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ABSTRACT 
 

A growing human population combined with a higher per capita consumption of fish has resulted 

in a greater demand for finfish. Fisheries production has plateaued over the last 30 years; thus, 

improving productivity in aquaculture to meet future market demands is vital. In particular, 

demand has increased for tilapia, the second most important group of commercially farmed 

finfish globally, due to their hardiness, low feed requirements and environmental adaptability.  

Despite its success in terrestrial systems, uptake of genetic improvement techniques, like 

selective breeding, have only recently gained momentum in aquaculture. In 2002, the Abbassa 

Strain (AS) of Nile tilapia (Oreochromis niloticus) was established by the WorldFish Center in 

Egypt. The AS originated from a combination of both wild and hatchery population founders, 

with the objective to increase harvest weight using a combination of between and within family 

selection. To date, the AS has experienced 3.8-7.0% improvement in growth per generation, a 

modest increase compared to the 7.1-15.0% increase observed in similar Nile tilapia selective 

breeding programs. As little is known about the genetic state of the AS, this difference in genetic 

gain highlighted the need to examine the accuracy of AS management practices and whether 

sufficient genetic diversity has been maintained within the line for selection to act upon.  

This thesis is the first comprehensive genetic study of a non-salmonid tropical finfish with six 

overarching objectives. These are to determine:  

i) the accuracy of pedigree traceability and the management of the AS; 

ii) the current and ongoing genetic status of the AS;  

iii) the genetic architecture of commercially important traits; 

iv) whether signatures of selection can be detected in the current stock; 
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v) the extent of wild population structuring in Nile tilapia in Egypt; and 

vi) the potential effects AS escapees may have within its currently farmed regions and across 

Egypt where it is intended to be disseminated. 

Traditionally, genealogical data has been utilized to monitor inbreeding rates, relatedness, and 

co-ancestry within selective breeding programs. Errors within genealogical records are common 

and have been shown to be as high as 15% in terrestrial selective breeding programs, with little 

information available on aquatic breeding programs. These genealogical errors can lead to 

inaccurate calculation of breeding values, a reduction in genetic gain, and inaccurate estimates of 

inbreeding.  

To date, the AS has been managed solely based on genealogical data. To assess the accuracy of 

these genealogical records, firstly, stringently filtered genome-wide SNPs (1,040) were used to 

test and correct parentage assignments; secondly, 6,163 SNPs were used to determine the level of 

genetic diversity, the pedigree genetic structure and the number of families present within this 

line. Inbreeding coefficients and founder contributions were calculated from two founding events 

for 11 generations of the AS using molecularly corrected pedigree records. On average, AS 

pedigree error rates were found to be 45.5% per generation and are considered to be one of the 

most likely contributing factors leading to the relatively low genetic gain observed within the 

program. Inbreeding levels remained below 1% per generation; however, over 84.3% of 

available genetic material within the AS can be attributed to only 34 founders. This indicates that 

founder contribution has been eroded within the AS, and that optimal founder contribution 

should be taken into consideration in future management strategies to conserve genetic diversity 

while attaining genetic gain.  
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To better understand the genomic effects of selective breeding and the genetic architecture of 

weight and sex in O. niloticus, genomic resources for the AS were developed. This study 

produced the first line-specific linkage map for the commercially important AS. This linkage 

map is one of the first population-based genetic linkage maps using small families (16 families 

ranging from 5-17 offspring: 136 individuals) and phase unknown data, demonstrating the 

viability of this method for map construction. Due to the atypical construction of this linkage 

map, independent maps were created based on the sex average, female, and male lines. A total of 

2,399 markers were successfully mapped to a sex average map, 2,197 to the female map, and 

2,125 to the male map. All maps and map orders were validated by the reference genome 

assembly, Orenil 1.1 (GenBank Assembly Accession: GCA_00188235.2). 

Phenotypic data was then utilized to undertake quantitative trait locus (QTL) analysis and 

genome-wide association studies (GWAS) to determine regions of the genome associated with 

sex and weight. QTL analyses were conducted using the two largest phased and phenotyped 

mapping families (8 and 10 offspring) available. Putative QTLs, or those QTLs observed in both 

families at a LOD > 10, associated with sex were found in LGs 12 and 23 in the sex average map 

and LG 23 in the male map. Suggestive QTLs, or QTLs identified in only one family at a LOD > 

10, associated with sex were identified in LGs 8 and 14 in all three maps. Suggestive sex QTLs 

were also identified in LGs 3, 12, 19, and 23 in the female map as well as in LG 12 in the male 

map. GWAS identified LG 23 as being associated with sex in all three maps. Although 

karyotyping of O. niloticus identified a male heterogametic sex determining (XX|XY) system, to 

date, no study, including the present one, has clearly assigned a linkage group to the sex 

chromosomes as both genetics and environment can trigger the mechanisms underlying sex 

determination in Nile tilapia. Nile tilapia’s sex determining system is further complicated by its 
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readiness to hybridize with other tilapia species; including, O. aureus which accounts for 

approximately 10% of the AS genome. Considering this, LGs 3, 14, 12, and 19 may be 

associated with sex determination either in O. aureus, or in the reproductive interaction between 

O. niloticus and O. aureus. However, to unravel these associations additional and more targeted 

analyses are required. 

Weight was found to be a polygenic trait in the AS, with suggestive QTLs identified in LGs 2, 3, 

8, 13, 14, and 18 in all three maps; LGs 6, 7, 11, 16, 17, 19, and 20 in the sex average map; LGs 

4, 5, 6, 12, and 19 in the female map; and LGs 4, 5, 17, and 20 in the male map. However, these 

suggestive QTLs were not supported in GWAS analyses. Such results indicate that weight is 

indeed a complex trait governed by many genes of small effects; however, additional genotype 

by phenotype studies with a higher density of markers and more individuals are necessary to 

dissect growth in tilapia.  

Domestication in conjunction with targeted selective breeding has a greater potential for 

detrimental genetic consequences, including the loss of genetic diversity and changes in allele 

frequencies compared to wild populations. For the first time, genetic data (9,287 SNPs) was used 

to identify population structure and signatures of selection amongst the AS and eight wild 

populations of Nile tilapia along the Nile River, Egypt. Two major genetic clusters (captive and 

wild populations) were observed. Wild populations showed evidence of isolation-by-distance 

between brackish Nile Delta and upstream riverine populations. Despite this, only a few outliers 

were detected in pairwise comparisons of wild populations. Approximately 6.9% of SNPs were 

identified as outliers (1.9% balancing outliers; 5.0% diversifying outliers) between captive and 

wild populations, but a lack of localized clustering suggests that no genes of major effect were 

detected. Subsequently, individuals belonging to the AS were easily distinguishable from 
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individuals originating from wild populations, with a putative first-generation escapee being 

detected in the wild. The AS was also found to have retained high levels of genetic diversity 

(Ho_All = 0.21 ±0.01; He_All = 0.23 ±0.01) when compared to wild populations (Ho_All  = 0.18 

±0.01; He_All = 0.17±0.01) despite 11 years of selective breeding. Additionally, 565 private SNPs 

were identified within the AS line, which in addition to increasing AS heterozygosity, adds 

support to the finding that introgression with O. aureus has occurred. Wild populations all 

exhibited different subsets of polymorphic loci per sampling location, indicating that 

hybridization with O. aureus may have also occurred in the wild.  

As a body of work, this thesis has found that both pedigree errors and the incorporation of 

genetic material from the smaller growing O. aureus into the AS have likely contributed to the 

modest genetic gain observed with the program. Despite this, genetic diversity indices and 

inbreeding levels within the program indicate that the AS is salvageable. To enhance future 

selective breeding efforts, three line-specific linkage maps were constructed using small family 

data. Novel and previously identified QTLs associated with both sex and weight were detected 

within the study, suggesting that both traits are polygenic. However, given small sample sizes 

and evidence of hybridization, further studies are required to validate these QTLs and determine 

their relevance to the AS before genomic selection is pursued. The AS were genetically distinct 

from their wild Nile tilapia counterparts, with putative AS escapees easily detectable. Wild 

population structure indicated some structuring due to isolation-by-distance; however, few 

outlier loci were detected amongst wild populations indicating that there are either no strong 

selective forces acting throughout their environmental range or that there is sufficient gene flow 

among populations to counteract selection. Additionally, signals of potential hybridization with 

O. aureus were detected in wild O. niloticus populations. Therefore, it could be speculated that 
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the disseminating the AS throughout Egypt should not have detrimental effects to natural 

populations or the performance of the AS itself.  
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CHAPTER 1: GENERAL INTRODUCTION 
 

1.1 The Current State of Global Fisheries and Aquaculture  

The global human population is estimated to be 7.8 billion, with this number projected to reach 

10 billion by 2060 (Dawson and Johnson, 2017). Approximately 42% of the global population 

(3.3 billion) obtain 20% or more of their animal protein intake from fish (FAO, 2019a). Over the 

next decade, both an increase in global population and an increase in per capita consumption due 

to increased wealth, particularly in Western countries, will result in an increase of approximately 

1.2% per year in fish consumption (FAO, 2019a, Little et al., 2016). At present, 47% of food fish 

production is met by fisheries and 53% by aquaculture (FAO, 2019a), but as demand for fish 

protein continues to increase, these production ratios are expected to change towards higher 

aquaculture production.  

Fisheries production has plateaued at approximately 90-95 million tonnes per annum over the 

past 30 years, with no foreseeable increase in production (FAO, 2019a).  Thus, improving 

productivity in aquaculture is vital if future global consumption demands are to be met. 

Aquaculture production experienced a 6% increase per annum on average between 2001-2016, 

with production projected to continue to grow, but at a slower rate with some projections 

estimating only a 1.9% increase per annum (FAO, 2019a, Msangi et al., 2013). However, this 

does not have to be the case. Genetic improvement techniques can be used to further boost 

productivity in aquaculture.  

Despite its ubiquity and success in terrestrial systems, genetic improvement techniques such as 

selective breeding are underutilized by aquaculture with most species obtained from either the 

wild or hatchery facilities in the early stages of domestication (Gjedrem and Baranski, 2010a, 
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Gjedrem et al., 2012, Gratacap et al., 2019). Given this, aquatic species have considerable 

genetic variation available which increases the potential for selective breeding programs to 

improve commercially important traits (Gratacap et al., 2019). A well-planned and managed 

selective breeding program can often obtain a 10-12.5% increase in productivity per generation 

for an aquatic species over the first few generations of selection (FAO, 2019a, Gjedrem et al., 

2012). In fact, if selective breeding programs were established for all farmed aquatic species, the 

resulting increase in production could meet the projected increase in demand for fish with ease 

and require little extra feed, land, water or other inputs (FAO, 2019a, Gjedrem et al., 2012).  

1.2 Selective Breeding 

Selective breeding is directed evolution, where fitness is determined by a breeder rather than 

nature (Hill, 2001). Breeders use the natural genetic variation within a population to identify and 

mate individuals which exhibit traits of interest: for example, size (Gutierrez et al., 2015, Janssen 

et al., 2017), colour (Gjedrem and Rye, 2018, Zheng et al., 2013), or disease resistance (Houston, 

2017, Moss et al., 2012). Aquaculture selective breeding programs more commonly than not use 

a closed nucleus mating system, in which no new genetic material is introduced into the line 

(Gjedrem and Akavaforsk, 2005). 

In a closed breeding system, animals exhibiting favourable traits are mated to produce offspring 

with an increased frequency of desirable phenotypes. To accumulate genetic gain and continue 

improving the selection line, mate selection is repeated every generation with offspring of the 

previous generation. The long term success of a closed nucleus selective breeding program 

depends on a number of factors: including, trait heritability, selection intensity, additive genetic 

variance observed in founders, and the level of additive genetic variance maintained in each 

generation (Falconer et al., 1996, Loughnan et al., 2016). As the breeding program does not 
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introduce new germplasm into the line, individuals are becoming increasingly related with each 

subsequent generation and overall genetic diversity within the line is lost (Gjedrem and Baranski, 

2010b, Pante et al., 2001).  

Selective breeding balances rapid genetic gain against controlled decreases in inbreeding 

(Brisbane and Gibson, 1995). Within selective breeding programs, the rate of genetic gain can be 

adversely affected by a loss of genetic variation and increased inbreeding due to founder effects, 

genetic drift, high selection intensity, differential survival and parental contribution (Boudry et 

al., 2002, Frost et al., 2006, Lind et al., 2010). Aquatic programs are acutely vulnerable to these 

effects due to the life histories of these organisms: in particular, the high fecundity exhibited by 

aquatic species, which encourages the use of fewer founding individuals and results in less 

genetic diversity within the nucleus for selection to act upon (Gjedrem and Baranski, 2010c). To 

counteract this, it is essential to commence a breeding program with an adequate number of 

founders and to maintain a high effective population size (Ne) throughout the duration of the 

program (Gjedrem and Baranski, 2010a, Lind et al., 2012).  

A substantial loss of genetic diversity within a selective breeding program can hamper 

productivity as it limits the amount of genetic variance available for selection (Falconer, 1960). 

Additionally, maintaining genetic diversity within a closed system is critical to accommodate 

current and future changes in production environments and if left unchecked, will result in 

increased homozygosity and deleterious fitness consequences associated with inbreeding (Pante 

et al., 2001). To counteract these effects, optimize the retention of genetic diversity and 

maximize genetic gains, selective breeding programs rely on the ability to trace pedigrees to 

assess relatedness and to manage family lines and ensure that consanguineous matings are 

avoided. 
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1.3 Nile Tilapia and Selective Breeding Programs 

1.3.1 Nile Tilapia 

Nile tilapia (Oreochromis niloticus) are the second most farmed fish globally after carp, 

accounting for 8.3% (4,525.4 thousand tonnes) of global finfish production (FAO, 2020). The 

Egyptian aquaculture industry for finfish is the largest in Africa (1,561.5 thousand tonnes; FAO, 

2020), with O. niloticus accounting for 67.3% (1,051.5 thousand tonnes) of production (FAO, 

2019b).  Given its ubiquity in aquaculture production in addition to its robustness, short 

generation intervals, and tolerance for a wide range of environmental conditions (Rana, 1988, 

Avella et al., 1993, Shelton and Popma, 2006) O. niloticus are an excellent candidate for 

selective breeding.  

1.3.1.2 Reproduction 

Sexual maturity of O. niloticus can vary as it is a dynamic relationship among age, size, and 

environmental conditions (Shelton and Popma, 2006). O. niloticus has been recorded to reach 

sexual maturity at as small as 40g and as young as 5 months old (Rana, 1988, FAO, 2017). 

However, larger females tend to produce both larger and more eggs (Rana, 1988), with a 100g 

fish producing approximately 100 eggs per clutch and a 600-1,000g fish producing between 

1,000-1,500 eggs per clutch (FAO, 2017).  Larger eggs are associated with higher hatchability 

(higher hatching rates) and larger fry at hatching (Rana, 1988). Subsequently, these larger fry 

tend to exhibit a higher survival rate than their smaller counterparts (Rana, 1988).  

O. niloticus are nesting substrate spawners whose females then incubate fertilized eggs, and later 

juveniles, in their mouths (Shelton and Popma, 2006). Juveniles progressively venture in 
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increasing distances and durations from the refuge of their mother’s mouths until it is no longer 

necessary for their safety (Shelton and Popma, 2006). 

1.3.1.2 Environmental Tolerance  

Nile tilapia have the ability to withstand a wide range of environmental conditions: including, 

temperature, water quality, salinity, and acidity (Avella et al., 1993). Nile tilapia can tolerate 

temperatures between 12-42oC, with temperatures beyond this range tolerated for short periods 

of time before mortality occurs (Balarin and Haller, 1982, Chervinski, 1982, Philippart and 

Ruwet, 1982). Although typically a freshwater fish, O. niloticus is able to survive in brackish 

water and tolerate salinities up to 30ppt (Avella et al., 1993, Kamal and Mair, 2005). Nile tilapia 

can acclimate to a pH of 4.0 (Dominguez et al., 2004) and can also withstand more alkaline 

conditions up to a pH 10 (Rebouças et al., 2016, Shelton and Popma, 2006). O. niloticus can also 

acclimate to fluctuations in ammonia toxicity (Shelton and Popma, 2006), and subsequently 

higher stocking densities which can result in higher ammonia concentrations through larger 

volumes of fish excretion (Salin and Williot, 1991).  

1.3.2 Nile Tilapia Selective Breeding Programs 

1.3.2.1 Genetically Improved Farmed Tilapia (GIFT) Strain 

In 1988, the first Nile tilapia (Oreochromis niloticus) selective breeding program, the GIFT 

(genetically improved farmed tilapia) strain, was initiated in the Philippines and later transferred 

to Malaysia (Dey and Gupta, 2000). The GIFT strain was created from four wild Nile tilapia 

populations from Egypt, Ghana, Kenya, and Senegal, and four farmed populations from Israel, 

Singapore, Taiwan, and Thailand (Eknath et al., 1993, WorldFish, 2016). This breeding program 
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was highly successful and achieved 7.1-15.0 % improvement in growth per generation (Eknath 

and Acosta, 1998, Ponzoni et al., 2011).  

To determine the dissemination potential of the GIFT strain, relative performances of growth, 

maturation, fecundity and hardiness were examined in different environments, i.e. genotype x 

environment (GxE) interactions (Eknath and Acosta, 1998). No significant GxE interactions 

were found, implying that in terms of performance, the GIFT strain would behave similarly in 

the environments tested, making it ideal for widespread distribution (Eknath and Acosta, 1998). 

The GIFT strain has been disseminated throughout 16 countries, mainly in Asia (Gupta and 

Acosta, 2004, Ponzoni et al., 2008, WorldFish, 2016). After dissemination, significant GxE 

interactions related to growth performance were observed in the GIFT strain when environmental 

conditions in different countries were examined (Agha et al., 2018). However, performance is 

not the only concern when disseminating a new strain.  

There is a scarcity of studies examining the impacts of introducing a selected line of a native 

species developed in a non-native environment. However, research has shown that the 

introduction of captive individuals into a wild population can result in a phenomenon known as 

the Ryman-Laikre effect, where domesticated individuals can overwhelm wild populations and 

result in lower effective population sizes (Ansah et al., 2014, Ryman and Laikre, 1991). In 

addition, escapees, particularly from selectively bred lines, have also been shown to lower the 

fitness of wild populations (Yang et al., 2019) as demonstrated in Atlantic salmon, Salmo salar 

(Glover et al., 2013, McGinnity et al., 2003); European seabass, Dicentrarchus labrax (Toledo-

Guedes et al., 2014); and Turbot, Scophthalmus maximus (Prado et al., 2018).  While O. niloticus 

can now be found in areas all over the world, their traditional native range includes tropical and 

subtropical Africa without traversing past the Jordan Valley in the Middle East (Shelton and 
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Popma, 2006). Subsequently, protecting genetic diversity within these native ranges, being the 

origin and retainer of genetic diversity for the species, is of great importance. Another potential 

risk of introducing the GIFT from Asia back into its African home range is the risk of new 

disease-causing vectors and pathogens being introduced into unadapted African populations 

(Ansah et al., 2014). Thus, for fear of adverse impacts on native Nile tilapia germplasm, the 

GIFT strain was not considered viable for introduction back into Egypt (Ansah et al., 2014). 

However, the techniques utilized in the creation of the GIFT strain, labelled “GIFT Technology”, 

were found to be transferable to other tilapia breeding programs (Gupta and Acosta, 2004): 

including, the Abbassa Strain of Nile tilapia in Egypt.  

1.3.2.2 The Abbassa Strain of Nile Tilapia  

In 2002, the Abbassa Strain of Nile tilapia (AS) was established by the WorldFish Center 

(formerly known as ICLARM) in Egypt (Ibrahim et al., 2013, Rezk et al., 2009). The AS 

originated from a combination of both wild populations (Aswan, Zawia, and Abbassa) and a 

hatchery population as founders in 2002. The objective of this line was to increase growth, 

measured as final harvest weight, using a combination of between and within family selection 

(Ibrahim et al., 2013, Rezk et al., 2009). Compared to the GIFT strain, the AS experienced a 

modest 3.8-7.0% improvement in growth per generation (Rezk et al., 2009). Despite this modest 

genetic gain, the AS still outperforms other commercially, non-selectively bred strains of Nile 

tilapia in Egypt, such as the Kafr El Shekh strain (Ibrahim et al., 2013). Here the AS outweighed 

this popular strain by 28% at harvest, regardless of stocking densities (Ibrahim et al., 2013). 

Additionally, while the females of both strains were smaller than their male counterparts, AS 

females grew at a comparable rate to males from the Kafr El Shekh strain (Ibrahim et al., 2013).   
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Increased growth rate within the first year is of particular interest in rural areas as tilapia grow 

quickly during warm summer months, but growth dramatically slows or halts in winter (Azaza et 

al., 2008, Platt and Hauser, 1978, Rezk et al., 2009). This type of growth pattern is not 

economical for small, rural fish farms who rely on earthen ponds, and must have their stocks 

reach market size before unfavourable winter conditions occur (Rezk et al., 2009). As such, 

breeding a strain of tilapia that exhibits a faster growth rate, resulting in larger fish at harvest and 

more animal product for the community, is highly desirable in Egypt. 

1.4 Advancing Genetic Breeding Programs  

Management of the AS based on phenotypic information alone has resulted in a 3.8-7.0% 

improvement in growth per generation (Rezk et al., 2009). However, a comparison of this 

modest genetic gain to similar Nile tilapia strains, like the GIFT strain which includes founders 

from Egyptian populations and almost double the genetic gain (7.1-15.0% genetic improvement 

per generation; Eknath and Acosta, 1998, Ponzoni et al., 2011), identifies an unexpected 

variation between the two strains. To improve production within the AS in future generations, 

the source of this variation needs to be understood; whether it arises from the AS founding 

population having limited diversity compared to the GIFT strain, or whether the program has not 

been optimally managed.   

Once the source of this modest improvement is understood, either marker assisted selection 

(MAS) or genomic selection (GS) can be utilized to further improve animal selection within the 

AS. While both MAS and GS rely on the concept that genes associated with traits of interest will 

be in linkage disequilibrium with a minimum of one marker, otherwise known as “hitchhiking” 

(Goddard and Hayes, 2007, Smith and Haigh, 1974, Zenger et al., 2017), they differ in their 

execution. MAS works best with genes of major effect to aid animal selection (Arruda et al., 
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2016); however, the effectiveness of this technique is limited when the trait is complex and 

controlled by many genes of smaller effect (Zenger et al., 2019). GS, in contrast, uses all 

available genome wide markers to provide a more accurate prediction of genetic merit for a trait, 

calculate genomic breeding values and streamline the selection process for complex traits of 

interest (Zenger et al., 2017). 

