetic evaluation methods
(Joshi et al., 2020c, 2019). These results indicate the
benefits of genomic evaluations for the genetic improvement
of these populations.

Signatures of domestication and selection

The domestication process owing to adaptation to captive
conditions and intense selection for desirable traits can
result in changes in allele frequencies, LD, haplotype and
diversity patterns in farmed populations (Ma et al., 2015).
Genomic information allows the identification and charac-
terization of regions underlying selection and adaptation
processes, which in turn can help in uncovering the genes
involved in domestication and economically important
traits (Lopez et al., 2015; Pérez O'Brien et al., 2014).
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Table 5 Available linkage maps for tilapia species.

Average  marker
Species/sex Map length (cM) Marker number and type interval (cM) References
Oreochromis niloticus Male 1359.6 40,186 SNPs 0.03 Joshi et al.
(2018a)
Female 1632.9 0.04
Consensus  1469.69 0.04
Oreochromis niloticus 704 62 microsatellites + 112 AFLP - Kocher et al.
(1998)
Oreochromis niloticus x Oreochromis 1,311 525 microsatellite and 21 gene- 2.4 Lee et al.,
aureus based markers (2005)
Oreochromis niloticus 34,084 cR3500 and 1358 markers — radiation hybrid 742 kb Guyon et al.
937,310 kb (RH) map (2012)
Oreochromis niloticus 1,176 3,802 SNPs 0.7 Palaiokostas

et al. (2013)

Oreochromis mossambicus Female 514 13 microsatellites and 49 AFLPs 8.3 Agresti et al.,

Male 1632 60 microsatellites and 154 AFLPs 7.6 (2000)
Oreochromis mossambicus 1042.5 301 markers Liu et al. (2013)
Oreochromis mossambicus x Consensus  1067.6 401 microsatellites including 282 33
Oreochromis spp. EST-derived markers
Male 950.8 261 markers 3.6
Female 1030.6 261 markers 4
Red tilapia 984.0 320 markers 3.1

Few studies have addressed the identification of selection
signatures in tilapia. For instance, Hong Xia et al. (2015)
used next-generation sequencing data from Mozambique,
Red and Nile tilapia from South Africa, China and Singa-
pore (n=37) and identified more than 100 putative
selection sweep regions for each strain. The gonadotropin-
releasing hormone receptor, Wnt and integrin signaling
pathways were shown to be under positive selection in all of
the tilapia lines analyzed. Schomburg and Michal (2012)
suggested that these pathways have important roles in
animal growth, development and response to diseases. In a
recent study, using whole-genome sequences of 326 tilapia
from three different strains from Latin America, several
candidate genes associated with growth, development,
immunity traits, behaviour and reproduction were found
to be putatively under selection (Cadiz et al., 2020). The
above and future results will be relevant for a deeper
knowledge on the genes, functional variants and pathways
involved in the complex processes of domestication and
selection in tilapia.

Sex determination

In tilapias two types of sex-determining systems have been
identified, a male heterogametic XX/XY system in O. niloti-
cus and O. mossambicus, and a female heterogametic ZZ/
7ZW system in O. aureus (Cnaani et al., 2008). In some of
these species, males grow faster and are more uniform in
size than females, e.g. the difference in body weight
between male and female fish was 15% in O. niloticus and
48% in O. aureus (Lind et al., 2015). Furthermore, in
mixed-sex production uncontrolled reproduction leads to

excessive fingerling production and high competition for
food (Toguyeni et al., 1997). For this reason, farming all-
male populations is desirable in tilapia aquaculture, and is
primarily achieved through hormonal treatment in com-
mercial farms. However, in some countries, as in EU
member states and the USA, the use of this technique is
not fully accepted, owing to potential environmental and
public health issues, such as the residual effect on water
quality and food security (Baroiller et al., 2009). Therefore,
environmentally friendly alternatives to hormonal sex
control is practiced to some extent. Baroiller et al. (1995)
suggested that thermal treatment at 36°C during the
critical period of sex differentiation at an early develop-
mental stage increases the proportion of males in Nile
tilapia. However, the temperature response is strongly
dependent on a parental effect, which can predispose to
generate progeny more or less sensitive to temperature
(Baroiller & D’Cotta, 2001; Tessema et al., 2006). In order
to avoid some of the issues related to mixed-sex produc-
tion, several studies suggest the hybridization of two
different species of Oreochromis (e.g. O. urolepis, O. horno-
rum, O. mossambicus and O. niloticus). However, it is
difficult to sustain the production of all-male hybrids
owing to variable success in generating all-male progenies
and also the introduction of hybrids into broodstock
(Pruginin et al, 1975; Wohlfarth, 1994; Beardmore
et al., 2001). The generation of ‘supermales’ is another
technique to produce mono-sex populations, using a
combination of sex reversal and chromosome manipula-
tion techniques (gynogenesis or androgenesis) (Wang &
Shen, 2019). In O. niloticus, Mair et al. (1997) reported a
male progeny sex ratio higher than 95% by using estrogen
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to induce sex reversal of males to females and a progeny
test to generate all-'YY' male genotypes.