1.5 Genomic Resources for Nile tilapia  

1.5.1 Genome Assemblies and Linkage Maps 

Although it is possible to conduct MAS and GS using unordered genome-wide markers, it is 

beneficial to utilize a genome assembly or a robust, high-density genetic linkage map to order 

markers. Marker order can be used to better understand the effects of selective breeding on the 

O. niloticus genome and the genetic architecture of specific traits, like sex or weight, through 

QTL mapping and GWAS (Du et al., 2016, Tsai et al., 2015). If a gene of major effect is 

detected, it can then be used to direct MAS; alternatively, if the trait is polygenic, a GS statistical 

model may be necessary to improve estimated breeding value (EBV) prediction accuracy 

(Zenger et al., 2019).  

Currently, there are two genome assemblies (O. niloticus Orenil 1.1 and O_niloticus_UMD1) 

and five linkage maps published for O. niloticus (Conte et al., 2017, Guyon et al., 2012, Joshi et 

al., 2018, Kocher et al., 1998, Lee et al., 2005, NCBI, 2017, Palaiokostas et al., 2013). Both 

genome assemblies have been assembled to the chromosomal level; however, both have a 

substantial number of unplaced scaffolds (2,460-5,655; NCBI, 2017). Unplaced scaffolds can be 

problematic for molecular studies as genes of interest may be fractured or incorrectly annotated 
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(Baker, 2012, Denton et al., 2014). Linkage maps can be used to check marker placement and 

position of previously unmapped markers (Fierst, 2015). 

There are currently five linkage maps available for O. niloticus, with most maps constructed 

from University of Sterling Stock and GIFT (or GIFT derived) stock (Table 1.1; Guyon et al., 

2012, Joshi et al., 2018, Lee et al., 2005, Palaiokostas et al., 2013). The largest and most recent 

map constructed in 2018 from the Genomar Supreme Tilapia Strain, derived from the GIFT 

strain, consists of 40,186 SNPs mapped to 22 linkage groups (LG) which spans a total map 

length of 1,469.69 cM  and has an average gap interval of 0.04 cM (Table 1.1; Joshi et al., 2018). 

Only the two most recent, and largest, linkage maps were constructed using single nucleotide 

polymorphism (SNP) data (Joshi et al., 2018, Palaiokostas et al., 2013). Unlike genome 

assemblies which determine physical distance of markers, linkage maps rely on rates of meiotic 

recombination between parents and offspring to determine the relative position of markers. 

These rates can vary greatly between species, populations, individuals and even genomic regions 

(Dukić et al., 2016). As such, it is imperative to create line-specific high-density genetic linkage 

maps for aquatic species. 
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Table 3.1 The available linkage maps for Nile tilapia (Oreochromis niloticus) with the following map metrics reported: map length (cM), number 
of markers, average interval, and marker type.  

 

Tilapia 
Species 

O. niloticus Strain Map Length 
(cM) 

Number of 
Markers 

Marker Type Average 
Interval 

Authors & Year 

O. niloticus Unknown 701 62; 
112 

Microsatellites
; 

AFLP 

-- (Kocher et al., 
1998) 

O. niloticus x 
O. aureus 

University of 
Sterling Stock 

1,311 525 
21 

Microsatellites 
Gene-based 

markers 

2.4 (Lee et al., 2005) 

O. niloticus University of 
Sterling Stock & 

GIFT 

34,084 cR 
3500 

937,310kb 

1,358 Markers and 
radiation 

hybrid (RH) 
Map 

 
 

-- 

(Guyon et al., 
2012) 

O. niloticus University of 
Sterling Stock 

1,176 3,802 SNPs 0.7 (Palaiokostas et 
al., 2013) 

O. niloticus Genomar Supreme 
Tilapia (derived 

from GIFT) 

1,469.69 40,186 SNPs 0.04 (Joshi et al., 
2018) 
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1.5.2 Quantitative Trait Loci (QTLs) and Genome-Wide Association Studies (GWAS) 

Linkage maps for Nile tilapia have been used to detect both growth and sex related markers via 

QTL analyses and association analyses through genome-wide association studies (GWAS). 

While both methods rely on phenotypic data, QTL analyses have greater detection power when 

families with large numbers of offspring are available, whereas GWAS require large, 

heterogeneous, populations to resolve linkage disequilibrium in markers (Hayes, 2013, Korte and 

Farlow, 2013). Due to these variations in detection and strength, it can be beneficial to utilize 

both methods in conjunction with one another. Previous studies have used these the combination 

of these two methods to detect markers associated with weight in nine linkage groups in Nile 

tilapia and other tilapia species (Liu et al., 2014, Lin et al., 2016). Sex-linked markers have been 

associated with four linkage groups (Conte et al., 2017, Palaiokostas et al., 2015, Lee et al., 

2003, Cáceres et al., 2019, Eshel et al., 2011). Despite these studies, both sex and weight in Nile 

tilapia appear to more complicated than first believed and there is still a great deal that we do not 

understand about the architecture of these complex traits (Baroiller et al., 2009, Cáceres et al., 

2019, Conte et al., 2017, Eshel et al., 2011, Lee et al., 2003, Liu et al., 2014, Mank, 2008, 

Palaiokostas et al., 2015, Wang et al., 2019).  

1.6 Comparing Domestic and Wild Populations of Nile Tilapia Throughout Egypt  

Animals in selective breeding programs not only undergo selection for desirable traits like size 

(Argue et al., 2002, Eknath and Acosta, 1998), disease resistance (Moss et al., 2012, Robinson 

and Hayes, 2008) and colour (Hossain et al., 2011, Wan et al., 2017), but also adapt to a captive 

environment by displaying reduced antipredator behaviors and aggression (Johnsson et al., 1996, 

Robinson and Hayes, 2008). This targeted selection experienced by captive populations yields 

different genetic consequences to the natural selection their wild counterparts have undergone. 
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To understand these genetic consequences and identify signatures of selection, metrics relating to 

the genetic health of captive and wild populations of the same species can be compared (López et 

al., 2019, Simmons et al., 2006). 

A clear distinction between wild and domestic populations has been observed in Atlantic 

Salmon, Salmo salar (Gutierrez et al., 2016) and gilthead sea bream, Sparus aurata (Cossu et al., 

2019) due to founder effects, genetic drift, and the subsequent selection for domestic conditions 

and traits of interest. Domestic populations of Atlantic Salmon, Salmo salar (Bentsen and 

Thodesen, 2005), Pacific oyster, Crassostrea gigas (Zhong et al., 2017), and gilthead sea bream, 

and Sparus aurata (Cossu et al., 2019) have demonstrated lower genetic diversity and smaller 

effective population sizes. These strong differences in population structure make the detection of 

escapees and monitoring their consequences on wild populations possible. Escapees can have 

various effects on wild populations. For instance, escapees from domesticated lines in Atlantic 

salmon, Salmo salar (Glover et al., 2013, McGinnity et al., 2003); European seabass, 

Dicentrarchus labrax (Toledo-Guedes et al., 2014); and Turbot, Scophthalmus maximus (Prado 

et al., 2018) have been shown to lower the fitness of wild populations (Yang et al., 2019); 

whereas, other domesticated lines, like domestic rainbow trout (Oncorhynchus mykiss), have 

been shown to exhibit lower survival rates in the wild, with little to no effect on wild population 

genetics, due to their increased size and bolder foraging habits exposing them to higher predation 

(Biro et al., 2004).  

In addition to identifying the potential genetic consequences of escapees, comparing wild and 

domestic populations can be used to identify signatures of selection. Hundreds of outlier markers 

have been detected between domestic and wild aquatic populations; including, brown trout 

Salmo trutta L. (Linløkken et al., 2017) and Atlantic salmon, Salmo salar L. (López et al., 2019). 
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These markers can then be associated with specific regions of the genome under selection and, if 

detailed genomic annotations are known, could be associated with specific genes (López et al., 

2019, Marrano et al., 2018). In turn, these findings can not only be used to improve MAS and GS 

within the domestic line, but to screen founders for future programs for founders.  

1.7 Thesis Overview  

The objective of this thesis is to understand the genetic health, effects of domestication and 

demonstrate the importance of selective breeding program management practices for the 

selectively bred Abbassa Strain of Nile tilapia (Oreochromis niloticus), with reference to its 

intended dissemination throughout Egypt. In addition, this thesis also evaluates the possibility of 

incorporating advanced genetic breeding techniques into the already established breeding 

program to increase observed genetic gains by investigating the genetic architecture of two 

commercially important traits, sex and weight. This will be accomplished by i) comparing 

pedigree and molecular data generated from generations 9, 10 and 11 of the AS, ii) constructing 

a high-density genetic linkage map for the AS, iii) identifying QTLs and GWAS associated with 

sex and weight iv) exploring the genetic architecture of domestication, and v) identifying 

genomic variations among the AS and eight wild populations of O. niloticus in Egypt. This work 

has been presented in three subsequent data chapters outlining core investigations.  

Chapter 2 utilizes both historic genealogical data and genome-wide markers to compare 

estimates in relatedness and effective population size within the breeding nucleus in order to 

correct genealogical records and identify the genetic consequences of pedigree errors on the AS. 

Chapter 3 utilizes previously constructed genome assemblies of O. niloticus along with phase 

unknown, two generational, family lines of the AS to create a strain specific genetic linkage map 
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for the AS. This linkage map is then used to investigate the genetic architecture of sex and 

weight traits in the AS by identifying quantitative trait loci (QTLs) and conducting genome-wide 

marker association studies (GWAS).  

Chapter 4 investigates the natural population structure of eight wild populations of Nile tilapia 

along a geographical gradient on the Nile River, Egypt, detect any differences in genetic 

diversity between these natural populations, and identify any signatures of selection among the 

AS and the natural populations.  
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CHAPTER 2: PIPETTE AND PAPER: COMBINING 
MOLECULAR AND GENEALOGICAL METHODS 
TO ASSESS A NILE TILAPIA  
(Oreochromis niloticus) BREEDING PROGRAM 
 

2.1 Introduction 

Aquaculture selective breeding programs employ a closed nucleus mating strategy whereby 

animals displaying sought-after characteristics are mated to produce next generation offspring 

with increased prevalence of desirable phenotypes. Offspring exhibiting high genetic merit for 

favorable traits are then usually chosen as candidate parents for the subsequent breeding cycle. 

The selective breeding process is replicated each succeeding generation in order to accumulate 

genetic gain within the breeding population. The long term success of these closed breeding 

systems is dependent on a number of factors: including, the heritability of a trait, the intensity of 

selection, the additive genetic variance observed in the founding population, and the amount of 

additive genetic variance maintained over subsequent generations (Falconer et al., 1996, 

Loughnan et al., 2016). If breeding practices are not properly managed, the number of animals 

with high relatedness will increase (Gjedrem and Baranski, 2010b), leading to a substantial loss 

of genetic diversity over subsequent generations (Pante et al., 2001). The maintenance of genetic 

diversity is critical to accommodate current and future changes in production environments, and 

if left unchecked, it can lead to inbreeding through increased homozygosity and deleterious 

fitness consequences associated with inbreeding depression (Pante et al., 2001). This loss of 

genetic diversity can also hamper progress within the selective breeding program as it limits the 

amount of genetic variance available for selection (Falconer, 1960). 
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Aquaculture selective breeding programs may be particularly vulnerable to both a loss of genetic 

variation and inbreeding due to founder effects, genetic drift, high selection intensity, differential 

survival and parental contribution (Boudry et al., 2002, Frost et al., 2006, Lind et al., 2010). This 

increased susceptibility to a loss of genetic variation and inbreeding is often due to the life 

histories of many aquatic animals: including, asynchronous spawning (Nguyen, 2016); larval 

sizes below minimum sizes for physically tagging individuals (Ouedraogo et al., 2014); and high 

fecundity, which encourage the use of fewer founding individuals within a selective breeding 

program (Gjedrem and Baranski, 2010c). To counteract these effects and maintain genetic 

diversity while maximizing genetic gains, aquaculture selective breeding programs rely on the 

ability to trace pedigrees to assess relatedness to manage family lines based on founders. As the 

selection program progresses, family lines share a greater and greater co-ancestry with one 

another and the potential for inbreeding increases (Gjedrem and Baranski, 2010b). Additionally, 

shared co-ancestry amongst families occurs more rapidly in selective breeding programs because 

the selection of individuals from each family is not random, and they likely contain favorable 

quantitative trait loci from the same few high performing founders (Sonesson et al., 2012). 

Traditionally, genealogical data has been utilized to monitor inbreeding rates, relatedness, and 

co-ancestry within selective breeding programs; however, error rates in genealogical records 

have been shown to range from 1-15% within a terrestrial selective breeding program 

(Bovenhuis and Van Arendonk, 1991, Crawford et al., 1993, Sanders et al., 2006). Genealogical 

records in aquatic selective breeding programs have the potential to be more erroneous due to 

large family sizes and difficulties in retaining pedigree throughout the production cycle, 

particularly in juvenile stages. Genealogical errors lead to inaccurate estimated breeding values 

(EBVs), a reduction in genetic gain, and inaccurate estimates of inbreeding within the selective 
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breeding program (Banos et al., 2001, Israel and Weller, 2000). The degree to which these 

inaccuracies affect genetic gains is correlated with the percentage of errors and the length of the 

selective breeding program. In general, as genealogical errors within the population increase, the 

number of inaccuracies detected are expected to rise (Banos et al., 2001). In order to reduce these 

errors, accurate molecular data can be used to correct genealogical records, decrease inbreeding 

occurrences, and improve estimates of EBVs and genetic gains (Israel and Weller, 2000, Munoz 

et al., 2014, Visscher et al., 2002). 

Considering the potential impact seed supply has on production systems, correctly managing 

nucleus breeding programs is critical to optimize genetic gain in production systems. With over 

4,199,567 metric tons of farmed fish produced in 2014, tilapia are the mostly widely farmed fish 

globally (FAO, 2017). Tilapia is a fecund freshwater species with a short generation period and 

sexual maturity reached as young as six months of age (Duponchelle and Panfili, 1998). This 

robust fish is of particular importance in developing countries where it is grown to not only 

quickly and efficiently meet local protein requirements, but also help improve local job markets 

(FAO, 2017).  

The Abbassa Strain (AS) was initially established by the WorldFish Center (formerly known as 

ICLARM) in Egypt and relied solely on genealogical data to calculate genetic diversity 

estimates. The AS originated from a combination of both wild (Aswan, Zawia, and Abbassa) and 

a hatchery population as founders in 2002, with the objective to increase growth rate using a 

combination of between and within family selection (Ibrahim et al., 2013, Rezk et al., 2009). 

This closed selective breeding line produces and maintains approximately 110 full-sibling 

families per one-year generation interval, with matings occurring once per year and each 

broodstock only contributing to a single mating season. At mating, one adult male and two adult 
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females are held together in a mating hapa. All mating hapas are labeled with a numbered to 

identify each family and placed into a single pond. Once one female spawns (i.e. is found to have 

eggs in her mouth), the male and the other female are removed from the mating hapa, leaving the 

spawned female to incubate the eggs. Offspring from a single family are then reared in three 

replicate hapas, each hapa containing 25–30 fry, and the remaining fry are kept in the mating 

hapa. All hapas are kept closely spaced in one large pond. Once fingerlings are large enough to 

be tagged with PIT tags, at approximately 8.5 g, the fish are then communally reared until 

harvest. At harvest, each fish is identified through PIT tags, sexed and weighed. Selection is 

based solely on the EBV for harvest weight. 

The 3.8-7.0% improvement in growth per generation of the AS (Rezk et al., 2009) is much less 

than the 7.1-15% improvement per generation reported for the GIFT Strain (Eknath and Acosta, 

1998, Ponzoni et al., 2011). This brought to question what factors that might explain this 

relatively slow rate of improvement (for instance, founder quality, pedigree quality, and overall 

management). For example, in the 4th generation of the AS, new germplasm (2,178 animals) 

from a sister, less intense, selective breeding line of Nile tilapia were introduced into the AS line. 

However, only 94 of these individuals were used as broodstock for the next generation. It is 

unknown how well these introduced individuals integrated into the AS over subsequent 

generations.  

This study used genome-wide molecular information to correct pedigree records and determine 

the effects on genetic estimates, examine genetic diversity, infer genetic relationships, estimate 

founder contribution (including, one secondary founder introduction) and inbreeding rates, 

determine the factors that contributed to the relatively slow rate of improvement observed within 
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the AS, and finally, understand the current state of the strain to assist in determining future 

strategies for improvement.  

2.2 Methods 

2.2.1 Genealogical Analysis 

Pedigree records of 28,781 individuals from generation 0 (founders) to generation 11 of the AS 

were provided by WorldFish. Each broodstock was only used in one breeding period and there 

was generational turnover each year. Genealogical analyses were conducted within PEDIG 

(Boichard, 2002) and ENDOG v4.8 (Gutiérrez and Goyache, 2005) using both the original 

pedigree and pedigree records corrected by molecular data for generations 10 and 11 (as 

described in section 2.2.3). Inbreeding was calculated utilizing the PEDIG program meuw 

(Boichard, 2002). The total number of founders (f) and the effective number of founders (f e) 

were calculated via the PEDIG program prob_orig (Boichard, 2002). The percentage of each 

founder genome from both founding events (generation 0 and generation 4) that can be observed 

in subsequent generations were calculated using ENDOG v4.8 (Gutiérrez and Goyache, 2005). 

Analyses were conducted using all recorded individuals as well as only those records of 

individuals who contributed to the subsequent generation. Differences in results was negligible; 

therefore, only results from the dataset including all individuals are reported. 

2.2.2 Molecular Analysis  

2.2.2.1 Sampling, DNA extraction, and genotyping  

To the date of these analyses, the AS has been running for 11 generations. Tissue samples were 

obtained from subset generations 9-11 as they were the only generations with tissue samples 

available [122 individuals from generation 9 (G9); 216 individuals from generation 10 (G10); 
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and 54 individuals from generation 11 (G11)]. DNA extractions, genotyping, and co-analysis 

were conducted by Diversity Arrays Technology (DArT) as described in Lind et al. (2017). To 

ensure genotype reproducibility, 20% random technical replicates were included internally at 

DArT.   

DNA extractions and genotyping were conducted by Diversity Arrays Technology as described 

in Lind et al. (2017). In short, DArTseqTM employs a combination of complexity reduction 

methods and next generation sequencing in which two enzymes, a rare cutting restriction enzyme 

as well as a more frequently cutting enzyme (similar to double digest RAD sequencing, or 

ddRAD; Courtois et al., 2013, Kilian et al., 2012, Peterson et al., 2012, Raman et al., 2014, Von 

Mark et al., 2013). Library construction was optimized by first testing four restriction enzyme 

combinations (Pst-Hpall, Pstl-Sphl, Pstl-Msel, and Pstl-Mspl), where Pstl-Hpall proved to be the 

optimal enzyme combination for O. niloticus based on the number of markers detected as well as 

technical parameters (call rate, polymorphic inforamtion content, average read depth, average 

count ratios, and average reproducibility, Lind et al., 2017). Once an enzyme combination was 

selected, efficient sequencing selection and the implementation of Dartsoft14 in the KDCompute 

framework were utilized to finalize the library (Lind et al., 2017). To ensure genotype 

reproducibility, 20% random technical replicates were included internally at DArT.   

2.2.2.2 SNP filtering  

Prior to filtering, three individuals with greater than 30% missing data were removed, resulting 

in a total of 388 individuals (121 G9, 216 G10, and 51 G11) available for subsequent analyses. 

Single nucleotide polymorphism (SNP) data was then stringently filtered to ensure that only the 

highest quality and most informative markers were utilized for molecular analyses. A custom 

Python script, DartQC (https://github.com/esteinig/dartqc), was used to select single unique 
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SNPs within clone sequence tags from the dataset, silence genotype calls within each SNP that 

had less than five read counts, remove SNPs with a minor allele frequency (MAF) less than 0.01, 

remove SNPs with a call rate less than 0.8, and remove SNPs with an average replication statistic 

of less than 0.9 (Kjeldsen et al., 2019, Nayfa and Zenger, 2016).  

Raw clone sequences from which SNPs were identified during the DArTseq process were 

annotated to the available genome assembly for Oreochromis niloticus (GenBank Assembly 

Accession: GCA_00188235.2; Orenil1.1) using a custom Perl script based on NCBI CGI 

BLAST interface with a 70% minimum sequence identity (Heller-Uszynska et al., 2011). As two 

linkage groups, LG 1 (Palaiokostas et al., 2013) and LG 23 (Eshel et al., 2012), are known to 

have sex-linked loci, SNP markers within either of these two linkage groups, or that were 

unassigned to a linkage group, were examined for Mendelian Inheritance ratios for sex linked 

markers, however, no sex linked markers were identified. A total of 6,163 high quality and 

informative SNPs were retained.   

2.2.3 Pedigree Analysis 

Pedigree records from generation 0 (founders) to generation 11 of the AS were collated from 

farm records. To test the accuracy of first order relatives in generations 9, 10, and 11 of the AS, 

comparisons were made between farm pedigree records and the parental assignments based on 

genotypic data. In order to identify and reduce the potential for miss-assignments in molecular 

pedigree analysis, a hierarchical pipeline was employed which utilized a random subset of 1,040 

genome-wide SNPs. Firstly, this hierarchical approach utilized CERVUS v. 3.0, which employs 

a pairwise likelihood-based parental assignment method to test and identify true parents of 

individuals from each generation separately (Kalinowski et al., 2007). The AS has a yearly 

mating scheme consisting of a one male to two female ratio within a hapa; however, although 
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unlikely, the close proximity of hapas could results in mating between fish from different hapas 

via fish potentially jumping or sperm transferred between adjacent hapas. Therefore, respective 

paternity relationships were tested first using a paternity parentage analysis. Corrected paternal 

relationships were then utilized in a maternity parentage analysis. A polygamous paternal and 

monogamous maternal model was utilized with 5% genotyping error rates (Kalinowski et al., 

2007). All parental assignments were then confirmed using a second maximum likelihood-based 

parental assignment program, COLONY v. 2.0.6.3, with a 5% genotyping error rate (Jones and 

Wang, 2010). This second program was not only used for confirmation, but for its added feature 

which allows the identification of family groups (i.e. parents and siblings). Only parental 

matches with greater than 95% probability of correct pair assignments in both Cervus and 

Colony were retained. Once reassignments were completed, further verification was undertaken 

using pairwise genetic relationships calculated in GCTA v.1.26.0 (Yang et al., 2011). GCTA 

v.1.26.0 establishes all individuals analyzed as the base population and defines relatedness so 

that the average relatedness between “unrelated” individuals is zero (Powell et al., 2010, Yang et 

al., 2011). As the presence of missing data, low marker MAF and inbreeding distorts the 

calculation of relatedness, the margin of variation from traditionally accepted relationships (for 

example, a 50% relatedness between full-siblings, 25% relatedness between half-siblings and a 

50% relatedness between an offspring and its parents) was scaled per individual based on the 

relatedness calculated to self. Finally, for the family groupings where both parents were 

genotyped, Mendelian Inheritance errors were also confirmed to be less than 3% using --mendel 

in PLINK 1.9 beta (Chang et al., 2015, Purcell and Chang, 2017). Parental relationships were 

also tested using the program SEEKPARENTF90 (Aguilar, 2014); however, this program was 

not as effective if genealogically assigned broodstock had not been genotyped. Depending on the 
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generation, this resulted in 23-79% of the offspring not being tested for parentage. Of those 

assignments that could be conducted, reassignment rates were within the same range as those 

obtained in the above described pipeline.   