Various factors, including tilapia species, genetic back-
ground, and environmental conditions (e.g. temperature)
have been described to be involved in sex determination in
tilapia (Baroiller & D’Cotta, 2001; Cnaani et al, 2008;
Palaiokostas et al., 2013; Eshel et al., 2014; Wessels et al.,
2014). Thus, the mechanisms involved in sexual dimor-
phism have been broadly studied, using both quantitative
genetics and genomic approaches. From a quantitative
genetics viewpoint, the heritability estimated for body
weight were not different between the two sexes; further-
more, the high genetic correlation (>0.86) for body traits in
males and females suggested no genotype by sex interaction
(Nguyen et al., 2007; Bentsen et al., 2012; de Oliveira et al.,
2016).

Using information of molecular markers, some studies
described several genomic regions involved in sex determi-
nation for O. niloticus, O. aureus and Oreochromis. spp.,
including regions in LG1, LG3, LG20 and LG23 (Lee et al.,
2004; Shirak et al., 2006; Cnaani et al., 2008; Eshel et al.,
2014; Palaiokostas et al., 2015; Conte et al., 2017; Caceres
et al., 2019a, 2019b). In addition, several genes have been
suggested to have a role in sex determination in the tilapia
genus, including Wilms tumor suppressor protein 1b
(wt1b), cytochrome P450 of family 19 subfamily A member
1 (cyp19a), the anti-Miillerian hormone (Amh) and Double-
sex/Mab-3 Related Transcription Factor 2 (dmrt2) (Lee
et al., 2004; Shirak et al., 2006; Cnaani et al., 2008; Li et al.,
2015a, 2015b; Sun et al, 2017; Caceres et al., 2019a,
2019b). The multiple regions identified to have a role in sex
determination in tilapia indicate that this is most likely a
complex trait, which can also be modulated from environ-
mental stimulus.

Transcriptome

RNA-seq

RNA sequencing (RNA-seq) is an approach to profiling
transcriptomes using deep-sequencing technologies (Mari-
oni et al., 2008). A large quantity of RNA-seq data has been
deposited in the NCBI database, derived from different
tilapia species and different tissues, indicating that this
approach has been widely used and providing a valuable
resource to assess gene function and discover genetic
variants within genes (Xia et al., 2014).

For instance, RNA-seq has been applied to identify gene
transcripts differentially expressed in female and male
gonads of Nile tilapia (Tao et al., 2013, 2018), suggesting
the importance of classic genes (FoxI2, Cypl9ala, Gsdf,
Dmrtl and Amh) as well as identifiying new molecules
(Borealin, Gtsf1, tesk1, Zar1, Cdn15 and Rpl) involved in sex
differentiation.

In addition, transcriptomic analysis of the response
against infection with S. agalactiae (Zhang et al., 2013;
Wang et al., 2016b, Zhu et al., 2017) and S. iniae (Zhu et al.,
2015) have been reported in tilapia, identifying several
genes involved in the immune response against bacterial
diseases and their interaction with environmental factors
(e.g. water temperature). Comparative transcriptomic anal-
yses have also been performed between zebrafish, blue
tilapia and Nile tilapia, suggesting positive selection of
immune-related genes, such as notch2 and nfatc3b, in tilapia
species (Xiao et al., 2015). The transcriptomic response of
tilapia has also been evaluated against different abiotic
stressors and stimulus including alkalinity (Zhao et al.,
2015), hypoxia (Li et al., 2017), salinity (Xu et al., 2015),
different concentrations of resveratrol in diet (Zheng et al.,
2018) and dietary protein to starch ratio (Xiong et al.,
2014).

MicroRNAs (miRNAs) are small non-coding RNA mole-
cules (ranging from 18 to 22 nucleotides), that regulate
gene expression, through translational repression and/or
transcript cleavage, and protein translation during biolog-
ical processes (Bartel, 2004). Expression profiles of miRNA
related to skeletal muscle growth were analyzed in Nile
tilapia (Huang et al., 2012; Yan et al., 2012). For instance,
Yan et al. (2012) identified 25 conserved miRNAs in tilapia
skeletal muscle, some of them differentially expressed in
different developmental stages. The inverse correlation
between the expression of miRNAs and putative target
genes provided evidence of direct regulation of HDAC4, SRF,
Pax 3 and Pax 7 in vivo. Huang et al. (2012b) identified
significant differences in miRNA expression between fast-
growing and control strains of tilapia. Some of these
miRNAs are suggested to be involved in the GH/IGF-1 axis
signaling pathway.