When comparing molecular assignment results to pedigree records, each case was classified into 

one of four categories: pedigree agreement, reassigned sire or dam, indiscernible sire or dam, or 

unknown error status (Appendix 1). In pedigree agreements, both the molecular and pedigree-

based assignments were in agreement. Reassigned sires or dams were those parents who could be 

correctly assigned using molecular data, but where the molecular and pedigree data did not 

agree. Indiscernible sires or dams occurred when an offspring’s pedigree parents were not 

assigned to them using molecular data but could not be reassigned since their true parents were 

not genotyped. Unknown error status was given to those parents whose assignment could not be 

confirmed due to only partial reassignments of parents that could not be confirmed using the 

pipeline described above. Assignment mismatches were only identified as 'pedigree errors' 

(reassigned or indiscernible sires or dams) if both parents could be reassigned, or if both parents 

had been genotyped and one or more of the assigned pedigree parents was not genetically 

assigned to the offspring. If both parents were not genotyped, then any partial reassignments (i.e. 

only a single parent) were not classified as an error since having at least one unknown parental 

genotype could introduce ambiguity in relation to the source of the error. Hence, these cases 

were classified as having an unknown error status. If only one parent was genotyped then any 

partial reassignments (i.e. only a single parent) were not classified as an error, unless their 

pairwise genetic relationship confirmed that the parent was not the true parent.  

To determine whether or not pedigree errors were family based (i.e. genetically assigned parents 

were siblings to the listed pedigree parent) relatedness was calculated using both molecular and 
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pedigree data for all offspring in generations 10 and 11 who could be assigned at least one parent 

in generations 9 and 10, respectively, using molecular data. Relationship matrices for pedigree 

data were built using TASSEL v. 5.0 (Bradbury et al., 2007) for pedigree data and GCTA 

v.1.26.0 for molecular data (Yang et al., 2011).  

2.2.4 Pedigree Genetic Diversity  

Calculations of observed heterozygosity (Ho), expected heterozygosity (He), and the number of 

monomorphic SNPs for generations 9 to 11 were conducted using a Markov Chain (MC) length 

of 1,000,000 with 100,000 dememorizations in ARLEQUIN v. 3.5 (Excoffier and Lischer, 

2010). The average inbreeding coefficient (F) per generation, based on the observed and 

expected number of homozygous genotypes (̂F̂ii), was established using the command –ibc in 

GCTA v.1.26.0 (Yang et al., 2011). The average multilocus heterozygosity (MLH) for each 

population was computed using the R package inbreedR (Stoffel et al., 2016). Finally, the 

effective population size (Ne) per generation, based on the linkage disequilibrium method 

(LDNe), was estimated in NeEstimator v.2.01 (Do et al., 2014).  

2.2.5 Pedigree genetic structure 

To understand the genetic structure of the AS, individual identity-by-state (IBS) distance 

matrices from generations 9 to 11 were first constructed using –distance-matrix in PLINK 1.9 

beta (Chang et al., 2015, Purcell and Chang, 2017). A model-based estimation of ancestry was 

produced in Admixture v.1.3 which was then used to determine the number of family groups in 

our subsampling of the AS at a fivefold cross-validation rate (Alexander et al., 2009). 

Relationships among individuals comprised from the previously constructed distance matrices 

and admixture proportions were then visualized using NETVIEW v.1.1 at kNN 30 (Neuditschko 

et al., 2012, Steinig et al., 2016). 



 
  

 26 

2.3 Results  

2.3.1 Genealogical Analysis  

While genealogical records were available for generations 1-11, tissue samples for molecular 

analysis were only available for parents (generations 9 and 10) and offspring (generations 10 and 

11) of the AS. Subsequently, only those generations with molecular data could be corrected for 

pedigree errors.  On average, 45.5% of AS pedigree records were erroneous per generation (Fig. 

2.1) when comparing parents to offspring (i.e., G9 parents with G10 progeny & G10 parents with 

G11 progeny). Generation 11 exhibited the highest error rate (54.9%), but with the greatest 

percentage of its broodstock (generation 10) genotyped (81.2%) it also had the highest pedigree 

reassignment rate for identified errors (64.3%), resulting in 35.3% of records in that generation 

being corrected (Fig. 2.1). Generation 10, which only had 62.4% of broodstock (generation 9) 

genotyped, had a reassignment rate of 52.1% with 25.7% of the errors in that generation 

corrected (Fig. 2.1).  
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Fig. 2.1 Comparison of genealogical and molecular pedigrees. Genealogically and molecular derived pedigrees were compared and genealogical 
records were corrected according to molecular records. Records were categorized as ’Pedigree Agreement’ (green), ‘Unknown Error Status’ (i.e. 
those individuals whose original parents had not been genotyped and who could not be reassigned both parents with at least 95% certainty; 
yellow), Reassigned Dams (i.e. those offspring who were reassigned a true dam, blue), Indiscernible Dams (i.e. offspring whose genealogically 
assigned dam was incorrect, but whose correct dam had not been genotyped and therefore could not be assigned, light blue), Reassigned Sires (i.e. 
those offspring who were reassigned a true sire, black), and Indiscernible Sires (i.e. offspring whose genealogically assigned sire was incorrect, but 
whose correct sire had not been genotyped and therefore could not be assigned, grey). 
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Fig. 2.2 Comparison of pairwise molecular and pedigree estimated relatedness for parents and offspring pairings. Colour designations reflect 
assignment and re-assignment classifications used during pedigree analysis. Comparisons of relatedness are between molecular and pedigree 
identified parents (whether via molecular assignment, pedigree assignment or agreement between both methods) as calculated using molecular 
data and their original pedigree relationships. Parents whose assignment agreed in both molecular and pedigree estimates are denoted in orange 
(Agreement). Molecularly assigned parents which did not agree with the pedigree data are denoted in blue (Molecular Assignment).These fell into 
two distinct groups ranging from 0.1-0.2 in the pedigree relatedness scale (indicating random errors) and 0.3-0.4 in the pedigree relatedness 
(indicating family-based errors) Those originally assigned pedigree parents not in agreement with molecular data are denoted in grey (Pedigree 
Assignment). Errors were categorized as random errors from 0-0.1 on the molecular relatedness scale and family-based errors from 0.1-0.5 in the 
molecular relatedness scale. Please note that molecular ranges vary due to biases resulting from missing data in genetic relationship calculations. 
Molecular based relationships were scaled per individual based on the relatedness calculated to self. These ranges were then confirmed by the 
number of Mendelian Inheritance errors detected per molecular family grouping (<3%). 
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A comparison of molecular- and pedigree-based relatedness estimates revealed three clusters that 

reflect the categories assigned during the investigation of pedigree relationships. As molecular 

relationships were sensitive to the proportion of missing SNP data, a range of relatedness 

between 0.30-0.70 was accepted as a parental match if all other conditions for reassignment were 

met. This range resulted in less distinct clustering; however, relative groupings were still 

distinguishable. The cluster with high molecular relatedness (0.32-0.55), but low pedigree 

relatedness (0.11-0.36) consists of individuals that had parentage reassigned through molecular 

analysis (Fig. 2.2). The cluster with high pedigree relatedness (0.57-0.59), but low molecular 

relatedness (0-0.54) consists of original pedigree assignments that differ from current molecular 

assignments. The cluster with both high molecular relatedness (0.34-0.69) and high pedigree 

relatedness (0.57-0.59) consists of those parental relationships that were in agreement between 

both pedigree and molecular assignments. Of those offspring who had been reassigned, 19.6% of 

incorrect pedigree assignments were reassigned to siblings of their originally assigned parents 

and 4.3% of molecularly assigned individuals corresponded to parental siblings based on 

pedigree data (Fig. 2.2).   

2.3.2 Founder Contributions 

Correction of genealogical records was dependent on the available molecular data, and 

subsequently could only be conducted for generations 10-11. Although genealogical data were 

shown to have higher error rates than expected, uncorrected genealogical records were used as a 

benchmark for expected levels of founder contributions, genetic diversity, and inbreeding within 

the AS. These were then compared to results from molecular data to quantify the effects of 

pedigree errors.  
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Despite variations between original and corrected genealogical records, calculations for the total 

number of founders (f = 73) and the effective number of founders (f e = 46.6) were in agreement 

between both datasets for the most recent generation (G11). Pedigree data indicates that only 83 

of the original 201 founders contributed to subsequent generations (Appendix 2). Of these 83 

founders, the family lines of only 53 founders (28 dams and 25 sires) could be traced to corrected 

generation 11 records with a minimum contribution of 0.1% (Fig. 2.3). Similar results were also 

observed in estimates of effective population size (LDNe) for generations 9 (LDNe = 52.6-53.7) 

and 10 (LDNe = 53.9-54.7). Only the LDNe data of generations 9 and 10 were reported as over 

60% of available broodstock were sampled in these generations, whereas a sampling bias 

occurred in generation 11, with less than 20% of broodstock sampled in this generation. Of the 

53 founders, 47 have a traceable contribution of greater than 0.3% to generation 11, which 

corresponds to the effective number of founders of 46.6 (Fig. 2.3; Appendix 3). 

During the 4th generation, 2,178 individuals from another domesticated line were introduced into 

the AS program, but only 94 individuals were utilized as broodstock for generation 5 of the AS 

(Appendix 2). Of these 94 broodstock, only 46 individuals had a traceable genomic contribution 

of 0.1% or greater to generation 11 of the AS (Fig. 2.3). Of these 46 secondary founders, all but 

one individual (1.5%) contributed less than 0.3% to generation 11 genomes. The greatest loss of 

genetic material from the original 83 founders (14 individuals, 16.9%) occurred in generation 5 

after the secondary founders had been incorporated in the AS (Appendix 2).  The number of 

original founders whose genetic contribution could be traced continued to drop throughout 

generations 5-9, with a total of 30 (36.1%) founder genomes lost (Appendix 2). Founder 

contribution remained consistent throughout generations 9-11. Original founders accounted for 

92.0% of AS genetic material (with 34 original founders comprising 84.3% of the AS’s genetic 
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composition) and generation 4 secondary founders comprising 7.3% (Fig. 2.3). Across corrected 

generations (G9-11), only 0.7% of the founder contribution remained undetermined due to 

unassigned pedigrees in corrected genealogical files (Fig. 2.3).  
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Fig. 2.3 Genome contributions of founders over 11 generations based on corrected pedigree records. Contributions are based on each founder’s 
average contribution to each generation’s genome pool. Contributions have varied over the generations with original founders whose contribution 
increased in subsequent generations (blue), original founders whose contribution diminished or is negligible over time (tan), contribution of 
individuals introduced in generation 4 (grey), or unknown contribution due to missing pedigree records (not recorded or due to indiscernible 
pedigree errors, red). Due to border edge effects, founders with minimal contribution may be indistinguishable from one another (black).  
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2.3.3 Genetic Diversity Indices   

Molecular data reveals that while both He and Ho remained relatively constant from generations 

9-11 and at a ratio of approximately 1:1 (Ho/He; Table 2.1). F increased by 0.036 between 

generations 9 and 10, (FG9 = 0.044; FG10 = 0.080; Table 2.1). This was followed by a decrease in 

F in G11 to 0.041; however, this is likely due to sampling bias as only 19.0% of G11 was 

sampled (Table 2.1). This was accompanied by an increase in monomorphic SNPs (207) and a 

decrease in multi-locus heterozygosity between G9 to G11 (3.7%; Table 2.1). 
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Table 2.4 Molecular measures of genetic diversity. Expected heterozygosity (He ± SD), observed heterozygosity (Ho ± SD), multi-locus 
heterozygosity (MLH± SD), inbreeding coefficient (F ± SD), and monomorphic SNPs are presented for generations 9-11 using molecular data.  

 

 G9 G10 G11 

He 0.225 ± 0.144 0.223± 0.146 
 

0.225 ±0.147 
 

Ho 0.226 ± 0.153 
 

0.221 ± 0.153 
 

0.221 ± 0.157 
 

MLH 0.215 ± 0.025 
 

0.204 ± 0.031 
 

0.207 ± 0.019 
 

F 0.044 ± 0.063 0.080 ± 0.074 
 

0.047 ± 0.020 
 

Monomorphic SNPs 
 

20 15 
 

227 
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Based on the original genealogical data, there is a steady increase in inbreeding from founders to 

generation 11 (ΔF = 0.003-0.019 per generation) with a slight decrease (ΔF = -0.010 in 

inbreeding in generation 5 due to the new individuals introduced in generation 4; Fig. 2.4). The 

average increase in inbreeding per generation in corrected records was ΔF = 0.004. Corrected 

pedigree records exhibited a slight decrease in inbreeding in the corrected generations and 

generation 4. It should be noted that these corrected records include a higher number of records 

with one or more missing parents in generations 10 and 11, with PEDIG assuming unknown 

parents to be new and unrelated individuals (Boichard, 2002). This may result in inbreeding 

coefficients being underestimated in these generations. Corrected and original inbreeding 

coefficient estimates based on genealogical records for generation 10 (FOriginal = 0.057; FCorrected 

= 0.056) were approximately 25% less than those values estimated using molecular data (G10, F 

= 0.080). The variation between original and corrected pedigrees in generation 4 can be 

attributed to the original exclusion of founder information for those introduced animals (Fig. 2.4)
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Fig. 2.4 Inbreeding coefficient (F) for original and corrected genealogical records. Inbreeding based on genealogical records was calculated using 
the method described by Luo (1992), which utilizes the Cholesky factor of the relationship matrix. Inbreeding coefficients were calculated for both 
the original pedigree assignments (orange, solid line) and pedigree records corrected using molecular data (blue, dashed line). Error bars represent 
the standard error of the mean (SE) for each generation. Drops in molecular inbreeding coefficients coincide with the addition of previously 
undocumented new germplasm (G4) and a bias in the PEDIG program in which individuals with unknown parents are treated as new individuals, 
underestimating the true level of inbreeding within the program (G10-G11). 
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2.3.4 Pedigree Genetic Structure  

A total of 27 family lines were identified throughout generations 9-11 using Admixture v. 1.3 

and NETVIEW v.1.1 (Fig. 2.5). As only 53.3% of available broodstock were genotyped this 

number is likely underestimated for the total AS genetic stock. Each node, or individual depicted 

as a circle, illustrates the relatedness of that individual to all other individuals sampled. Colours 

within the node indicate admixture, with the AS displaying high admixture amongst families 

(Fig. 2.5). The larger the node, the greater the proportion of the population to which that 

individual is related. Node size of individuals from the oldest available generation (G9) were all 

approximately equal in size, suggesting that families contributed equally to subsequent 

generations (Fig. 2.5). The thickness of the lines, or edges, connecting individuals represents the 

genetic distance amongst individuals. In this case, the lines exhibit similar weights, indicating a 

similar level of genetic distance amongst individuals. Similar edge weights in addition to short 

distances and high connectivity between individuals suggests that there is a high degree of 

relatedness within the AS (Fig. 2.5). 
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Fig. 2.5  High-resolution population structure of generations 9-11 of the Abbassa Strain (AS). Network 
visualization of 388 Nile tilapia from three generations of the AS where individuals are represented by a 
node. Node colour(s) represent individual family lines, with solid colours representing family founders, 
node size is indicative of relatedness, node pie charts exhibit ancestry proportions, linking lines (edges) 
representing genetic similarity, and edge weight reflecting genetic distance. The patterns show that 
individuals from Generation 9 have all contributed approximately equally to subsequent generations (i.e. 
node sizes are similar). Twenty-seven individual family lines were identified via cross-validation plots. 
The AS displays high admixture amongst families. 



 
  

 39 

2.4 Discussion  

This study used genome-wide molecular markers to 1) determine the factors that contributed to 

the relatively slow rate of improvement observed within the AS, 2) understand the current state 

of the strain and 3) assist in determining future strategies for improving farm management.  

One key issue which has likely attributed to the slow rate of improvement observed within the 

AS were the high levels of pedigree errors identified within the study. An average total error rate 

(including both reassigned and indiscernible parents) of 45.5% was observed in pedigree records. 

At over three times higher than the maximum observed pedigree error rate (1-15%) in other 

selective breeding programs, this is a significant difference between the AS and other systems 

(Bovenhuis and Van Arendonk, 1991, Crawford et al., 1993, Sanders et al., 2006). Discussions 

with the breeding team revealed a number of issues that occurred over time: such as, multiple 

naming protocols, unclear IDs, transcribing errors, historical errors (i.e. errors from previous 

generations causing downstream misidentification) and changes in management. In addition to 

unforeseen mixing of untagged fish amongst hapas (fine mesh net enclosures) due to the close 

proximity of hapas and during flooding events. All of these factors could contribute to an 

accumulated negative effect on the breeding program.  

Once detected, 52.1-64.3% of pedigree errors were reassigned to their correct parent pair within 

this study. These reassignment rates could be improved by genotyping more broodstock from 

within respective generations so that family groupings with unconfirmed parents can be assigned 

their true parentage. As pedigree errors remained undetected until molecular data was available, 

it is suggested that genotyping be incorporated into selective breeding programs as early as 

possible to not only correct, but to prevent the accumulation of these errors.   
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With weight estimated to have a heritability of 0.15-0.41 for O. niloticus (Khaw et al., 2009), the 

lower genetic gain observed within the AS of O. niloticus (3.8-7.0%; Rezk et al., 2009) 

compared to the GIFT (Genetically Improved Farmed Tilapia) strain (7.1-15.0%; Eknath and 

Acosta, 1998, Ponzoni et al., 2011) could also have resulted from a range of factors including 

differences in environment and the base genetic content of those two populations. However, 

given the high pedigree error rates, it is quite likely that the management of the AS has attributed 

to a reduction in selective pressure on the AS. Of these errors, pedigree errors that were family 

based (19.6%; i.e. offspring assigned to siblings of original pedigree parents) likely contributed 

less to this reduction in genetic gain than other error types. 

Despite these high error rates, the AS’s current genetic diversity after 11 generations is still 

sufficient for the continuation of the breeding program. The AS has on average remained under 

the 1% increase in inbreeding coefficient per generation deemed acceptable for selective 

breeding programs (Woolliams, 1994, Bentsen and Olesen, 2002). Additionally, molecular 

diversity indices do not show a significant drop in observed, expected, or multi-locus 

heterozygosity amongst generations nine, 10, or 11. The inbreeding coefficient (F) calculated 

using molecular data for G9 and G11 are similar to the inbreeding coefficients calculated using 

original and corrected pedigree data; however, molecularly calculated F is 25% greater than 

pedigree estimates of F. This suggests that pedigree records may provide acceptable estimates 

for inbreeding rates within the AS; however, these may be an underestimate of the true level of 

inbreeding due to missing data from individuals with unknown parentage. This is a constraint of 

PEDIG, which views unknown relationships as new genetic material, the estimates of inbreeding 

rates are considered to represent the lower bounds of what is observed within the farm stocks 

(Boichard, 2002).  
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In order to maintain adequate genetic diversity for genetic improvement and adaptability during 

dissemination, aquaculture management schemes focus on the initial number of founders in their 

selective breeding lines and subsequently the number of families retained per generation 

(Skaarud et al., 2014). However, our analyses have shown that maintaining family lines does not 

ensure that founder genomes are retained. Of the initial 201 founders only 83 contributed to 

generation 1, with both pedigree and molecular data indicating that only 53 founder genomes 

were still present in generation 11. While only an approximation due to pedigree errors, pedigree 

data revealed that of these 53 founders, only 34 (41.0% of original founders) comprised 

approximately 84.3% of the AS’s genetic composition despite maintaining approximately 110 

full-sibling families per generation for this line. Considering the majority of the founders for the 

AS came from wild populations, unequal founder contribution is somewhat expected due to 

failed spawning, batch drop out, domestication selection, or undesirable trait combinations from 

untested stock. However, this high loss of genetic material through unequal contributions of 

founders during generation 1 and generations five to nine of the AS program highlights the 

importance of preserving unique founder genomes throughout the program in order to obtain the 

highest level of genetic diversity possible within a closed system under selection. If family 

numbers rather than founder genomes are monitored, then only those individuals within a family 

that exhibit the desired traits most strongly will be selected as future broodstock. This 

encourages genetic gain, but limits genetic diversity within a program as these traits can be 

traced to a subset of high performing founders. As time progresses, the contribution of these high 

performing founder genomes continues to increase, as demonstrated in the present study. 

Consequently, it is suggested that alongside family lines, founder contributions also need to be 

monitored to avoid rapid loss of genetic diversity when managing selective breeding programs. 
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This should ensure the genetic health and longevity of a selected line in addition to maximizing 

the adaptation potential of the line in the future.  

Cross breeding different domesticated lines has been shown to reduce the effects of inbreeding 

and increase genetic diversity within a selective breeding line (Goyard et al., 2008, Stronen et al., 

2017); however, the legacy of these crosses in relation to the maintenance of genetic diversity 

over time is uncertain. In 2006, 2,178 individuals from another Abbassa mass selection breeding 

program, whose relation to the AS is unclear, were introduced into the AS, resulting in a 0.004 

(ΔF) reduction in inbreeding in generation 4 of the AS based on corrected pedigree records. 

However, this reduction in inbreeding was short-lived since only a few of these individuals were 

selected as broodstock for subsequent generations and their unique genetic contribution 

diminished substantially within four years. A number of management considerations could have 

prevented the loss of these introduced genomes which would have not only reduced inbreeding 

but may have resulted in further performance improvement after having undergone the same 

selective pressures as AS animals. For example, the identification of novel founder lines 

throughout subsequent generations would have allowed selective practices to maintain their 

germplasm within the line, as well as allowing for selection of high performing individuals. The 

incorporation of this technique would improve the genetic gain over generations in addition to 

increasing the retention of germplasm, and therefore minimizing inbreeding and maximizing 

genetic diversity.  

Accurate genealogical records are essential in optimizing the genetic gain obtained within a 

selective breeding program. Any inaccuracies in pedigree information will erode the accuracy of 

EBVs and diminish the rate of genetic improvement within the line (Banos et al., 2001, Israel 

and Weller, 2000). If recorded pedigrees are not available, or in question, molecular based 
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parentage analyses provide a practical and efficient means to identify parent and offspring 

relationships within a selective breeding program. Here once the pedigree of the fish has been 

ascertained through DNA parentage, marking fish with a physical tag will help maintain identity 

of the fish from this point.  

However, there is a trade-off between obtaining false positives and negatives in assignments. 

Presently, there are three main categories of pedigree reconstruction methods: exclusion 

methods, relatedness-based methods, and likelihood-based methods (Huisman, 2017). Of these, 

likelihood-based methods are more powerful in assignment capabilities, although they require 

more computation time, particularly as the number of markers analyzed increases (Hill et al., 

2008). Whilst both CERVUS and COLONY utilize a likelihood-based method, there are known 

limitations to these programs. To reduce computational time, CERVUS only considers pairwise 

likelihoods to find the most likely parent. However, this can result in close relatives who are not 

true parent and offspring pairs having a positive log-likelihood ratio, potentially resulting in a 

false positive (Huisman, 2017). This can be particularly problematic when not all parents have 

been genotyped. COLONY parental assignments are most accurate when analyses are conducted 

with highly polymorphic markers; if only less informative markers are available, higher rates of 

incorrectly assigned parents are observed (Jones et al., 2010). This can be compensated for by 

using a higher number of markers, with error rates becoming negligible in COLONY (<4.5E-4) 

when 75 or more SNPs are used for analysis with 40% of parents not genotyped (Huisman, 

2017). As such, we found that an integrated workflow including the likelihood-based methods 

described above, pairwise relatedness estimates and exclusion-based (Mendelian inheritance 

errors) methods should be utilized to ensure that only reliable parentage relationships are 

produced.  
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2.5 Conclusions and Industry Recommendations  

The prevalence of pedigree error rates in AS were found to be three times greater than in 

terrestrial programs (45.5% on average).  This high pedigree error rate is likely to have 

contributed to the low levels of genetic gain (3.8-7.0%) per generation observed within the AS, 

but did not appear to have a major effect on overall inbreeding levels. While the AS aims to 

produce 100-120 families per generation, only 28 unique family lines were identified based on 

genotyping 57.1-63.9% of available broodstock from generations 9-11. An assessment of 

founder contribution to the AS revealed that only 34 founders comprise over 84.3% of available 

genetic material within the AS, indicating that founder contribution has been eroded within the 

AS. These results suggest a review of the breeding program procedures is necessary, in particular 

a tightening of the family production process is required to reduce the likelihood of errors; 

however, the overall genetic composition of the AS population is sound and still provides an 

acceptable basis for continued breeding. The results also suggest that the inclusion of molecular 

screening should be introduced, preferably at program inception, to ensure greater pedigree 

accuracy. It is also recommended that when dealing with closed populations, particularly 

selective breeding programs, and the retention of founder genomes throughout the program 

should be monitored in addition to family lines. 
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CHAPTER 3: NOVEL POPULATION BASED 
LINKAGE MAPPING, QTL AND GWAS FOR SEX 
AND GROWTH WITHIN THE ABBASSA STRAIN 
OF NILE TILAPIA (Oreochromis niloticus)  
 

3.1 Introduction 

To improve the efficiency of fish production, the aquaculture industry has turned towards 

selective breeding. Selective breeding uses the natural genetic variation within a founding 

population to breed subsequent generations of animals with a higher frequency of desired 

marketable traits. In 2002, the Abbassa Strain (AS) of Nile tilapia (O. niloticus) was established 

by the WorldFish Center in Egypt with the objective to increase weight using a combination of 

between and within family selection (Ibrahim et al., 2013, Rezk et al., 2009).  

At present, the AS selective breeding program for Nile tilapia has been based on phenotypic 

information alone. While this approach has been successful and has resulted in a realized 3.8-

7.0% improvement in growth per generation (Rezk et al., 2009), productivity could be further 

improved through marker-assisted selection (MAS) or genomic selection (GS). While similar, 

these two methods mainly vary in how markers are used to estimate breeding values, with MAS 

based on quantitative trait loci (QTLs) and working best with genes of major effect (Arruda et 

al., 2016), and GS using all available high-quality markers, accounting for all QTLs associated 

with a trait, regardless of their effect size (Goddard and Hayes, 2007).  

Both MAS and GS rely on the concept of “hitchhiking,” in which the regions surrounding a gene 

being selected for are also selected, leaving signatures of selection in areas adjacent to the gene 

of interest (Smith and Haigh, 1974). To identify these signatures of selection in the AS, it is first 
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useful to create a robust, strain specific, high-density genetic linkage map. In turn, this map can 

be used to understand the effects of selective breeding on the O. niloticus genome and the 

genetic architecture of specific traits, like sex or weight, through QTL and GWAS analyses (Du 

et al., 2016, Tsai et al., 2015). If a gene of major effect is detected, it can then be used to direct 

MAS; alternatively, if the trait is polygenic, all identified QTLs can be incorporated into a GS 

statistical model to improve prediction accuracy (Zenger et al., 2019).  

To date, there are two genome assemblies (O. niloticus Orenil 1.1 and O_niloticus_UMD1) and 

five linkage maps published for O. niloticus (Table 1.1; Conte et al., 2017, Guyon et al., 2012, 

Joshi et al., 2018, Kocher et al., 1998, Lee et al., 2005, NCBI, 2017, Palaiokostas et al., 2013), 

although, neither is specific to the AS. Genome assemblies and linkage maps are two 

complimentary genomic resources in which linkage maps identify the relative order of markers 

to one another on a chromosome, whereas genome assemblies, or physical maps, give the 

physical distances of markers to one another. Both available physical maps have been assembled 

to the chromosomal level; however, they both still have a substantial number of unplaced 

scaffolds (2,460-5,655; NCBI, 2017). These unplaced scaffolds can be problematic for molecular 

studies as genes of interest may be fractured or incorrectly annotated (Baker, 2012, Denton et al., 

2014). Genetic linkage maps can be utilized to improve physical genome maps (Fierst, 2015). 

These maps rely on meiotic recombination rates to determine the relative position of markers, 

and these recombination rates can vary greatly between species, populations, individuals and 

even genomic regions (Dukić et al., 2016). As such, it is imperative to create line specific high-

density genetic linkage maps for selectively breeding programs, like the AS for Nile tilapia.  

Once a high-density genetic linkage map is created for the AS, the traits of sex and weight can be 

further explored. Sex determination in O. niloticus is largely genetic, with a male heterogametic 
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(XX|XY) sex determining system (Mair et al., 1991); granted, environmental factors have also 

been proven to affect sex ratios and cause sex reversal in fry (Baroiller et al., 2009, Wessels et 

al., 2014). To date, sex related markers have been associated with LG 1 (Conte et al., 2017, 

Palaiokostas et al., 2015), LG 3 (Palaiokostas et al., 2015), LG 8  (Lee et al., 2003), and LG 23 

(Cáceres et al., 2019, Eshel et al., 2011, Palaiokostas et al., 2015). There have been relatively 

few QTL studies in Nile tilapia for weight or growth rate, with most based on interspecific 

hybrids (Lin et al., 2016, Liu et al., 2014).  Weight related markers have been detected in LG 1, 

LG 3, LG 7, LG 10 (Liu et al., 2014), LG 12 (Lin et al., 2016), LG 13, LG 19 (Liu et al., 2014) , 

LG 20, and LG 22 (Lin et al., 2016) in Nile tilapia and other tilapia species including, O. aureus 

which readily hybridize with Nile tilapia (D’Amato et al., 2007, Deines et al., 2014, Lovshin 

1982, Meier et al., 2019). Despite numerous studies, the polygenic nature and the influence of 

gene by environment (GXE) on both sex and weight make trait architecture difficult to unravel 

and there is still a great deal that we do not understand about both of these complex traits 

(Baroiller et al., 2009, Cáceres et al., 2019, Conte et al., 2017, Eshel et al., 2011, Lee et al., 2003, 

Liu et al., 2014, Mank, 2008, Palaiokostas et al., 2015, Wang et al., 2019); particularly, how and 

if relevant QTLs vary amongst different strains of  Nile tilapia.  

This chapter aims to investigate the genomic trait architecture of weight and sex in the Abbassa 

Strain of Nile tilapia by 1) constructing an independent framework genetic linkage map for the 

AS, 2) comparing and evaluating the AS framework map against genome sequence assemblies, 

3) understanding the sex determination system (chromosomes vs. regions) in AS tilapia, and 4) 

resolving the genetic architecture of growth traits in relation to weight.   

3.2 Methods  

3.2.1 Phenotypic Data 
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Phenotypic data from 388 individuals [122 animals from generation 9 (G9); 216 animals from 

generation 10 (G10); and 54 animals from generation 11 (G11)] were collected for two major 

traits: sex and weight. Animals were harvested at between 9-11 months of age, and sex and final 

weight recorded. In order to ensure that associations corresponded as strongly to phenotypic data 

as possible, information that could affect associations (earthen pond in which the fish were 

raised, age, and generation), treated as covariates, were also provided by WorldFish. Raw 

phenotypic data for final weight at harvest was adjusted for age and analyzed for family and 

individual differences. 

3.2.2 Reference Mapping Families 

A mapping resource was identified within the sample set consisting of 16 families ranging from 

5-17 offspring per family as established in Chapter 2 (Table 3.1). Across these families, a total of 

166 individuals were used to provide sufficient resolution for linkage mapping analysis across 

thousands of genetic markers with 18 individuals used in QTL analysis (Table 3.1). A total of 

388 individuals (including the 166 individuals belonging to families used in mapping) from 

across Generations 9-11 were used in GWAS. There was some overlap in individuals used as 

offspring and parents for the two generational family groupings; in total, these families consisted 

of 32 F0 and 136 F1 offspring. Eight of these families (52 individuals) were founded from 

generation 10 of the AS, while the remaining eight families (84 individuals) were founded from 

generation 11. To create more robust families for linkage mapping purposes, families in 

generation 11 included 76 samples which were harvested when only fingerlings. As phenotypic 

data was not collected on farm for these samples, they were excluded from genome-wide 

association studies (GWAS) and quantitative trait locus (QTL) analyses. 
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To determine the detection power in this study, the GCTA-GREML Power Calculator (Visscher 

et al., 2014) was used based on different sample sizes, heritability estimates (0.38-0.60) for 

growth-rate were based on Charo-Karisa et al. (2006) and type 1 error rates, and variance of 

SNP-derived genetic relationship based on Yang et al. (2011).
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Table 3.5 Summary of families and their use in analyses. 

 

 

 

 

 

 

 

Family Dam Sire Total 
Offspring 

Fingerling 
Offspring 

SilicoDArT 
Markers 

Linkage 
Mapping 

QTLs GWAS 

1 9003575 9004941 5 0 N Y N N 
2 9005019 9003328 5 0 N Y N N 
3 10000809 10002618 5 5 N Y N N 
4 9000315 9001183 6 0 N Y N N 
5 9001405 9002879 6 0 N Y N N 
6 9004241 9005806 6 0 N Y N N 
7 9005343 9002914 6 0 N Y N N 
8 10000983 10004046 6 6 N Y N N 
9 10002408 10003982 6 2 N Y N Y 
10 9000136 9002112 8 0 N Y Y N 
11 10003956 10002076 9 6 N Y N Y 
12 9004197 9004306 10 0 Y Y Y N 
13 10000991 10002136 12 11 Y Y N Y 
14 10005644 10002203 13 13 Y Y N N 
15 10001974 10005497 16 16 Y Y N N 
16 10004724 10002267 17 17 Y Y N N 
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3.2.3 Sampling, DNA Extraction, Genotyping, and SNP Filtering  

Fin clips from 486 samples were collected from generations 9-11 of the AS [121 individuals 

from generation 9 (G9); 216 individuals from generation 10 (G10); and 146 individuals from 

generation 11 (G11)] of the Abbassa Strain (AS). DNA extractions and genotyping were 

conducted by Diversity Arrays Technology as described in Lind et al. (2017) and in section 

2.2.2.1.  

To ensure that only high-quality and informative data was maintained for subsequent analysis, 

individuals with greater than 30% missing data were first removed and the returned genotypic 

data was filtered as described in section 2.2.2.2. Pedigree errors were then corrected as described 

in section 2.2.3. Subsequently, SNPs were filtered for Mendelian Inheritance (MI) errors using 

PLINK 1.9 beta (Chang et al., 2015, Purcell and Chang, 2017).  

SilicoDArT markers, or genetically dominant markers whose data indicate the presence or 

absence of sequence variants, were also utilized for the families with 10 or greater offspring (5 

families). The markers were then stringently filtered for a call rate greater than 95%; a one ratio 

greater than 0.001; a polymorphism information context (PIC) greater than 0.002; a read count 

greater than 8; reproducibility greater than 0.99, and a QPMR between 1.5 and 100 to ensure 

only SilicoDArT markers of the highest quality were retained.  
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3.2.4 Map Construction and Genome Coverage  

Statistically, when using two generational families to create genetic linkage maps, moderate to 

large reference families (more than 50 progeny) are recommended to provide sufficient 

informative meiotic events to form linkage groups and separate closely spaced markers (Liu, 

2017). Smaller families, with fewer informative meiotic events, result in lower pairwise LOD 

power for linkage statistics (Flaquer and Strauch, 2012). The number of informative meiotic 

events can be bolstered with a higher density of markers (Littrell et al., 2018); however, 

separation of these markers from common bins may be difficult. In addition, it is also important 

to have multiple mapping families since a single pair of parents may be homozygous at a locus 

of interest, rendering it uninformative in a single family (Liu, 2017). Due to the high pedigree 

error rates identified after sampling, only small families of 5-17 offspring were identified (Nayfa 

et al., 2020; Chapter 2). To address this limitation, population-based linkage mapping based on 

pairwise recombination data was utilized rather than more traditional family-based methods 

(Stam, 1993, Van Ooijen, 2018). Although this method bolstered mapping power, there was a 

constraint in mapping ability, with unique maps needing to be constructed for sex average, 

female and male lines, making direct comparisons among maps difficult.  

To optimize the number of markers that could be mapped per linkage group, three different de 

novo mapping methods were compared using the three largest mapping families: family-based 

maximum likelihood (ML) mapping, family-based regression mapping based, and population-

based regression mapping in JOINMAP v. 5 (Van Ooijen, 2018). As a population-based ML 

method was not statistically viable, this method was excluded for comparison. There were 10.2% 

more markers placed using family-based ML mapping than regression, but 24.8% more markers 

placed using population-based regression mapping than family-based regression mapping (16.2% 
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more markers than family-based ML mapping; data not shown). This variation in method 

performance is likely attributed to the small mapping families comprised of phase unknown data 

(i.e. only two generations of information available) available for this study. Mapping power was 

bolstered by combining all family information into a pairwise data population. Thus, population-

based regression mapping in JOINMAP v. 5 was the optimal mapping method for this dataset 

(Van Ooijen, 2018).  

Recombination frequencies and Z-scores per family following both maternal and paternal lines 

for linkage mapping were first calculated in LINKMFEX version 3.1 (Danzmann, 2016). 

Individual family recombination frequencies and Z-scores were then compiled together to create 

a pairwise data population. Pairwise data populations were created for both maternal and paternal 

lines, with these data combined to create sex average datasets.  

To produce the most accurate genetic linkage maps, JOINMAP v. 5 was then used to first create 

de novo maps for all three datasets (female, male, sex average). Loci groupings were based on 

test for independence with a minimum LOD score of 4. As a population-based method was 

utilized, linkage maps from these groupings were constructed using regression mapping with the 

following thresholds: recombination frequency <0.4; LOD score > 1.0; and a goodness-of-fit 

jump threshold of 5. Finally, a ripple, or a moving window which considers all order 

permutations of three adjacent markers before selecting the best option, was conducted after the 

addition of each locus.  

In addition to de novo mapping, SNP and SilicoDArT markers were also mapped using the 

established order of the two previously published genomes. To do this, SNP and SilicoDArT 

sequences were annotated to the two previously published genomes (Orenil1.1 and 

O_niloticus_UMD_NMBU) via BLAST2GO v. 5.2 (Götz et al., 2008). Markers that were 
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matched to a genomic position within either genome assembly were then assigned a starting 

marker order based on its linkage group and position in the respective genome assemblies. This 

order was then utilized as a fixed starting order within mapping analysis. As these maps were 

based on already established physical positions, mapping requirements were relaxed to a 

recombination frequency <0.5 and LOD score >0 while all other settings remained the same. 

While lower LOD scores were allowed, the linear regression method uses a weighted least 

squares procedure in which LOD scores are used as weights, therefore putting more weight on 

more informative data, i.e. those with higher LOD scores (Van Ooijen, 2018).  

Once linkage groups were created, marker placement was confirmed using the nearest neighbor 

fit (N.N. Fit), a measurement used to indicate if markers are placed in a likely position (Van 

Ooijen, 2018). Any markers that were found to violate N.N. Fit (values ≥ 800cM) were removed.  

De novo maps were used to confirm the groupings and maps based on genome assemblies. If de 

novo linkage groups corresponded to two or more genome assembly groupings, de novo 

groupings were conducted at a higher LOD threshold and groupings compared again. In some 

instances, aberrant markers were detected (i.e. ≤2 markers from a de novo grouping would map 

to a second linkage group in a genome assembly grouping even at a higher LOD score) and those 

were removed.  

In order to understand any discrepancies in mapping between both genome assemblies used, a 

synteny graph comparing all linkage groups in both assemblies was created using SynMap 

within CoGe (Haug-Baltzell et al., 2017, Lyons et al., 2008). Linkage maps for sex average, 

female, and male map groupings were visualized using the R package LinkageMapView 

(Ouellette et al., 2017). 
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3.2.5 Segregation Distortion  

In order to identify markers which deviated from Mendelian Inheritance (MI), segregation 

distortion was examined using log-likelihood ratio tests for goodness of fit to MI expectations in 

LINKMFEX version 3.1. (Danzmann, 2016).  In order to identify any sex specific or family 

specific segregation distortion, G-values were calculated for all markers in each family following 

both the maternal and paternal lines. G-values were then adjusted using a Bonferroni correction 

(mean family corrected alpha of 0.001). 

3.2.6 Map Metrics and Inter-chromosomal Analysis  

To identify sex specific differences amongst maps, metrics (including, total number of markers, 

number of unique markers, total map length, inter-marker distances, and marker density) and an 

inter-chromosomal analysis of marker order and position were conducted in the online platform 

The Genetic Map Comparator (David et al., 2017).  

3.2.7 Quantitative Trait Locus (QTL) Mapping 

Linkage mapping families were evaluated for their potential in QTL mapping within MapQTL 

v.6 (Van Ooijen, 2009). Only those families which could be phased in JOINMAP v. 5 (Van 

Ooijen, 2018) and which had phenotypic data recorded for traits of interest (sex and final harvest 

weight) were included in the analysis. These essential criteria reduced the dataset to only two 

families from Generation 10 with eight and ten offspring each. As only 18 individuals were 

viable for QTL analysis, the analytical power for QTL detection decreased and extra attention 

was taken in selecting the most appropriate approach to QTL mapping. MapQTL v. 6 offers 

three mapping methods to detect QTLs: nonparametric mapping (or Kruskal-Wallis analysis; 

KW), interval mapping (IM), and multiple QTL mapping (MQM). Briefly, KW is a 
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nonparametric equivalent of a one-way analysis of variance, IM utilizes either a maximum 

likelihood mixture model or regression mapping approach, and MQM is equivalent to a 

composite interval mapping approach and can also use either a maximum likelihood mixture 

model or regression mapping approach (Van Ooijen, 2009). MQM was initially selected as it 

builds upon the IM method and provides higher statistical power for analysis, and therefore 

sensitivity to the presence of multiple QTLs (Balding et al., 2007, Van Ooijen, 2009). However, 

due to small family sizes, families consisting of only two generations, and limited informative 

markers within offspring, there were insufficient degrees of freedom to resolve the dataset (Van 

Ooijen, 2009). IM was then selected over KW as it allows for analyses of a trait observed in 

multiple families to be combined over populations, increasing detection power (Van Ooijen, 

2009).  

Both regression and mixture model algorithms were tested in IM, with both algorithms 

identifying the same linkage groups and regions as significant. The regression approach was 

selected as this approach was less time intensive than the mixture model approach (Van Ooijen, 

2009). A LOD test statistic, a fit for dominance for F2, a 5cM mapping step size, and a 

maximum of 20 neighboring markers were also selected as analysis parameters.   

As singularity errors, or more than a single mathematical solution, were detected, CP populations 

were recoded to fit a pseudo-testcross approach, or a double haploid (DH) population type to try 

and rectify these errors (Van Ooijen, 2009). However, given the small family sizes in this study, 

this approach resulted in too large a loss of power for QTL detection and the dataset was reverted 

to a CP population encoding. To determine the appropriate significance threshold for QTLs 

permutation tests on a genome-wide level were conducted in MapQTL v. 6 for each trait (Van 

Ooijen, 2009). 
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3.2.8 Genome-wide Association Studies (GWAS)  

Although QTL mapping approaches can be quite powerful in identifying associations between 

genotypes and phenotypes, they have greater power when families with a large number of 

offspring are available (Korte and Farlow, 2013). Alternatively, genome-wide association studies 

(GWAS) rely on unravelling linkage disequilibrium in markers in large, heterogeneous 

populations, and therefore draw their power from having a population of individuals from 

varying genetic backgrounds (Hayes, 2013, Korte and Farlow, 2013).  