Nile tilapias infected with S. agalactiae were used to
investigate immune-related miRNAs by Wang et al
(2016a), identifying more than 1000 differentially
expressed miRNAs that targeted genes involved in apoptotic
processes, signal pathways and immune response. The
possible role of miRNAs in the early stages of fish sex
differentiation was studied by Tao et al. (2016), who found
62 and 49 miRNAs with higher expression in XX and XY
gonads, respectively. Some of the genes targeted by these
miRNAs included enzymes involved in steroidogenic path-
ways and molecules involved in vertebrate sex differentia-
tion, such as FoxI2, Amh, Star1, Sf1, Dmrt1 and Gsdf.

Despite the increasing number of global gene expression
studies in tilapia, it is still unclear how this information can
be exploited to accelerate genetic progress in current
breeding programs for these species. The integration of
transcriptomic data with other sources of information (e.g.
GWAS and WGS), will help on the identification of genes
and functional variants involved in desirable traits, which
in turn could be used to accelerate tilapia breeding.
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Perspectives and final considerations

Some studies have used WGS data for genome scans,
showing some advantages over genotypes from SNP panels,
because the causative mutations (i.e. quantitative trait
nucleotides or QTNs) are most likely to be included among
the analyzed variants. Identifying causative mutations will
lead to a better understanding of biological mechanisms
behind QTL (Meuwissen et al., 2013). Previous studies used
WGS information to understand the evolutionary diversifi-
cation of African cichlid fish (Brawand et al., 2015), identify
signatures of selection (Hong Xia et al., 2015; Cadiz et al.,
2020) and sex determination regions through GWAS in
tilapia (Caceres et al., 2019a, 2019b). In contrast, genomic
prediction studies using WGS in tilapia are still not
avaliable. Nevertheless, examples in cattle show that only
a slight increase in reliability is observed when using 777K
chip or sequence data compared with a 54K SNP panel (Su
et al.,, 2012; van Binsbergen et al., 2015). In the next few
years, it is expected that WGS data will be widely available
for several applications, owing to rapidly decreasing costs.
Despite this, it is still expensive to sequence large numbers of
individuals. Nevertheless, genotype imputation can reduce
the costs of testing the usefulness of WGS data in GWAS and
genomic selection in tilapia (Marchini et al., 2007; Howie
et al., 2009).

The identification of specific polymorphisms responsible
for observed variation, also called QTNs, will help to
maximize the accuracy of genomic predictions in livestock
and aquaculture species (Pérez-Enciso et al., 2015), through
their incorporation on genomic selection approaches or
direct selection based on QTNs (Weller & Ron, 2011). Using
simulated data, Fragomeni et al. (2017) estimated an
accuracy of breeding values close to the unity when using
a single-step genomic evaluation approach fitted including
QTN information. When the selection is based on QTN the
efficiency of selection does not decrease owing to changes in
LD between the QTL and SNPs, and once the QTN is
detected and validated, the selection based on this informa-
tion can be efficiently applied across different populations
(Weller & Ron, 2011). Until now, QTNs have been identified
and validated only for dairy cattle, swine and sheep (Grisart
et al, 2002; Van Laere et al., 2003; Cohen-Zinder et al.,
2005; Clop et al., 2006; Nishimura et al., 2012); however,
we believe that in the near future, causative polymorphisms
will be identified for relevant traits in tilapia populations.

Gene editing methods have already been developed for
Nile tilapia (Feng et al., 2015a; Li et al., 2015a, 2015b; Xie
et al., 2016; Wu et al., 2016a, 2016b; Jiang et al., 2017; Li
& Wang, 2017; Li et al., 2014, 2019). Targeted mutage-
nesis using TALENs and CRISPR/Cas9 technology have
been successfully applied to understand the genetic basis of
sex determination and sex differentiation in Nile tilapias.
Jiang et al. (2016) and Li et al. (2015a) reported that the
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homozygous mutation of genes amhy, amhrll and gsdf

resulted in sex reversal from male (XY) to female, whereas
the homozygous mutation in the genes foxI2 or cypl9ala
resulted in a reversal of female (XX) to male (Zhang et al.,
2017). In addition, mutations in other genes such as dmrt1,
dmrt6, cyp26al, aldhla2, sf-landigf3, nanos2 and nanos3
have been efficiently bred to the F; generation (Li et al.,
2013, 2014; Feng et al., 2015; Jiang et al., 2016; Xie et al.,
2016), suggesting that gene editing is a powerful tool for
genetic engineering in tilapia. Nevertheless, regulation of
genetically engineered organisms in tilapia-producing coun-
tries and the main markets have to be accounted for in the
final application and commercialization of these promising
biotechnologies to improve tilapia aquaculture.
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