GWAS was undertaken to confirm detected QTL and to identify any additional genetic 

associations to growth and sex traits. A total of 388 phenotyped individuals and 6,163 markers 

were utilized in GWAS analyses for sex determination. Due to the identification of potential 

recording errors in generations 9 and 11, only the 216 samples from G10 were used for GWAS 

analyses for weight. To denote the accumulated effect of all SNPs, genetic relationship matrices 

were created in PLINK 1.9 beta (Chang et al., 2015, Purcell and Chang, 2017). These matrices 

were then used to perform a mixed linear model-based association analysis to detect markers 

under selection in GCTA v1.92.1beta5 (Yang et al., 2011, Yang et al., 2014). Two traits, sex and 

harvest weight, were examined with age as a quantitative covariate and earthen pond and 

generation as qualitative covariates. Sex was also used as a quantitative covariate when 

conducting GWAS for harvest weight. GWAS results were visualized using the R package 

qqman (Turner, 2014).  
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3.3 Results  

3.3.1 Phenotypic Data 

Of the 136 animals used in linkage mapping, phenotypic data was only available for 60 

individuals. Of these, sex ratios were 51.7% female and 48.3% male. When all 388 animals used 

for GWAS were considered, sex ratios remained similar with 53.9% female and 46.1% male. Sex 

ratios for Family 10, used in QTL analysis, demonstrated the greatest disparity in sex ratios, with 

a ratio of 37.5% female to 62.5% male. Family 12, the second QTL family, exhibited a ratio of 

50% female and 50% male.  

Families 6 (314.4 ± 88.6g), 10 (290.5 ± 91.8), and 12 (311.5 ± 81.4g) demonstrated the largest 

average final weight, with Families 10 and 12 used in QTL analysis (Appendix 4). Families 9 

(118.1 ± 43.3g) and the single individual in Family 13 with weight data available (74.2g) 

exhibited the lowest average final weight (Appendix 4). Weights in Generation 10 ranged from 

57.8g to 512.5g, with 48 weight classes of 10g ranges identified (Appendix 5). Approximately 

25% of individuals fell within the 190-230 weight classes, with the 200-210g weight class 

having the highest number of individuals (16) of all weight classes (Appendix 5). Over 32% of 

Generation 10 were categroized in a weight class of 300g or above, and approximately 6% were 

classified below 150g (Appendix 5).  

3.3.2 Reference Mapping Families 

All available families were used to create the female, male, and sex average linkage maps; 

however, only the two largest families with phenotypic data could be phased in JoinMap and 

used for QTL analysis (Families 10 & 12; Table 3.1). All phenotyped individuals were used for 

GWAS analyses.    
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The power for quantitative trait detection with the 216 individuals in G10 utilized of up to 1 

(0.41 heritability, 0.05 Type 1 error rate, and 0.01 variance of the SNP-derived genetic 

relationships).  

3.3.3 DNA Extraction, Genotyping, and SNP Filtering 

Of the initial 486 samples, 99.4% passed the initial quality control with 121 individuals passing 

in G9, 216 individuals passing in G10, and 146 individuals passing in G11. A total of 6,163 high 

quality SNPs and 1,620 SilicoDArT markers were identified for subsequent linkage mapping, 

QTL analysis and GWAS.   

3.3.4 Map Construction and Genome Coverage  

While markers grouped to both available genome assemblies, only those grouped using Orenil1.1 

had a sufficient number of linkages between markers to map (Fig. 3.1). Synteny comparisons 

between the two genome assemblies revealed many notable differences in marker groupings and 

positions (Fig. 3.2). Therefore, only the first genome assembly was utilized to draw comparisons 

between de novo mapping and mapping with known orders. A consensus map was generated as a 

conservative map containing markers that were mapped in both the de novo and genome-based 

mapping order methods. Within the consensus map, seven markers did not agree in linkage 

group placement between de novo and genome-based mapping order were classified as aberrant 

and removed from the linkage maps. Within the sex-specific maps, nine aberrant markers were 

removed from the female-specific map, and 31 were removed from the male-specific map.  

The consensus map (sex average) grouped to 22 LGs, corresponding to the karyotype 

chromosome number of O. niloticus. It should be noted, that as LGs were named according to 

Orenil1.1 groupings, LGs range from LG 1 – LG 23, with LG 21 excluded from numbering as 
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this linkage group was collapsed into LG 16 after the first release of the assembly. Of these 

groupings, only 21 of the 22 LGs had enough meiotic events to map, with LG 10 not mapping 

(Appendix 6).  The female-specific and male-specific maps also grouped to 22 LGs, with LG 10 

not mapping in the female-specific map (Appendix 6) and LG 22 not mapping in the male-

specific map (Appendix 6).  
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Fig. 3.6 LG 23 based on sex average, female, and male maps. Visualized maps for all linkage groups are provided in Appendix 6. Map file for all 
linkage groups (including marker, LG, and position order based on Kosambi’s centimorgan is located in Digital Supplementary Material 1). LG 23 
has been selected for display as it exhibited the strongest association with sex determination in both QTL and GWAS analyses.  
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Fig. 3.7 Synteny graph comparing linkage group and marker order between the Orenil1.1 (GenBank 
assembly accession: GCA_000188235.2) and O_niloticus_UMD_NMBU (GenBank assembly 
accession: GCA_001858045.3) genome assemblies for Oreochromis niloticus. Each box represents a single 
chromosome, with box size dependent on the size of the mapped chromosome. 
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3.3.5 Segregation Distortion 

Significant segregation distortions were detected in 348 of the 6,163 high quality SNPs available 

for mapping and fourteen of the thirty-two mapping parents following Bonferroni correction 

(mean family corrected alpha of 0.001). Of these, 115 SNPs mapped to the sex average map. 

These markers were from the largest seven families (8-17 offspring) with between 2-8 markers 

present in all 21 mapped linkage groups. As all maps were conducted using a population-based 

method which averaged and weighted LOD scores based on family and parental traces, these 

small family segregations were not considered to be strongly influencing calculations of mapping 

distances and were retained.  

3.3.6 Map Metrics and Inter-chromosomal Analysis  

A total of 2,399 markers were successfully mapped to their most likely positions within 21 of 22 

linkage groups for the sex average map, whereas 2,197 markers mapped to the female-specific 

map and 2,125 markers to the male-specific map (Table 3.2).  

Linkage groups within the sex average map span a total of 1,468.21 cM, with the female-specific 

map being 15.2% larger (1,688.90 cM), and the male-specific map being 3.3% smaller (1,419.23 

cM; Table 3.2) in comparison to the sex average map. The number of markers per LG amongst 

all three maps ranged between 59-151 markers. The female-specific map produced the largest 

LG length on average (80.42 cM per LG), whereas the sex average map (69.91 cM per LG) and 

male-specific map (67.58 cM per LG) were similar in size. The female-specific map also had the 

largest average marker interval size (0.93cM) and the largest gap size (43.30 cM LG 22; Table 

3.2).  
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Of the mapped markers, 36.8% were in common among all three maps (Appendices 6). The 

female-specific map had 71.1% of its markers in common with the sex average map, and 55.3% 

of its markers with the male-specific map (Table 3.3). Whereas, the male-specific map shared 

66.4% of its markers with the sex average map, and 57.2% with the female-specific map. The 

remaining markers were unique to each map. A comparison of marker order and synteny of 

common markers amongst all three maps revealed that the average Spearman correlation for sex 

average map vs. female-specific map was 0.59, 0.68 for the sex average vs. male-specific map, 

and 0.41 for the female-specific vs. male specific map (Table 3.3, Figs. 3.3, 3.4, and 3.5) 

indicating that despite a high number of unique markers affecting placement, marker placement 

between groups was highly correlated. 
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Table 3.6 The number of markers, map size, average gap size, and largest gap size identified for each linkage map in the female, sex average, and 
male linkage maps. 

 

 
LG 

 
Number of Markers 

 
Map Size 

 
Average Gap Size 

 
Largest Gap Size 

  Female  Sex 
Average  

Male Female  Sex 
Average  

Male Female  Sex 
Average  

Male Female  Sex 
Average  

Male 

1 89 115 84 94.23 90.00 76.80 1.18 0.83 0.96 25.55 14.09 10.14 
2 68 94 115 49.65 48.82 66.90 0.79 0.52 0.87 6.47 4.94 12.49 
3 69 63 59 100.67 80.01 80.48 1.68 1.40 1.49 22.99 18.30 12.94 
4 137 151 129 78.10 54.16 82.09 0.71 0.45 0.86 22.66 4.17 13.95 
5 100 113 94 102.89 80.71 77.87 1.13 0.75 0.86 16.24 21.25 14.66 
6 105 121 92 76.14 68.19 61.52 0.77 0.60 0.74 12.31 8.53 13.69 
7 147 119 140 58.97 89.12 67.42 0.49 0.80 0.56 7.75 25.35 9.69 
8 113 120 117 50.85 48.24 52.75 0.54 0.41 0.57 3.57 3.32 4.96 
9 89 75 83 84.54 41.54 60.62 1.13 0.60 0.84 16.51 5.60 8.16 
10 -- -- 64 -- -- 103.35 -- -- 2.58 -- -- 21.83 
11 139 145 104 91.72 90.75 87.29 0.91 0.76 0.87 23.14 21.38 10.35 
12 108 109 106 80.98 63.78 50.43 0.89 0.61 0.50 12.55 7.72 3.04 
13 88 128 106 90.60 65.82 97.14 1.18 0.55 1.03 13.96 4.48 12.71 
14 111 126 119 78.75 51.33 46.51 0.80 0.42 0.43 11.62 7.58 5.96 
15 132 113 95 69.69 53.59 59.58 0.73 0.50 0.65 11.94 2.99 5.85 
16 118 123 113 94.41 69.41 57.63 0.93 0.59 0.65 23.05 10.47 7.49 
17 115 130 92 73.83 59.85 67.49 0.72 0.49 0.77 12.47 6.85 13.96 
18 75 104 93 98.75 81.53 51.02 1.41 0.84 0.65 39.56 22.80 10.66 
19 77 110 110 39.29 55.18 70.96 0.58 0.54 0.76 4.46 4.89 7.62 
20 115 138 129 89.72 101.70 62.44 0.88 0.76 0.55 20.03 21.86 9.08 
22 104 100 -- 76.28 80.50 -- 0.84 0.82 -- 43.30 17.08 -- 
23 98 102 81 108.85 93.98 38.93 1.24 0.99 0.56 22.42 28.51 4.76 
All  2197 2399 2125 1688.9

0 
1468.21 1419.2

3 
-- -- -- -- -- -- 
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Fig. 8.3 Map order comparison of corresponding markers for the female vs sex average maps. Purple squares represent 
corresponding linkage groups between maps, markers are represented by grey dots with overlapping markers resulting in darker 
areas.
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Fig. 3.9 Map order comparison of corresponding markers for the male vs. sex average map. Purple squares represent 
corresponding linkage groups between maps, markers are represented by grey dots with overlapping markers resulting in darker 
areas.
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Fig. 3.10 Map order comparison of corresponding markers for the female vs. male map. Purple squares represent corresponding 
linkage groups between maps, markers are represented by grey dots with overlapping markers resulting in darker areas.
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Table 3.7 Metrics of map comparison for the sex average, female, and male linkage maps. 

 
 

Number of Markers in Map 
 

Sex vs. Female Map 
 

Sex vs. Male Map 
 

Female vs. Male Map 
 

LG 
Sex 

Average 
 

Female 
 

Male 
Common 
Markers 

Spearman 
Correlation 

Common 
Markers 

Spearman 
Correlation 

Common 
Markers 

Spearman 
Correlation 

1 115 89 84 72 0.09 66 0.53 53 0.08 
2 94 68 115 51 0.57 72 0.79 46 0.16 
3 63 69 59 43 0.44 35 0.28 34 0.1 
4 151 137 129 96 0.6 94 0.74 89 0.68 
5 113 100 94 80 0.8 73 0.88 64 0.65 
6 121 105 92 71 0.93 62 0.82 56 0.79 
7 119 147 140 77 0.28 78 0.75 83 0.56 
8 120 113 117 83 0.7 76 0.9 72 0.58 
9 75 89 83 54 0.05 55 0.77 61 0.01 

10 - - - - - - - - - 
11 145 139 104 112 0.77 68 0.16 65 0.1 
12 109 108 106 76 0.46 71 0.89 70 0.28 
13 128 88 106 66 0.05 78 0.75 53 0.18 
14 126 111 119 76 0.88 84 0.87 69 0.57 
15 113 132 95 81 0.86 66 0.82 66 0.6 
16 123 118 113 97 0.26 92 0.54 83 0.54 
17 130 115 92 85 0.76 62 0.22 48 -0.1 
18 104 75 93 58 0.78 69 0.68 46 0.51 
19 110 77 110 58 0.8 76 0.82 50 0.73 
20 138 115 129 83 0.71 81 0.81 60 0.55 
22 100 104 -9 68 0.88 - - - - 
23 102 98 81 75 0.77 53 0.66 48 0.54 
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3.3.7 Quantitative Trait Locus (QTL) Mapping  

Suggested QTLs associated with sex were identified in LGs 8, 12, 14 and 23 for all three maps 

(sex average, female, and male) with the female map also identifying suggested QTLs in LGs 3 

and 19 (Figs. 3.6, 3.7 and 3.8). Of these, only LGs 12 and 23 in the sex average map and LG 23 

in the male map had QTL regions that were significant for both families were used in this 

analysis. As such, QTL regions of 46-65cM in LG 12 and 0-39cM in LG 23 of the sex average 

map and 27-40cM in LG 23 of the male map were considered to be putative QTLs (Figs. 3.6 and 

3.8).  

Suggested QTLs associated with growth were identified in LGs 2, 3, 8, 13, 14, and 18 in all three 

maps; LGs 4 and 5 in only the female and male map; LGs 6 and 19 in the sex average and female 

maps; LGs 17 and 20 in the sex average and male maps; LGs 7, 11 and 16 in the sex average 

map; and LG 12 in the female map (Figs. 3.9, 3.10, and 3.11). No QTL regions were identified 

as significant in both families and therefore not classified as putative QTLs. 
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Fig. 3.11 QTL maps based on sex average linkage maps for markers associated with sex where the threshold for genome-wide significance is a 
LOD of 10.  
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Fig. 3.12 QTL maps based on female linkage maps for markers associated with sex where the threshold for genome-wide significance is a LOD of 
10. 
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Fig. 3.13 QTL maps based on male linkage maps for markers associated with sex where the threshold for genome-wide significance is a LOD of 
10. 
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Fig. 3.14 QTL maps based on sex average linkage maps for markers associated with weight where the threshold for genome-wide significance is a 
LOD of 10. 
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Fig. 3.15 QTL maps based on female linkage maps for markers associated with weight where the threshold for genome-wide significance is a 
LOD of 10. 
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Fig. 3.16 QTL maps based on male linkage maps for markers associated with weight where the threshold for genome-wide significance is a LOD 
of 10.
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3.3.8 Genome-wide Association Studies (GWAS) 

Nine markers were identified as being associated with sex in the AS (p ≤ 1x10-5), with seven of 

these markers (17886688, 17007662, 11397634, 11396584, 11393271, 11391681, and 

11388221) mapping to LG 23 in at least one of the available maps (sex average, female-specific, 

and male-specific; Figs. 3.12, 3.13, and 3.14). The sex average map placed six markers (three at 

p ≤ 1x10-5 and three at p ≤ 1x10-10) on LG 23 (Fig. 3.12). In the female-specific map, a single 

marker associated with sex was located on LG 23 (p ≤ 1x10-10; Fig. 3.13). In the male-specific 

map, six markers were associated with sex on LG 23 (three at p ≤ 1x10-5 and three at p ≤ 1x10-10; 

Fig. 3.14). Segregation by sex was also investigated within these markers, and while there were 

no absolute differences in segregation, all nine GWAS markers associated with sex showed one 

sex with higher proportions of A or B alleles than the other (Fig. 3.15). In particular, markers 

11396584 (males 69.8% AB, females 96.7% AA), 11393271 (males), and 11388221 males 

49.7% AB, females 77.0% AA) had the most definitive segregation between males and females 

as well as the highest significance for GWAS values in all maps (Figs. 3.12, 3.13, 3.14, and 

3.15). No markers were found to be significantly associated with growth rate (Appendices 7, 8, 

and 9). 
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 Fig. 3.17 Manhattan plot based on sex average linkage map for markers associated with sex.  The distribution of p-values for all informative SNPs 
where the threshold for genome-wide significance at a p-value of 1x10-5 is denoted by a solid blue line and 1x10-10 is denoted by a solid red line. 

Unknown 
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 Fig. 3.18 Manhattan plot based on female linkage map for markers associated with sex.  The distribution of p-values for all informative SNPs 
where the threshold   for genome-wide significance at a p-value of 1x10-5 is denoted by a solid blue line and 1x10-10 is denoted by a solid red line

Unknown 
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Fig. 3.19 Manhattan plot based on male linkage map for markers associated with sex.  The distribution of p-values for all informative SNPs where 
the threshold for genome-wide significance at a p-value of 1x10-5 is denoted by a solid blue line and 1x10-10 is denoted by a solid red line.

Unknown 
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Fig. 3.20 Segregation of important GWAS markers associated with sex. A comparison of the proportion of phenotypic male and female progeny 
exhibiting respective genotypes; AA (blue), AB (Orange), BB (grey), and missing data (yellow). 
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3.4 Discussion  

This study produced the first line specific linkage map for the commercially important Abbassa 

strain of Nile tilapia to investigate quantitative trait loci associated with sex and weight. This 

linkage map is one of the first population-based genetic linkage maps using small families (≤17 

offspring) and phase unknown data. Due to the atypical construction of this map, independent 

and unique maps were created based on female lines, male lines, and the sex average. A total of 

2,399 markers were successfully mapped to a sex average map, 2,197 to a female map, and 2,125 

to a male map. All maps and map orders were validated by the reference genome for Orenil 1.1. 

Phenotypic data for sex and final weight at harvest were then utilized to determine regions of the 

genome associated with sex and weight. This study provides evidence of QTLs for sex and 

weight on LGs 3, 8, 12, 14, 9, and 23, and 2, 3, 4, 5, 6, 7, 8, 11, 12, 13, 14, 16, 17, 18, 19, and 20 

respectively. GWAS validated QTL analysis for LG 23’s association with sex determination. 

Three linkage maps, a sex average, female line, and male line, were created for the AS. These 

maps all placed between 2,125-2,399 SNPs, with all three linkage maps representing some of the 

denser maps available for Nile tilapia (Guyon et al., 2012, Joshi et al., 2018, Kocher et al., 1998, 

Lee et al., 2005, Palaiokostas et al., 2013). The sex average map length observed in this study is 

within 2 cM of that observed in the largest available linkage map (40,186 markers; Joshi et al., 

2018) and over 292 cM longer than the map created by Palaiokostas et al. (2013) with 3,802 

markers mapped. Both available reference genomes were tested in the construction of the AS 

linkage map, but it was found that the AS only mapped with Orenil 1.1 (NCBI, 2017) ordering 

and not O_niloticus_UMD1 (Joshi et al., 2018). A comparison of these two genome assemblies 

to one another revealed major discrepancies. These differences may be attributed to the source of 

the animals used for the assembly. It is important to note that unpublished research by the 
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WorldFish Center and affiliated researchers has indicated that the AS is not pure O. niloticus, but 

has hybridized with blue tilapia, O. aureus (Grobler, 2017). This, in addition to the assembly 

discrepancies, illustrates the importance of strain specific linkage maps and genome assembles.  

The present study found that population-based linkage mapping using small, two generational 

families is a viable method for map construction. This method required the creation of unique 

sex average, male and female maps which resulted in differences in the size of each map and the 

markers that were mapped. Despite the high number of unique markers that had the potential to 

affect marker placement, there was high correlation between marker placements across all three 

maps (sex average, female, and male). Additionally, all maps had high concordance with the 

marker groupings and orders within the Orenil 1.1 (NCBI, 2017) genome assembly for Nile 

tilapia. Such accuracy indicates strong potential for this method to be utilized in other species 

which may be limited by family size, either through life histories, sampling constraints, or 

unforeseen challenges (including, but not limited to, funding and sampling limitations due to 

pedigree errors).  

Although small family sizes also limited QTL detection power, QTLs were still identified within 

the AS. A comparison of putative sex QTLs (in this case, those regions which were identified as 

significant in both families in QTL analysis) and GWAS results were found to be in agreement 

with one another with regions in LG 23 associated with sex determination in O. niloticus (sex 

average map: 0-93.8 cM; female map: 36.5-108.8 cM; and male map: 0-38.9 cM) supported by 

both QTL and GWAS analysis across all maps and believed to be associated with a major QTL 

segregating with sex. These results agree with previous studies which found LG 23 (annotated to 

the Orenil1.1 genome assembly or the O_niloticus_UMD_NMBU genome assembly, with both 

assemblies anchored using the same NCBI RefSeq automated eukaryotic genome annotation 
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pipeline) to be strongly linked to sex determination (Cáceres et al, 2019, Joshi et al., 2018, 

Palaiokostas et al., 2015). Segregation by sex for all nine markers identified in GWAS studies 

did not find any fixed alleles, although allele frequencies did vary substantially between males 

and females. Three markers in particular, 11396584, 11393271 and 11388221, had the clearest 

distinction in segregation and had the highest significance in GWAS values.  

Though sex determination is considered to be a conserved trait in many organisms, this is not the 

case in teleost fishes, like tilapia, where both genetics and environment can trigger the 

mechanisms underlying sex determination (Mank and Avise, 2009, Nivelle et al., 2019). The 

leading idea for O. niloticus is that it embodies sex determination system of a heterogametic 

male (XY) and homogametic female (XX) (Mair et al., 1991). However, there is evidence that O. 

niloticus may have a polygenic sex determining system, in which sex determining loci are 

located on autosomes in addition to sex chromosomes (Baroiller et al., 2009, Baroiller et al., 

1995, Wessels et al., 2014). This system is made more complex as morphological differences are 

absent between X and Y chromosomes in Nile tilapia (Campos-Ramos et al., 2001, Carrasco et 

al., 1999, Lee et al., 2004) and environmental factors, like temperature, have been shown to 

override the genetic sex determining system (Baroiller et al., 2009, Baroiller et al., 1995, Wessels 

et al., 2017).  

To date, no study-including the present study-has clearly assigned a linkage group to the sex 

chromosomes for Nile tilapia (Cáceres et al., 2019, Conte et al., 2017, Eshel et al., 2012, Eshel et 

al., 2011, Lee et al., 2003, Palaiokostas et al., 2015). The strongest regions associated with sex in 

the AS were detected in LG 23, agreeing with a study conducted on the GIFT strain, a line also 

established using Egyptian stock annotated to the Orenil1.1 genome assembly (Grobler, 2017). 

Suggestive and putative QTLs associated with sex were also identified in five other linkage 
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groups, indicating that O. niloticus may exhibit a more complex sex-determining system 

(Khanam, 2017). This may be in part because the XY chromosomes are still in the early stages of 

differentiation with no strong morphological differences in any chromosome pair that would 

identify the X and Y chromosomes (Campos-Ramos et al., 2001, Carrasco et al., 1999, Lee et al., 

2004). In organisms with X and Y heterogametic sex determination, parts, if recombination halts 

in the Y chromosome, this can eventually result in the evolution of a smaller Y chromosome due 

to genetic degeneration (Bergero and Charlesworth, 2009). However, direct comparisons 

between sexes were made difficult as unique maps were created for male and female lines in this 

study. It should be noted that recombination rates varied greatly between male and female maps 

for LG 23, LG 10, and LG 22. In particular, the male map had lower recombination rates and a 

shorter length for LG 23 compared to the female map, LG 22 only had enough informative 

meiotic events to map in the female map, and LG 10 only had enough informative meiotic events 

to map in the male map. It is suggested that these three LGs, particularly LG 23 as it has shown 

evidence of being associated with sex, be examined further as candidates for the XY 

chromosome.     

The putative sex QTL region identified in LG 12 of the sex average map, and the suggested sex 

QTLs in LG 14 (all three maps) and LG 19 (female map) are novel for Nile tilapia. Based on 

genome annotation, previous studies have only identified LG 1 (Conte et al., 2017, Eshel et al., 

2011, Palaiokostas et al., 2015), LG 2 (Eshel et al., 2011), LG 3 (Eshel et al., 2011, Palaiokostas 

et al., 2015), LG 6 (Eshel et al., 2011), LG 8  (Lee et al., 2003) and LG 20 (Palaiokostas et al., 

2015), in addition to LG 23, as containing QTLs associated with sex. Of these linkage groups, 

LGs 3 (female map) and 8 (sex average, female, and male maps) were found to have suggested 

QTLs, with only one family exhibiting the association, in this study.  
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The intricate sex determining system of O. niloticus is further complicated by Nile tilapia’s 

readiness to hybridize with other tilapia species (D’Amato et al., 2007, Deines et al., 2014, 

Lovshin, 1982, Meier et al., 2019). This includes O. aureus which is thought to have a ZW sex 

determining system (Campos-Ramos et al., 2001). This is of high relevance for the AS which is 

estimated to be comprised of 90% O. niloticus genetic material and 10% O. aureus (Grobler, 

2017). A suggestive QTL was identified on LG 14, which in another study has been shown to 

affect the interspecific interaction in reproduction between these two species (Shirak et al., 

2019). Additionally, LG 3 has been associated to sex determination in both O. niloticus and O. 

aureus (Eshel et al., 2011, Lee et al., 2004, Palaiokostas et al., 2015) and was hypothesized as a 

potential LG of interest in relations to sex determination in the AS by a previous study due to the 

AS’s hybridization with O. aureus (Grobler, 2017). Considering that sex determination may be 

polygenic in tilapia species and the substantial variation in results in previous studies, it is 

feasible that the novel putative QTL identified in LG 12 along with the suggestive QTL in LG 19 

are associated with sex determination either in O. aureus, or in the reproductive interaction 

between O. niloticus and O. aureus. However, to unravel its significance and whether it is truly 

associated with O. aureus, additional and more targeted experimentations are required.  

No putative markers or genome regions were associated with weight at harvest; however, a total 

of 16 linkage groups were identified with suggested QTLs. Previous studies on Nile tilapia and 

tilapia species have associated LG 1, LG 3, LG 7, LG 10 (Liu et al., 2014), LG 12 (Lin et al., 

2016), LG 13, LG 19 (Liu et al., 2014) , LG 20, and LG 22 (Lin et al., 2016) to weight, 

suggesting that weight is a polygenic trait and likely varies between families, populations, and 

species (Lin et al., 2016). This is supported by data from other tilapia species which have 

indicated that growth rate is a polygenic trait (Cnaani et al., 2004). Furthermore, similar to this 
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study where only six of the ten linkage groups identified with weight QTLs observed across our 

three maps, the majority of weight QTLs in previous studies have been shown to be sex-specific 

(Liu et al., 2014). The novel linkage groups associated with weight QTLs (LG 2, LG 3, LG 8, 

LG 13, LG 14, and LG 18) may be attributed to either the O. aureus genome or the interaction 

between the combination of the O. niloticus and O. aureus genomes.  However, to date, there 

have been relatively few studies on weight QTLs in purebred Nile tilapia, blue tilapia, and Nile 

tilapia x blue tilapia hybrids, and weight should be examined more closely in these species to 

better understand both the effects of hybridization and selective breeding on this trait of 

commercial interest on the genome.   

Typically, O. niloticus grows to a larger size than O. aureus; however, first generation hybrids of 

O. niloticus x O. aureus outperform both of their purebred parents in regards to final harvest 

weight (El-Hawarry, 2012). As 10% of the AS genome is estimated to be derived from O. aureus 

and the remaining 90% from the intended O. niloticus (Grobler, 2017), it is unknown what the 

long-term genetic consequences of the initial hybridization event(s) are. With other hybrid 

examples that initially exhibited hybrid vigor, it was lost in subsequent generations due to a loss 

of heterogeneity (Johansen‐Morris and Latta, 2006). It is feasible, that the incorporation of the O. 

aureus genome into the AS may also explain the modest genetic gain (3.8-7.0%; Rezk et al., 

2009) recorded within the AS compared to other purebred Nile tilapia selection lines (7.1-15.0%; 

Eknath and Acosta, 1998, Ponzoni et al., 2011). To determine if this hybridization has influenced 

genetic gain in the AS, more targeted studies are required.   

3.5 Conclusions 

Breeding programs have become an integral methodology to improve production in aquaculture 

species. In cases such as Nile Tilapia, with numerous selective breeding programs and the ability 
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to hybridize with other tilapia species, it is important to produce strain specific linkage maps to 

improve accuracy in subsequent QTL and GWAS analyses. In addition to demonstrating the 

importance of strain specific maps, the feasibility of using population-based linkage mapping 

constructed with regression models as an alternative to family-based linkage mapping was 

shown, particularly when a reference genome is available. Such techniques have implications for 

non-model species, particularly where fewer offspring are available, or in cases where sampling 

is not ideal. This study identified putative QTLs segregating with sex; including, LG 23 which 

was validated using both QTL and GWAS and agreed with previous studies, and a novel 

association with LG 12 based on QTLs. The suggested QTL in LG 14 may be associated with 

reproduction and sex determination as a result of hybridization between O. niloticus (XY) and O. 

aureus (ZW). This illustrates the complexity of sex determining systems in tilapia species and 

the need for more studies to be conducted to understand the effects of hybridization on the 

genome. Given that weight is a polygenic trait in Nile tilapia and that no putative QTL or GWAS 

regions were associated with weight within this study, marker assisted selection for weight is not 

currently feasible for the AS; however, genomic selection may be viable. Selective breeding in 

aquaculture is a field that is moving rapidly. Results presented here are integral to ongoing 

studies investigating potential genetic selective breeding avenues for Nile tilapia which may 

include the identification of additional associations that better explain the phenotypic variance of 

trait/s, and help industry move towards genomic selection.  
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CHAPTER 4: COMPARING GENOMIC 
SIGNATURES OF SELECTION BETWEEN THE 
ABBASSA STRAIN AND EIGHT WILD 
POPUALTIONS OF NILE TILAPIA (Oreochromis 
niloticus) IN EGYPT 
 

4.1 Introduction  

As aquaculture production continues to increase, so do the number of species undergoing 

domestication (currently estimated at 598 species; FAO, 2018), where domestication is defined 

here as the adaptation of an organism from the wild to a captive environment (Price, 1984). 

These adaptations can be a combination of genetic changes that occur over generations through 

selective breeding for desirable traits like size (Argue et al., 2002, Eknath and Acosta, 1998), 

disease resistance (Moss et al., 2012, Robinson and Hayes, 2008) and color (Hossain et al., 2011, 

Wan et al., 2017), but also include adjustments to a captive environment, such as reduced 

antipredator behaviors and aggression (Johnsson et al., 1996, Robinson and Hayes, 2008).  

The four main genetic processes that affect animals during domestication are founder effects, 

selection, genetic drift, and inbreeding (Andueza-Noh et al., 2015, Clutton‐Brock, 1992, 

Ladizinsky, 1985, Mignon-Grasteau et al., 2005, Ollivier, 2002); however, the extent of their 

effects on the genome can vary. In general, the consequences of inbreeding and genetic drift are 

widespread and can be observed throughout the genome, whereas selection tends to act 

differentially across the genome depending on the genetic architecture of the trait (Burke et al., 

2005). These micro-evolutionary processes need to be taken into consideration when trying to 

identify how an organism’s genome is being affected by domestication.  
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One way to understand the genetic consequences of domestication and to identify signatures of 

selection is to compare population genetic metrics between captive and wild populations (López 

et al., 2019, Simmons et al., 2006). Recent advances in high-throughput whole genome 

sequencing has enabled the cost-effective development of genome-wide markers for many non-

model species. Such technological developments have enabled researchers to not only harness 

increased power in identifying the extent to which genetic processes like selection, genetic drift, 

and inbreeding affect a genome, but also identify specific regions of the genome that have 

responded to such processes (Carter et al., 2008, López et al., 2019, Scandura et al., 2011). 

Evaluating the genetic differences between wild and domestic populations can therefore also 

help determine genomic regions associated with domestication and desirable market traits, 

identify wild populations that exhibit these traits, identify local adaptations in wild populations, 

and detect escapees and their potential impact on local populations. 

In 2002, the Abbassa strain (AS) of Nile tilapia (Oreochromis niloticus) was initiated by the 

WorldFish Center in an effort to increase aquaculture production of this species in Egypt 

(Ibrahim et al., 2013, Rezk et al., 2009). Its purpose was to provide a genetically diverse 

population based on the local strain of Nile tilapia that could be selectively improved for growth. 

Subsequently, the AS was created from four Egyptian populations (three wild: Zawia, Abbassa, 

and Aswan; one hatchery: Maryout). The production of AS is currently restricted to the Nile 

Delta; however, WorldFish and the Egyptian government plan to disseminate the AS line 

throughout Egypt.  

To date, genetic diversity studies have found that wild Nile tilapia populations have evidence for 

sub-structuring in Egypt, particularly between populations in the Nile delta in Upper Egypt 

compared with populations in the Lower Egyptian portion of the Nile River (Hassanien and 
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Gilbey, 2005, Hassanien et al., 2004). However, due to the age of the studies, possible 

translocations and the availability of improved genetic technologies, updated investigations into 

the genetic structure of these populations using high density, genome-wide markers are required 

to determine the current status of wild population structuring.  

This study investigated the genetic diversity, population genetic structure, and evidence for 

signatures of selection related to domestication in the AS compared to wild Egyptian Nile 

populations. This information can then be used to understand the impact disseminating the AS 

may have on wild stocks, as well as understand if targeted breeding in the AS has resulted in 

signatures that may be indicative of domestication. 

4.2 Material and Methods 

4.2.1 Sampling and DNA Extraction  

4.2.1.1 Wild Population Sampling 

Fin clips from 400 Nile tilapia were collected from eight wild populations (Aswan, n = 50; 

Manzala Lagoon, n = 50; Kanata, n = 50; Lake Idku, n = 50;Damietta, n = 50; Lake Brulus, n = 

50; Rosetta, n = 50; and Asyut, n = 50) along the Nile River, Egypt. Of these, Aswan was one of 

the four sites from which individuals were sampled to create the domesticated Abbassa Strain in 

2002. The samples for an individual location were obtained over a distance of approximately 1 to 

175 km. Fin clips were taken from fish obtained directly from commercial fishing boats. Samples 

were preserved in 70% ethanol and submitted to Diversity Arrays Technology (DArT) in 

Canberra, Australia, for DNA extraction and high throughput genotyping by sequencing using 

proprietary DArTseqTM technology (https://www.diversityarrays.com). To obtain purified DNA, 
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extractions were conducted using commercially available extraction kits (Promega, Qiagen; Lind 

et al., 2017). 

4.2.1.2 Abbassa Strain Population Sampling 

Fin clips from 486 samples were collected from generations 9-11 of the AS [121 individuals 

from generation 9 (G9); 216 individuals from generation 10 (G10); and 146 individuals from 

generation 11 (G11)]. DNA extractions and genotyping were conducted by Diversity Arrays 

Technology (DArT) as described in Lind et al. (2017). 

4.2.2 Library Preparation and Sequencing  

DNA extractions and genotyping were conducted by Diversity Arrays Technology as described 

in Lind et al. (2017) and in Chapter 2. To ensure complete digestion and a uniform range of 

fragment sizes, all samples were checked using an agarose gel. Any samples which displayed 

downshifted bands after digestion during DArTseq library preparation were removed. These 

downshifted samples exhibited a lower amplicon range than expected when compared to other 

samples and are not ideal for a consistent genotype assay. A total of eight downshifted samples 

were not included within the sequencing effort. Additionally, a minimum of 15% random 

technical were included in all genotyping batches for quality control.  

4.2.3 Quality Control and Initial SNP Calling  

DArT’s proprietary marker calling algorithm DArTsoft14 was used to call SNPs (Lind et al., 

2017), implemented in the KDCompute framework (http://www.kddart.org/kdcompute.html). 

Samples from wild locations were then co-analyzed by DArT alongside 483 samples from three 

generations of the AS, which had already been processed using DArTseqTM technology as part of 

a previous experiment (Nayfa et al., 2020). 
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A total of 19,505 SNP markers were identified across all 875 samples and were filtered using a 

custom Python script adapted from DartQC (https://github.com/esteinig/dartqc) and CD-HIT-

EST (Li and Godzik, 2006). Briefly, samples with greater than 50% missing data were removed 

from the dataset and individual genotypes calls made with fewer than five reads were silenced. 

Genotypes with a count comparison, or the comparison of read counts between REF and SNP 

alleles, were silenced if they fell between 0.05 and 0.1, where < 0.05 is considered to be 

homozygous and > 0.1 is considered to be heterozygous (https://github.com/esteinig/dartqc). 

SNPs were then filtered if they had an average replication statistic of less than 90%, a call rate 

less than 50%, and a minor allele frequency (MAF) of less than 1% in at least one population. 

The clone ID sequences from which SNPs were called and clustered together at 95% similarity 

using CD-HIT-EST (Li and Godzik, 2006). Within each cluster, the SNP with the highest minor 

allele frequency (MAF) was retained to ensure a more even representation of the genome. A total 

of 9,827 high quality SNPs and 821 samples (90.9% of collected samples) were retained for all 

downstream analyses. 

4.2.4 Population Structure  

4.2.4.1 Broad Scale Population Structure  

To determine broad-scale population differentiation across the eight wild locations and three 

generations of the AS, two separate clustering models (the allele frequencies correlated model 

and the allele frequencies independent model) were utilized within a Bayesian cluster population 

structure analysis in STRUCTURE 2.3.4 (Falush et al., 2003, Falush et al., 2007, Hubisz et al., 

2009, Pritchard et al., 2000). In order to avoid inappropriate clustering due to K being set too 

small, K was set from 1 to 12, so that the maximum clustering possible was larger than the 

number of putative populations (Kalinowski, 2011). Three repeat runs were performed for each 

https://github.com/esteinig/dartqc
https://github.com/esteinig/dartqc
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K (1-12), with a burn-in period of 5,000 iterations followed by 50,000 final iterations using the 

admixture model and no prior probabilities for cluster membership. Both clustering models 

yielded near identical results. The optimal number of population clusters, K, was determined 

using an ad hoc statistic Delta K (∆K). ∆K is the degree of change in the log probability of data 

between successive K values, which was calculated using Structure Harvester (Earl and 

vonHoldt, 2012, Evanno et al., 2005). To ensure that any structuring observed in the wild 

populations was not biased by the inclusion of individuals from a domesticated line, analyses 

with the same parameters were repeated on only the eight native sampling locations testing a K 

of 1 to 9.  

4.2.4.2 Fine Scale Population Structure  

Fine-scale population genetic structuring across all eight wild sampling locations and the three 

AS generations was assessed using pairwise relationships based on identity-by-state (IBS) 

distance calculated in Plink v.1.9 (Purcell and Chang, 2017, Purcell et al., 2007). These 

relationships were then visualized using mutual k-nearest neighbor graphs in the NETVIEW 

pipeline v.1.1 at kNN values between 1 and 100 (Neuditschko et al., 2012, Steinig et al., 2016).   

To test if any identified genetic structuring followed an isolation-by-distance model of 

population divergence, Mantel’s test for correlation between genetic distance (Fst) and physical 

distance (m) was conducted in the R package adegenet using 10,000 permutations in the 

mantel.randtest function (Jombart, 2008, Jombart and Ahmed, 2011). Genetic distance was 

calculated using a Euclidean method based on Angular distance in the adegenet function 

dist.genpop (Jombart, 2008, Jombart and Ahmed, 2011). Geographic distances were calculated 

based on the shortest distance between two point according to the ‘Vicenty (ellipsoid)’ method 

calculated using the R package geosphere (Hijmans et al., 2017). 
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4.2.5 Signatures of Selection 

4.2.5.1 Population Outlier Analysis  

To identify outliers (including loci which are being influenced by selective processes), two 

independent methods were utilized: Arlequin 3.5.2.2 (Excoffier and Lischer, 2010) and 

BayeScan 2.1 (Foll, 2012, Foll and Gaggiotti, 2008). For comparisons between the two groups 

(wild Nile tilapia and the domesticated AS Nile tilapia), only those candidate outliers that were 

jointly identified between programs were categorized as putative outliers. Outlier analyses within 

Arlequin 3.5.2.2 were based on a hierarchical island model with 20,000 simulations, 50 

simulated groups, and 100 demes simulated per group (Excoffier and Lischer, 2010). AMOVA 

computations were conducted using a pairwise difference method with no Gamma correction 

(Excoffier and Lischer, 2010).  

Outlier analyses within BayeScan 2.1 were based on a neutral model with 1:10 prior odds, 20 

pilot runs consisting of 5,000 iterations each, followed by 100,000 iterations with a burn-in-

length of 50,000 iterations as recommended by Foll (2012). To establish whether a neutral or 

selection model was in effect for each SNP the ratio of posterior probabilities, Bayes factors (BF) 

were calculated. A Jeffrey’s interpretation of “strong” BF (p-value ≤ 0.05) to “decisive” BF (p-

value-≤ 0.01) was then utilized to identify outliers and ascertain which model the posterior odds 

favored (Foll, 2012). For markers which fell under a selection model, positive alpha values were 

then used to identify markers that were under diversifying or directional selection, whereas 

negative alpha values were used to identify those markers under background, or balancing, 

selection (Foll, 2012). For pairwise comparisons of populations, only BayeScan was used since 

1) the hierarchical method utilized in Arlequin required the use of multiple populations per 
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grouping which was not present in the current data, and 2) the majority of outliers in genetic 

clusters identified by BayeScan were also identified by Arlequin 3.5.2.2 (approximately 70%). 

To test for the normality of markers, quantile-quantile plots (QQ-plots) with a 95% confidence 

interval were constructed in the R package GWASTools v. 3.1 (Gogarten et al., 2012) for the full 

marker set, as well as the neutral marker sets (Gondro et al., 2013, Hayes, 2013). To validate the 

outlier selection criteria selected (i.e. markers jointly identified by both BayeScan and Arlequin), 

QQ-plots using the two different neutral marker sets (one with all identified outliers removed and 

one with only jointly identified outliers removed) were created. How well the data fitted the 

assumption of normality was then compared between both datasets, and only those jointly 

identified were retained. Comparison of these datasets allowed the validity of identified outliers 

to be established.  

4.2.5.2 Genomic Regions Under Selection  

Raw clone sequences from which SNPs were identified during the DArTseq process were 

annotated to the available genome assembly for Oreochromis niloticus (GenBank Assembly 

Accession: GCA_00188235.2; Orenil1.1) using a custom Perl script based on NCBI CGI 

BLAST interface with a 70% minimum sequence identity (Heller-Uszynska et al., 2011). The 

Orenil1.1 genome assembly was used instead of the more recent O_niloticus_UMD_NMBU 

assembly as it was in greater agreement with the linkage maps created for the Abbassa Strain 

(Chapter 3). In order to detect genomic regions under selection and determine the significance of 

outliers Manhattan plots were created using qqman v 0.1.4 in R v 3.5.2 (R Core Team, 2018, 

Turner, 2014).  

4.2.6 Population Diversity Statistics  
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To determine the amount of genetic diversity within each sampled population (wild and AS), 

observed (Ho) and expected (He) heterozygosity in addition to the number of polymorphic 

markers within a population were calculated in ARLEQUIN 3.5 (Excoffier and Lischer, 2010). 

Heterozygosity and the number of polymorphic markers were examined across scenarios with 

different amounts of missing data (all markers; 5% missing allowed per SNP within individual 

populations; and 50%, 25%, and 5% missing allowed per SNP across the entire dataset). 

Additionally, average multi-locus heterozygosity (MLH) for each population was computed 

using the R package inbreedR (Stoffel et al., 2016). Private SNPs per population were calculated 

using the R package PopGenKit v.1.0 (Paquette and Paquette, 2011). To determine the level of 

differentiation amongst populations, pairwise and global Fst values were calculated in 

ARLEQUIN 3.5 (Excoffier and Lischer, 2010). Levels of inbreeding per sampling location and 

time point were examined using the inbreeding coefficient (Fis) calculated in ARLEQUIN 3.5 

using 1,000 permutations (Excoffier and Lischer, 2010). Hardy-Weinberg equilibrium (HWE) 

was calculated in ARLEQIUN 3.5 using 1,000,000 Markov chain steps and 100,000 

dememorization steps (Excoffier and Lischer, 2010, Waples, 2014). Effective population size in 

each native location was calculated using the linkage disequilibrium method (LDNe) in 

NeEstimator V2.01 (Do et al., 2014). 

 

 

4.3 Results  

4.3.1 Population Structure Analysis  

4.3.1.1 Broad Scale Population Structuring 
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The ad hoc ∆K statistic indicated evidence for two major genetic clusters within the dataset 

(Appendix 10). This distinction was supported by STRUCTURE admixture analysis whereby the 

domesticated AS generations formed one genetic cluster and the eight wild populations 

comprised the second cluster (Fig. 4.1 and Appendix 10). With a K of two, the admixture model 

used in STRUCTURE assumes that each individual has ancestry from only one or both of these 

genetically distinct clusters (Lawson et al., 2018). Given this, every individual from the AS 

shares genetic material with the wild Nile tilapia. This is reflected in the minimal population 

structuring identified between AS and wild sampling locations identified by pairwise Fst values 

(Fst = -0.008-0.058; Appendix 11). The largest genetic distance was observed between the two 

most southern wild sampling locations (Asyut and Aswan) and the AS (Fst = 0.045-0.058; 

Appendix 11).  

Within the wild sampling locations, one individual from Rosetta was found which was more 

closely related to the AS than to the wild genetic cluster (Fig. 4.1). There are two individuals 

from Damietta, two individuals from Kanater, and one individual from Aswan which also had a 

higher proportion of shared ancestry with the AS than expected based on the other individuals in 

the wild genetic cluster (Fig. 4.1).     
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Fig. 4.21 Broad-Scale Population Structure. Structure plot of the three AS generations and the eight wild sampling locations at ∆K = 2. The wild 
sampling locations are ordered via geographical distance order.
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When the eight wild locations were examined separately, the ∆K statistic identified a total of four 

weakly separated genetic clusters (Fig. 4.2; Appendix 12). While each sampled location showed 

evidence of all four genetic clusters within them, the proportion of these genetic clusters changed 

along the northern to southern gradient of the Nile River. The two most southern populations 

(Asyut and Aswan) exhibited the greatest difference in admixture ratios compared to Lake Idku, 

Rosetta, Lake Brulus, Damietta and Manzala Lagoon (Fig. 4.2). Kanter displayed the largest shift 

between the northern and southern sampling locations (Fig. 4.2). This was supported by pairwise 

Fst values which revealed no subpopulation structuring amongst the wild populations. The 

greatest Fst was between the northernmost population (Lake Brulus) and the southernmost 

population (Aswan; Fst = 0.021; Appendix 11). 

Individuals showing an independent genetic cluster (green) in Fig. 4.2 were the same as 

individuals which displayed a greater association with the AS in Fig.4.1. This pattern suggests 

these individuals are possibly escapees (Rosetta) or subsequent offspring (Kanater, Damietta, 

and Aswan) of the AS. 
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Fig. 4.22 Broad-Scale Population Structure. Structure plot of the eight wild sampling locations along a geographical gradient down the Nile River, 
Egypt at ∆K = 4. 
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4.3.1.2 Fine-Scale Population Structuring  

Mutual k-nearest neighbor analyses conducted in NetView pipeline v.1.1 to determine fine-scale 

population structuring exhibited a similar pattern to the STRUCTURE admixture analysis. The 

three generations of the AS form a distinct genetic cluster separate from the eight wild sampling 

locations, whilst the wild populations exhibit evidence of isolation-by-distance (Fig. 4.3; Fig. 

4.4). The two most southern populations (Asyut and Aswan) are distinguishable from the 

populations further north and form a smaller, separate cluster (Fig. 4.4). However, a few 

individuals from these southern locations intermingled with northern samples indicated that there 

is still gene flow present between these populations (Fig. 4.3). There is a single sample from 

Damietta which clustered with the AS. Since Damietta is in close geographical proximity to the 

farm, it is conceivable that this individual is an escapee from the AS program (Fig. 4.3). 

Additionally, two individuals from the southernmost Aswan population formed a third 

clustering: indicating, that populations from further south in the Nile River and connecting 

waterways and lakes may exhibit greater variation amongst populations or include hybridized 

individuals (Fig. 4.3).  
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Fig. 4.23 Fine-Scale Population Structuring. A) Map of sampling locations along the Nile River in Egypt.  B) Population clustering of all 
populations using an identity-by-state matrix constructed using the NETVIEW v1.1 pipeline at kNN = 20.  
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Fig. 24.4 Isolation-by-Distance. A heatmap comparing genetic relatedness (Fst) between two populations to their geographical distance (km) from 
one another. The heat map runs on a scale of red (higher relatedness) to blue (lower relatedness).
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4.3.3 Signatures of Selection  

QQ-plots examining the entire marker set revealed that the data violated the assumption of 

normality, indicating the presence of outliers (Appendix 13). A total of 674 outliers were jointly 

identified by both BayeScan and Arlequin between wild and domestic genetic clusters (Table 

4.1). These outliers were confirmed by re-examining normality of the data using QQ-plots when 

the identified outliers were removed. QQ-plots revealed that the data conformed more to the 

assumption of normality than previously; however, there were likely still unidentified outliers in 

the dataset (Appendix 13). When all outliers identified by either BayeScan or Arlequin were 

removed from the dataset, they did not conform to the assumption of normality, indicating that 

those outliers identified by only one program were unlikely to be true outliers (Appendix 13). 

This confirmed the decision to utilize only jointly identified markers by both BayeScan and 

Arlequin when multiple sampling sites constituted a population (i.e. domestic or wild genetic 

clusters).  

The greatest number of outliers (674) was found between the two genetic clusters identified 

using broad-scale population structuring analysis (Table 4.1; Fig. 4.1). Of those outliers 187 had 

negative alpha values in BayeScan and are under balancing selective forces, whereas the 

remaining 487 outliers had positive alpha values indicating directional selection. On average, 

pairwise comparisons of either Asyut or Lake Brulus to domestic populations (G9-11) yielded 

the greatest number of outliers (10-13; Table 4.1). The five wild populations which are most 

closely located in the Nile Delta (Rosetta, Lake Brulus, Damietta, Manzala Lagoon, and Kanater) 

had the fewest identified outliers (zero-three) when compared pairwise amongst themselves 

(Table 4.1). Regarding the pairwise comparisons of wild populations, Asyut vs. Rosetta had the 

greatest number of outliers (11) followed by Asyut vs Damietta (4; Table 4.1).   
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Outliers accounted for approximately 6.9% of the entire SNP marker set, with balancing outliers 

accounting for approximately 1.9% of the entire marker set and diversifying outliers accounting 

for approximately 5.0%. Diversifying outliers accounted for 72.3% of all identified outliers, 

whereas balancing outliers accounted for 27.7% (Digital Supplementary Material 2). Of the 674 

identified outliers, 493 mapped back to the Orenil1.1 genome (Digital Supplementary Material 

2). Every chromosome in O. niloticus had both directional and balancing outliers present, with 

the number of outliers per chromosome ranging from 9-61 (Digital Supplementary Material 2).  

A total of 193 outliers could be placed on the linkage map created in Chapter 3, with outliers 

mapping to five of the six QTL regions associated with sex and thirteen of the sixteen QTL 

regions associated with weight in at least one linkage map (Appendix 14).   
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Table 4.8 Pairwise Outlier Analysis All directional and balancing outlier loci identified. Outliers detected between the identified broadscale 
populations (i.e. Wild and Domestic) are those that were jointly identified by both BayeScan and Arlequin. Outliers detected between pairwise 
comparisons of sampled locations and AS generations are those detected by BayeScan, the more conservative of the two programs utilized for 
analysis.  

 
Gen 
10 

Gen 
11 

Lake 
Idku 

Rosetta Lake 
Brulus 

Damietta Manzala 
Lagoon 

Kanater Asyut Aswan Wild 

Gen 9 0 11 5 3 11 4 6 6 13 6  

Gen 10 
 

14 6 6 13 3 5 4 11 5  

Gen 11 
  

2 4 13 5 5 4 10 1  

Lake Idku 
   

0 0 0 0 0 1 0  

Rosetta 
    

2 0 0 0 11 2  

Lake Brulus 
     

0 3 1 0 1  

Damietta 
      

1 0 4 0  

Manzala 
Lagoon 

      
0 3 0  

Kanater 
        

1 1  

Asyut 
         

3  

Domestic           674 
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4.3.4 Population Genetic Diversity  

The estimated effective population size for the AS ranged between 14.8-48.6 per generation, 

with only approximately 20-81% of each generation’s breeding population genotyped (Table 4.2; 

Nayfa et al., 2020). Wild populations ranged from 30.5-infinite, with infinite being indicative of 

an infinite-sized ideal population and is taken to be an extremely high and positive value (Table 

4.2; Jones et al., 2016). Despite these variations in effective population size, Fis values were all 

non-significant and negative in all AS generations and wild populations (Appendix 15). The 

proportion of SNPs that deviated from HWE in domestic populations were 2.8-14.6 times more 

frequent than in wild populations (Appendix 15).  

Overall, the domestic population genetic cluster had higher expected heterozygosity (He), 

observed heterozygosity (Ho), multilocus heterozygosity (MLH), minor allele frequencies (MAF) 

and polymorphic loci than the wild genetic cluster when all, neutral, or directional markers were 

taken into consideration (Table 4.2). The greatest difference among populations and genetic 

clusters was observed when directional outlier markers were examined. When AS generations 

and wild population were individually considered, levels of both Ho and He for all and neutral 

markers were similar. In most instances, wild sampling locations (except Ho: Rosetta and 

Damietta and He: Rosetta, Damietta, and Kanater) had higher levels of heterozygosity than 

individual AS generations (Table 4.2). Rosetta had the lowest observed heterozygosity (Ho_All = 

0.181, Ho_Neutral = 0.180. and Ho_Directional = 0.154) and expected heterozygosity (He_All = 0.212, 

He_Neutral = 0.210, and He_Directional = 0.214) in these three marker sets (Table 4.2).  

The domestic populations, considered as a whole genetic cluster and individually, had a higher 

MLH overall than wild populations across three marker subsets (All, Neutral, and Directional; 

Table 4.2). Manzala Lagoon had the lowest MLH in all three marker sets (MLHAll = 0.145, 
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MLHNeutral = 0.130, and MLHDirectional = 0.151; Table 4.1). However, when only balancing outlier 

markers were analyzed, genetic diversity indices for all populations and genetic clusters were 

similar to one another (Table 4.2).   

The number of polymorphic loci per population ranged between 5,995-9,291 loci (61.0-94.5%), 

with domestic populations having 24.8% more polymorphic loci on average than the wild 

populations when all markers were considered (Table 4.2). A total of 565 private SNPs were 

identified within the domestic genetic cluster, while no private SNPs were identified within the 

wild genetic cluster. 

As the number of polymorphic loci varied greatly between domestic and wild populations, the 

effect of missing data on genetic diversity indices was also examined (Appendix 16). Markers 

with less than 50%, 25%, and 5% missingness in all samples were tested as well as markers with 

a maximum of 5% missingness within a single population. As the percentage of missingness 

allowed per SNP decreased, the number of markers that passed this quality control measure also 

decreased. The number of polymorphic markers decreased from 61-95% when all markers were 

included to 44-67% when 50% missing data was allowed (Appendix 16). The percentage of 

polymorphic markers was similar between 25% missing data (29-44%) and 5% missing data per 

population (27-48%; Appendix 16).  

In general, as the proportion of missing data allowed decreased, the number of polymorphic loci 

also decreased and estimates of observed and expected heterozygosity remained similar (±0.01)  

or decreased, with the exception of Rosetta at 25% missing data (Appendix 16). The marker set 

with only a total of 5% missingness per population allowed had the lowest number of 

polymorphic markers (8.5-16.4%), Ho, and He (Appendix 16). In population groupings with a 

larger number of individuals sampled (121-470 samples), heterozygosity estimates were less 
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affected and patterns remained more consistent than in groupings with fewer sampled individuals 

(28-50 samples; Appendix 16). Rosetta (48 samples), Asyut (33 samples), and Aswan (20 

samples) showed the greatest variability among marker subsets (Table 4.2; Appendix 16).  
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Table 4.9 Genetic diversity indices calculated using all SNPs and subsets of SNPs (neutral markers, directional outlier markers, and balancing 
outlier markers). The estimated effective population size for each sampling location and/or timepoint calculated using linkage disequilibrium. 
Reported lower bound and upper bound numbers reflect a 95% confidence interval calculated using the jackknife method, a non-parametric 
method at a minimum allele frequency of 0.05. The average observed heterozygosity (Ho), expected heterozygosity (He), multilocus heterozygosity 
(MLH), minor allele frequency (MAF), and the number of polymorphic loci per sampling location and per STRUCTURE population designation 
(K = 2; domestic genetic cluster, wild genetic cluster).   
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4.4 Discussion 

This study used genome-wide SNP markers to 1) investigate population genetic structure 2) 

detect signatures of selection in three generations of the AS and eight wild populations of Nile 

tilapia (O. niloticus; Aswan, Manzala Lagoon, Kanater, Lake Idku, Damietta, Lake Brulus, 

Rosetta, and Asyut) throughout the Nile River, Egypt, and 3) audit genetic diversity in the AS 

and wild populations.  

Clear population genetic structuring was observed indicating that the domesticated AS genetic 

cluster has become genetically distinct from the wild genetic cluster in Egypt. The genetic 

distinction between the AS and wild populations is likely due to the initial bottleneck created by 

a small founding population, genetic drift and the subsequent selection for faster growth rates, 

larger sizes, and domestication within this limited population. This clear separation between wild 

and domestic populations has also been observed in Atlantic Salmon, Salmo salar (Gutierrez et 

al., 2016) and gilthead sea bream, Sparus aurata (Cossu et al., 2019). The effects of the 

bottleneck created by the small founding population for AS can be observed in the smaller 

effective population size (max 48.6) of the domesticated AS in comparison to the wild effective 

population size (max ‘infinite’). Similar results have been seen in other aquaculture species, like 

Atlantic Salmon, Salmo salar  (Domestic Ne 33-125, Wild Ne = 50- >20,000; Bentsen and 

Thodesen, 2005), Pacific oyster, Crassostrea gigas (Domestic Ne = 47.6-58.5, Wild Ne= 527.9-

infinite; Zhong et al., 2017), and gilthead sea bream, Sparus aurata ( Domestic Ne = 21-111, 

Wild Ne = 133-infinity with the exception of one domestic  population; Cossu et al., 2019).  

Despite evidence of gene flow among the eight wild populations, isolation-by-distance was 

detected with the two most southern populations (Asyut and Aswan) being more distinct from 

the Nile Delta populations to the north than the geographically intermediate Kanater population. 
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In addition to the effects of physical distance to gene flow and population structure, 

environmental factors may have also influenced this distinction between Delta and upstream 

populations. Individuals within Delta populations, particularly Lake Idku, Lake Brulus, and 

Manzala Lagoon, which have a direct connection to the sea, live in brackish to freshwater 

conditions whilst the individuals within the upstream populations live in freshwater conditions 

(Balah, 2012, Hassanien et al., 2004). 

These results are similar to those observed in 2004 and 2005 in two separate studies using 

microsatellites and randomly amplified polymorphic DNA (RAPD) where evidence of 

population sub-structuring was identified. Structuring in these studies was not only identified 

between geographically distant Nile Delta populations and upstream Egyptian Nile populations, 

but also amongst lake and river base populations in the Delta (Hassanien and Gilbey, 2005, 

Hassanien et al., 2004). However, unlike those studies, the present study observed no significant 

population structuring among Nile Delta populations. This disparity may be attributed to the 

difference in molecular technologies utilized between studies and the dramatic rise in 

aquaculture in Egypt (Soliman and Yacout, 2016). 

Differences in molecular technologies have likely contributed to the disparities in population 

structure. For instance, Hassanien and Gilbey (2005) inferred the presence of null alleles based 

on lower levels of observed vs. expected heterozygosity levels in their microsatellite dataset. 

Null alleles in microsatellite studies can result in the overestimation of Fst and genetic distance 

(Chapuis and Estoup, 2006). Whereas, the RAPDs used in Hassanien et al. (2004) are limited by 

the fact that the majority of RAPD markers are dominant, making it impossible to determine 

whether a DNA segment is amplified from a homozygous or heterozygous locus (Kumar and 

Gurusubramanian, 2011). This can result in uncertain estimates to genetic structure (Fritsch and 
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Rieseberg, 1996). Additionally, the molecular criteria which determine what constitutes 

population structure are flexible and can vary based on the organism, study question, and genetic 

markers used (Putman and Carbone, 2014, Waples and Gaggiotti, 2006). 

Genetic technologies are not the only factor to have changed over the years. Since 2005, Egypt 

has experienced a considerable increase in extensive, semi-intensive, and intensive farming 

systems for Nile tilapia (Soliman and Yacout, 2016).The vast majority of these farms are located 

in the Nile Delta region and concentrated in the Northern Lakes  (Maruit, Idku, Brulus, and 

Manzala Lagoon; Soliman and Yacout, 2016). As a result, increased movement of fish among 

hatcheries and farms has occurred in the region in that time. In addition, the number of fish 

escaping from farms has likely increased due to a combination of local weather conditions, 

including flash flooding events (Moawad et al., 2016), and farm practices. With five of the eight 

sampled locations in the Nile Delta regions, and farming occurring at or near the remaining three 

sampling locations (Soliman and Yacout, 2016), the genetic diversity of the wild populations 

may have been affected by exchange with farmed stocks.   

A comparison of wild and domestic genetic clusters identified 674 outlier markers, with a higher 

proportion of markers deviating from HWE in domestic populations than wild populations. This 

is indicative of a finite population size and selective forces, such as artificial selection for 

marketable traits and domestication (Waples, 2014). The large amount of outliers detected 

concurs with other genetic studies of domestic vs. wild aquatic populations, including brown 

trout Salmo trutta L., (431 SNP outliers; Linløkken et al., 2017) and Atlantic salmon, Salmo 

salar L. (337 and 270 SNP outliers; López et al., 2019). Both balancing and diversifying outliers 

identified between domestic and native populations were found in every chromosome. Unlike 

other studies which found specific regions of the genome under selection when comparing 
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domestic and wild populations (López et al., 2019, Marrano et al., 2018), there was a lack of 

localized clustering of outliers. However, outliers were detected on regions of the genome 

associated with sex and weight, supporting that these traits are polygenic traits influenced by 

genes multiple chromosomes (Chapter 3).  

A limited number of outliers (0-11) detected in pairwise comparisons of wild populations is 

consistent with the limited genetic differentiation observed among the wild populations. The fact 

that the number of outliers detected increased with geographic distance from the upstream 

(Asyut, Kanater, and Aswan) to Nile Delta populations (Lake Idku, Rosetta, Lake Brulus, 

Damietta, and Manzala Lagoon) also reflects the isolation-by-distance determined using the 

whole data set. These results suggest that despite known differences in salinity levels in delta and 

upstream populations, there appears to be little or no effect on selection. This is not entirely 

surprising as Nile tilapia are known for their tolerance to a wide range of environmental 

conditions (Avella et al., 1993, Balarin and Haller, 1982, Chervinski, 1982, Dominguez et al., 

2004, Kamal and Mair, 2005, Philippart and Ruwet, 1982, Randall and Tsui, 2002, Rebouças et 

al., 2016, Shelton and Popma, 2006). Alternatively, gene flow may be high enough between 

geographic regions to combat the forces of natural selection (Lenormand, 2002). Consequently, 

few outliers amongst wild populations indicate that the AS would be expected to perform 

similarity in different locations once disseminated throughout Egypt. 

Differences in genetic diversity resulted in the domesticated AS being clearly distinguishable 

from wild populations. In general, genetic diversity indices indicate that AS populations have 

higher levels of heterozygosity than wild populations. This held true regardless of the number of 

SNPs and levels of missing data allowed. These results differ from what is traditionally seen in 

domesticated and/or selectively bred populations vs. wild populations where wild populations 
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exhibit either higher levels of genetic diversity (Makino et al., 2018, Zamani et al., 2018), or 

similar levels of heterozygosity (Gutierrez et al., 2016). This may be explained by 1) 

hybridization with another tilapia species 2) the isolation-by-distance observed in this study 

among current wild populations and 3) the historical development of fishing and aquaculture in 

Egypt.  

The AS had a higher number of polymorphic markers and private SNPs (5.7 % of all SNPs) than 

wild populations. While this may be a result of domestication or founder effects, it is suspected 

that introgression has occurred with blue tilapia (Oreochromis aureus). This interpretation is 

further supported by the large number of outliers detected, as hybridization has been interpreted 

to explain the detection of outliers in other species (Cullingham et al., 2014). Blue tilapia from a 

population maintained at the Abbassa Station, Egypt have been observed in earthen ponds in AS 

facilities (Benzie, 2019; pers. comm.). This population of blue tilapia has now been removed 

from the Abbassa Station. Unpublished research by the WorldFish Center and affiliated 

researchers has found that the AS is comprised of 10% Oreochromis aureus (blue tilapia; 

Grobler, 2017). Species-specific SNPs are often picked up when developing SNPs from samples 

that include multiple species or hybrids (Liu et al., 2011, Silva‐Junior et al., 2015). Thus, the 

incorporation of O. aureus in the AS genome may account for the high number of private SNPs 

identified in the AS, as well as the higher number of polymorphic markers and heterozygosity 

observed in the AS genetic cluster over the wild genetic cluster as these markers may have been 

species-specific SNPs. While the AS showed the greatest number of polymorphic loci, the wild 

populations all exhibited different subsets of polymorphic loci per sampling location, indicating 

that hybridization with O. aureus may have also occurred in the wild. Given that tilapia species 
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are well known for hybridizing in both aquaculture and wild environments, this is unsurprising 

(D’Amato et al., 2007, Deines et al., 2014, Lovshin, 1982, Meier et al., 2019).   

Considering the level of genetic distinction between wild and domestic populations of Nile 

tilapia described within this research, putative AS escapees were easily identified, with suggested 

evidence of first and later generation escapees in Rosetta, Kanater, and Damietta detected. 

Escapees in other locales, particularly from selectively bred individuals, have been shown to 

lower the fitness of wild populations (Yang et al., 2019) as demonstrated in Atlantic salmon, 

Salmo salar (Glover et al., 2013, McGinnity et al., 2003); European seabass, Dicentrarchus 

labrax (Toledo-Guedes et al., 2014); and Turbot, Scophthalmus maximus (Prado et al., 2018). It 

is not clear to what extent this may be a concern for tilapia, because while there was evidence in 

the present study of AS genetic material in wild Egyptian populations, there is at present, no 

information on fitness differentials between domesticated and wild tilapia populations.  

High levels of genetic diversity were still observed within the AS, suggesting that the potential 

detrimental effects on diversity of any AS escapees that do survive in wild populations may be 

minimal. This is particularly true as the AS was founded from both Nile Delta and upstream 

populations of Nile tilapia in Egypt. Thus, the genetic diversity observed in the AS is a subset of 

what is already available in wild populations. This in addition to the relatively low number of 

escapees detected when considering all wild populations, suggests that escapees may either be a 

rare occurrence or may have low survival within wild populations. This has been demonstrated 

previously in domestic rainbow trout (Oncorhynchus mykiss) who experience lower survival 

rates in the wild due to their increased size and bolder foraging habits exposing them to higher 

predation (Biro et al., 2004). Regardless, continued monitoring of escapees from the AS and 

other domestic lines is important as many wild Nile tilapia populations are at risk of an altered 
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population structure and genetic diversity due to anthropogenic changes such as habitat 

disturbance, overfishing, and indiscriminate fish transfers of tilapia species throughout Africa 

(Eknath and Hulata, 2009).  

4.5 Conclusions  

The present study has highlighted the valuable information for improved management of 

aquaculture species by investigating population genetic structure, genetic diversity, and 

signatures of selection between domestic and wild populations. In the case of Nile tilapia in 

Egypt domestic and wild populations were found easily distinguishable from one another using 

SNP markers, even when compared to founding populations. In turn, this distinct clustering 

allowed for easy detection of putative escapees. Although the wild genetic cluster was not 

panmictic, with wild populations displaying evidence of isolation-by-distance, levels of genetic 

differentiation were relatively low and no evidence of significant signatures of selection among 

wild populations were observed. Despite 11 years of selective breeding, the AS displayed high 

levels of genetic diversity. These data suggest that the AS could be disseminated throughout 

Egypt with negligible differences in performance expected and minimal disruption to wild 

populations. The genetic diversity comparisons also helped better understand how the effects of 

selection, founder effect, inbreeding, and genetic drift have affected this domestic line. The 

effects of substantial pedigree errors may have slowed selection for growth as well as the 

introgression with O. aureus. This introgression may also explain the large number of outliers 

detected between wild and captive genetic clusters. While both balancing and diversifying 

outliers were traced back to all 22 O. niloticus chromosomes, additional research is required to 

determine the nature of these signatures and their direct relevance to biological or evolutionary 

processes within domestic and wild populations.  



 

 119 

CHAPTER 5: GENERAL DISCUSSION 
 

5.1 Significant Findings   

In recent years, the number of aquatic selective breeding programs have increased, with most 

programs using a closed nucleus mating system where no new genetic material is introduced 

within the line (FAO, 2019a, Gjerde, 2005). Consequently, monitoring the genetic status of these 

selective breeding programs to reduce loss of genetic diversity while obtaining genetic gain is 

vital. The Abbassa Strain (AS) was first developed by WorldFish as a selective breeding 

program to improve production of Nile tilapia in Egypt (Ibrahim et al., 2013, Rezk et al., 2009). 

Prior to the investigations described in Chapters 2-4 in this thesis, little was known about the 

genetic state of the AS: including, the accuracy of pedigree traceability and maintenance of 

genetic diversity within the selected line, understanding commercially important traits, 

identifying signatures of selection, the extent of wild population structuring of Nile tilapia in 

Egypt, and finally, the potential effects AS escapees may have within the regions it is currently 

farmed, and also across Egypt where it is intended to be disseminated.  

To date, management of the AS has been entirely reliant on genealogical data; however, this 

study has shown that genealogical records in the AS are 3-50 times more erroneous than reported 

for terrestrial genetic improvement programs (Chapter 2). Molecular data was used to correct 

these records, with reassignment rates increasing as the percentage of broodstock genotyped 

increased. Of these reassignments, 23.9% were family-based errors, where offspring were 

reassigned to a sibling of their originally recorded parent, and the remaining 76.1% have been 

categorized as “random” with the available data from farm management. Despite this high error 

rate, genetic diversity has been maintained and is comparable to, and in some cases higher than, 
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genetic diversity within wild populations (Chapter 2, Chapter 4). Inbreeding levels have 

remained well below the acceptable 1% increase per generation for a selective breeding program 

(Chapter 2; Bentsen and Olesen, 2002, Woolliams, 1994); nevertheless, founder contribution has 

degraded, with only 34 of the original 83 founders accounting for 84.3% of the genetic 

variability currently within the AS.  

To understand the genetic architecture of weight and sex, quantitative trait locus (QTL) analyses 

and genome-wide association studies (GWAS) were conducted within the AS. Due to the high 

error rates in genealogical records, originally established mapping families were not viable for 

traditional family-based mapping methods, therefore a novel population-based linkage mapping 

method was used, with independent validation based on genome assemblies for O. niloticus 

(Chapter 3). Due to power constraints within this method, unique linkage maps were established 

for the sex average, female, and male lines. A total of 2,399 markers were successfully mapped 

to their most likely positions within 21 of 22 linkage groups for the sex average map, whereas 

2,197 markers mapped to the female-specific map and 2,125 markers to the male-specific map. 

This study then identified multiple suggestive QTL and genetic associations for both sex and 

weight, adding support to the notion that these two traits are polygenic in the AS.  

Additionally, outlier analyses were conducted within the AS line and across eight wild 

populations of Nile tilapia in Egypt with 6.9% (674) of all markers categorized as outliers 

between the two identified genetic clusters (wild and domestic; Chapter 4).  Nonetheless, 

interpretation of these signals of selection was made more complex as the AS has undergone 

introgression with wild Blue tilapia (Oreochromis aureus), with an estimated 10% of its genome 

attributed to O. aureus and 90% to O. niloticus (Chapter 3; Grobler, 2017). This introgression 
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within the AS was further supported by the detection of 565 private alleles within the AS despite 

them being entirely sourced from Egyptian populations (Chapter 3, Chapter 4).  

While the AS was the only population to exhibit private alleles, the wild populations all 

exhibited different subsets of polymorphic loci per sampling location, indicating that 

hybridization with O. aureus may have also occurred in the wild. Within the wild cluster some 

isolation-by-distance was observed between brackish Nile Delta populations and upstream 

riverine populations. However, only a limited number of outliers (0-11) were detected in 

pairwise comparisons of wild populations, suggesting that environmental selection is not driving 

the observed isolation-by-distance, or that gene flow among populations is sufficient to counter 

selection (Lenormand, 2002). A putative first-generation AS escapee was detected in the wild, 

demonstrating that individuals from the AS are easily distinguishable from their wild 

counterparts and that their effects on the populations can be monitored (Chapter 4).  

5.2 Determining Management Effectiveness for a Selective Breeding Program  

Management effectiveness within a selective breeding program can be measured by the rate of 

pedigree errors in genealogical records. Pedigree error rates within the AS were demonstrated to 

be between 45-51% per generation (Chapter 2). To this author’s knowledge, error rates in 

genealogical records in other aquatic breeding programs have remained proprietary information 

and have been rarely reported in the literature with only a single conference presentation on a 

selective breeding program for Litopenaeus vannamei (16.2% maternal errors and 21.2% 

paternal errors detected in pedigree records) available online (Jerry et al., 2017). However, error 

rates previously detected in the pedigrees of most non-aquatic breeding programs have been in a 

range of 1-15% (Bovenhuis and Van Arendonk, 1991, Crawford et al., 1993, Doerksen and 

Herbinger, 2010, Sanders et al., 2006). Whether these ranges also apply to a standard aquatic 
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selective breeding programs is yet to be determined, as the life histories of these animals 

including, high fecundity (Gjedrem and Baranski, 2010c), larval sizes below minimum sizes for 

physically tagging individuals (Ouedraogo et al., 2014), and asynchronous spawning (Nguyen, 

2016) may make these programs more susceptible to pedigree errors. However, these errors can 

be minimized through molecular data and stricter farm management and recording measures.  

It is essential that pedigree errors within a selective breeding program be reduced, as these errors 

lead to incorrect estimates of additive variance, decreased prediction accuracy of estimated 

breeding values (EBVs), reduced accuracy of genomic selection predictions, and ultimately 

diminished genetic gain (Munoz et al., 2014, Nwogwugwu et al., 2019). Evaluations of the 

effects of pedigree errors on selective breeding programs found that a 10% pedigree error rate 

resulted in genetic gain being 2.0-4.3% lower than if correct records had been utilized (Israel and 

Weller, 2000, Visscher et al., 2002). If error rates in aquatic selective breeding programs are 

higher than 10%, an even greater reduction in genetic gain can be expected, and the targeted 10% 

increase in productivity per generation of a well-designed and maintained aquatic selective 

breeding program will not be achieved (FAO, 2019a). Thus, improving pedigree traceability in 

these programs is imperative to increase program efficiency and improve global food production 

at a rate that can meet the rising demand.  

Although the direct effect of pedigree errors on the AS were not quantified in this study, the level 

of genetic gain observed (3.8-7.0% genetic improvement per generation;  Rezk et al., 2009) was 

approximately half that of the GIFT strain of Nile tilapia (7.1-15.0% genetic improvement per 

generation; Eknath and Acosta, 1998, Ponzoni et al., 2011). As the two programs were derived 

from O. niloticus sourced from Egyptian populations (Eknath et al., 1993, Ibrahim et al., 2013, 

Rezk et al., 2009, WorldFish, 2016), and all wild Egyptian populations have been shown to share 
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similar levels of genetic diversity (Chapter 4), pedigree errors have likely contributed to a 

reduction in genetic gain within the AS. However, as these two strains were established in 

different environments, GxE interactions may have also had an effect on the observed disparity 

in genetic gain. GxE studies of both the AS and the GIFT strain found little to zero GxE 

interactions within the same country (Eknath et al., 1993, Khaw et al., 2009); however, 

significant GxE interactions have been observed in the GIFT strain when environmental 

conditions in different countries were examined (Agha et al., 2018). As such, if there is a 

substantial disparity in genetic gain between programs of the same species, as that observed 

between the AS and GIFT strains, it is recommended that GxE interactions be examined to 

determine the extent of environmental conditions influencing strain performance.  

Comparisons with wild populations revealed 565 private alleles within the AS (Chapter 4). This 

was initially unexpected given that the AS was derived entirely from native Egyptian populations 

and wild samples had been collected from the entire length of the Nile River in Egypt for 

comparison. Although wild populations showed evidence of isolation-by-distance, genetic 

diversity within these populations was similar to one another (Chapter 4). Another study of the 

AS found that approximately 10% of the AS genome was derived from O. aureus in addition to 

approximately 90% O. niloticus (Grobler, 2017). As the incorporation of O. aureus genetic 

material was not an objective for the AS, the inclusion of O. aureus in the AS resulted from 

unintended hybridization. This hybridization would have occurred between the AS and an O. 

aureus population derived from wild Egyptian stock also maintained at the Abbassa Station until 

recently (Benzie, 2019; pers. comm.). Flooding events had been recorded where there was some 

mixing of fish on the site and specific records of O. aureus individuals being photographed from 

the pond containing the AS rearing hapas. Therefore, there is reasonable evidence for the 
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possibility of hybridization occurring at the site possibly after the initial development of the AS 

genetic improvement program and from lack of adequate management of the AS population. 

Additionally, as the private SNPs were observed throughout the AS, it suggests that O. aureus 

genetic material is well integrated within the entire selective breeding program indicating that 

this hybridization occurred early in the program and may also be the result of several separate 

hybridization events. 

Interspecific hybridization has been observed more often in fish, than in any other vertebrate 

group (Scribner et al., 2000) due to a number of factors including, external fertilization and a 

scarcity of conspecific mates (Hubbs, 1955, Willis, 2013). Inadvertent hybridization and 

introgression with a parent species is not a new phenomenon in aquaculture, particularly with 

species, such as carp, the most farmed fish globally (FAO, 2018), that are known to readily 

hybridize in wild settings as well as domestic (Mia et al., 2005, Padhi and Mandal, 1997). This 

incidental hybridization and introgression with the selective breeding line, can result in 

unexpected and undesirable results in hybrid progeny, including genetic deterioration and 

changes in the expression of desirable traits (Rahman et al., 2013). Thus, the inclusion of O. 

aureus may have also had an effect on the modest genetic gain observed within the AS. Another 

study examined the growth rates of purebred O. aureus, O. niloticus, and their F1 hybrids, 

finding that purebred O. aureus do not grow as large as O. niloticus while their hybrids exhibited 

faster growth rates than either species (El-Hawarry, 2012). No subsequent studies have been 

conducted on backcrossing F1 hybrids of O. aureus and O. niloticus with O. niloticus; however, 

some investigations into cichlid hybrids have been reported. Hybrids of seven cichlid fish 

species, were found to exhibit hybrid vigor in the F1 generation, but the effect was lost in 

subsequent generations when recessive allelic incompatibilities surfaced (Dobzhansky, 1936, 
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Stelkens et al., 2015). As the hybrid vigor initially experienced by other cichlids was lost in 

subsequent generations, this suggests that we can expect a similar result from O. niloticus and O. 

aureus hybrids; however, hybridization of these two species and introgression with O. niloticus 

should be further examined to better understand the impact this has had on the AS.  

Overall, this thesis has shown that molecular data can be used to determine management 

effectiveness of selective breeding program. Pedigree error rates within the AS exceeded those 

observed in terrestrial breeding programs by 3 to 50 times and evidence of an unintentional 

hybridization with O. aureus, suggests that the AS has not been managed properly. Given the 

differences in life histories between aquatic and terrestrial species, the risk of accumulating 

pedigree errors from incorrect records and unexpected hybridization is higher in aquatic selective 

breeding programs than in terrestrial programs. To counteract this, aquatic programs must be 

more diligent in their records and would benefit from incorporating molecular techniques to 

check and correct records as needed. In programs, like the AS, where pedigree errors are high 

and have accumulated in the program for an undetermined number of years, the genetic status of 

the program should be examined to determine the viability of salvaging the program and 

measures should be taken to restructure current procedures on farm and educate staff on the 

proper management of a selective breeding program. 

5.3 Understanding the Current and Ongoing Genetic Status of a Selective Breeding 

Program 

In an effort to maximize the retention of genetic diversity within a selective breeding program, 

pedigree records are used to monitor family lines and ensure that an adequate number of families 

are maintained per generation (Skaarud et al., 2014). Despite maintaining 100-120 families per 

generation in the AS, only 41% of the original founders account for the majority of the AS’s 
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genetic composition (84.3%; Nayfa et al., 2020), indicating that tracing family lines alone in this 

case is not adequate to maintain genetic diversity within the selective breeding program. This is 

due to the nature of selection. Selection of individuals from each family is not random, and as 

selective breeding programs progress, high performing individuals selected for broodstock likely 

exhibit a higher proportion of genetic material from the same few high performing founders 

(Sonesson et al., 2012). This effect has likely been somewhat mitigated in the AS due to pedigree 

errors resulting in a partial random mating scheme. Thus, retention of founder genomes may 

have been further reduced had the program not experienced these errors. Founder contribution 

can still be improved in a long-term selective breeding program like the AS. For example, 

research into other aquatic species, like red sea bream, has demonstrated that “lost” genetic 

variation can be recovered within a line with over- and under- represented founders, by selecting 

broodstock which maximized the number of founder lineages present (Doyle et al., 2001). 

Although founder contribution was not well maintained in the AS, genetic diversity was found to 

rival that of wild populations and inbreeding was determined to be within an acceptable level for 

the age of the program, both likely due to the partial random mating scheme and unintentional 

hybridization with O. aureus. Thus, it is suggested that the AS selective breeding program is 

salvageable. In order to maintain genetic diversity and reduce inbreeding moving forward with 

the AS, and in similar selective breeding programs, measures that minimize pairing of related 

individuals should be fully incorporated. These pairings should also consider the effective 

number of founders within the line, as they represent the full genetic diversity available within a 

closed system breeding program.  

Another option to improve genetic diversity in a selectively bred line is through the incorporation 

of new germplasm. While cross breeding different domesticated lines has been proven to 
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improve genetic diversity, reduce inbreeding, trigger heterosis and subsequently improve animal 

performance (Goyard et al., 2008, Stronen et al., 2017), the long term effects (i.e. beyond the F1 

generation) of these inclusions have rarely been examined. The present study observed that the 

inclusion of new germplasm, as seen in Generation 4 of the AS, and the genetic benefits of these 

new individuals can be short-lived if they are not actively selected for in future generations, or if 

new germplasm isn’t incorporated into the line in frequent intervals (Chapter 2). As such, 

selective breeding programs should employ similar measures to incorporate secondary founders 

as those described previously for retaining and reestablishing founder genomes within a closed 

system breeding program.   

5.4 Developing Genetic Tools for a Selective Breeding Program 

In order to understand the genomic architecture of commercially important traits, it is useful to 

establish a line specific linkage map. Linkage mapping relies upon recombination rates to 

calculate the relative position of markers to one another; however, recombination rates can vary 

between species, populations, individuals, and even genomic regions (Dukić et al., 2016). Maps 

of swordtail species (Schumer et al., 2014, Schumer et al., 2018) and cichlid species (Bezault et 

al., 2012, Meier et al., 2017) have detected different recombination rates and segregation 

distortions between hybrid and purebred parents (Payseur and Rieseberg, 2016), further 

supporting the need for strain specific maps for lines that have experienced hybridization and/or 

introgression, like the AS.   

High levels of pedigree errors identified in the original mapping families (Chapter 2) led to the 

utilisation of a population-based method for linkage mapping (Chapter 3). This method 

incorporated the recombination frequencies calculated per family, based on maternal lines, 

paternal lines and the sex average maps, into a weighted population average for recombination 
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frequencies per SNP. Although this method has been developed in linkage mapping programs 

like JoinMap v. 5 (Stam, 1993, Van Ooijen, 2018), it is not widely used and has not been 

validated in the general literature. However, given the genomic resources already available for 

Nile tilapia, a model species for aquaculture, the reduced mapping family dataset for the AS 

provided the unique opportunity to not only create, but also validate the population-based 

method for linkage mapping. Within comparisons between de novo and genome-based mapping 

order to Orenil1.1 (GenBank Assembly Accession: GCA_00188235.2), 98.6-99.7% of markers 

agreed in linkage group placement. Validating a method that only requires a small number of 

individuals per family is particularly important for non-model species, markedly where fewer 

offspring are available, or in cases where sampling is not ideal as it denotes that linkage mapping 

can be conducted even if family numbers and sizes do not meet the requirements for more 

traditional linkage mapping approaches. Nevertheless, to build further confidence in this novel 

methodology for linkage mapping, it is recommended that it be validated using other species.  

Linkage mapping using de novo genotype by sequencing SNP discovery methods can restrict 

reproducibility and comparisons to other maps since marker sets can change with each run. 

However, the need to create independent maps for each sampling subset can be overcome with 

the use of a SNP array, such as a solid-state probe hybridization array [i.e. Affymetrix| 

ThermoFisher Scientific and Illumina]. A SNP array would not only allow for the calling of the 

same markers for each genotyped sample, but increases genotype accuracy for a much larger 

number of markers and allows for greater control in selecting a more even marker distribution 

across the genome (Robledo et al., 2018). The development and use of SNP arrays for Nile 

tilapia are becoming more accessible with one SNP array already developed for O. niloticus 

(Joshi et al., 2018) and another O. niloticus array incorporating all WorldFish strains in 
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development (Benzie, 2019, pers. comm.). Once these arrays are utilized in specific strains, maps 

can be created and refined over time, allowing for the pool of genotyped samples to grow, 

lessening the financial burden on selective breeding programs and increasing their ability to 

pursue GS. Additionally, if the same arrays were used across strains, it would allow for the direct 

comparison of these strains to one another to identify differences in selection, which may be 

useful in understanding differences in strain performance. 

5.5 Understanding the Genetic Architecture of Commercially Important Traits 

In order to pursue MAS or GS to improve production within a selective breeding program, it is 

vital to have an understanding of the genetic architecture of commercially important traits, such 

as sex and weight (Zenger et al., 2019). This can be accomplished through QTL mapping and 

GWAS approaches as these analyses identify the genomic regions involved in a trait and can be 

used to determine their effect sizes. These in turn can be incorporated into genomic estimated 

breeding values (GEBVs) to improve the accuracy of existing EBVs or phenotypic based 

breeding programs (Lee et al., 2015, Zenger et al., 2019) and pursue GS (Hayes and Goddard, 

2010, Zenger et al., 2019).  

Although QTL detection through QTL mapping and GWAS approaches traditionally utilize a 

larger number of samples, the present study demonstrated that both approaches could be 

conducted despite small families sizes (≤ 10 offspring) and a relatively small sample set with 

phenotypic data available (388 individuals). QTL mapping approaches can be quite powerful in 

identifying associations between genotypes and phenotypes, particularly when families with a 

large number of offspring are available (Korte and Farlow, 2013), whereas genome-wide 

association studies (GWAS) rely on large heterogeneous populations to unravel linkage 

disequilibrium in markers (Hayes, 2013, Korte and Farlow, 2013). By these definitions, GWAS 
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is the more powerful QTL detection method for population-based linkage mapping. However, in 

this study, GWAS only detected QTLs for sex determination in LG23; whereas, QTL mapping 

analysis identified a number of QTLs associated with both weight and sex. However, as QTL 

mapping families were small and some QTLs varied per family, independent validation would be 

required to understand their relevance to the wider AS.  

Putative QTLs, or QTLs identified in both families, were identified for sex, but not for weight in 

the AS. Sex determination is notoriously complex for Nile tilapia, with sex chromosomes still 

unclear despite the numerous linkage maps and two genome assemblies available (Cáceres et al., 

2019, Conte et al., 2017, Eshel et al., 2011, Grobler, 2017, Joshi et al., 2018, Lee et al., 2003, Lin 

et al., 2016, Liu et al., 2014, Palaiokostas et al., 2015). Leading evidence suggests that O. 

niloticus exhibits a male heterogametic (XX|XY) sex determining system (Mair et al., 1991); 

however, numerous other genomic regions have been identified as being sex-linked and in some 

cases sex-determining (Cáceres et al., 2019, Conte et al., 2017, Eshel et al., 2011, Lee et al., 

2003, Palaiokostas et al., 2015). In this case, the AS has also been shown to have hybridized with  

O. aureus  (Grobler, 2017), which is thought to exhibit a female heterogametic (ZW|ZZ) sex 

determining system (Campos-Ramos et al., 2001), further complicating the detection of genomic 

regions associated with sex for this strain. This hybridization has resulted in the detection of 

novel regions of the genome segregating with sex as described in Chapter 3. To understand the 

full extent of the effects hybridization has on sex-associated regions more comprehensive and 

targeted studies are needed to associate these QTLs segregating with sex to sex determination in 

O. niloticus which has experienced introgression with O. aureus.   

Although no GWAS or putative QTLs were identified for weight, suggestive QTLs, or QTLs 

identified in a single family, were detected in 16 linkage groups indicating that there is still 
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significant family specific variation for weight within the AS. This is supported by data from 

other studies of Nile tilapia as well as in other tilapia species which have all indicated that 

growth rate is a polygenic trait (Cnaani et al., 2004, Lin et al., 2016, Liu et al., 2014). Novel 

associations to weight were detected in six linkage groups and may be attributed to either the 

inclusion of the O. aureus genome, or an interaction between the O. niloticus and O. aureus 

genomes. However, to date, there have been relatively few studies on weight QTLs in purebred 

Nile tilapia, blue tilapia, or Nile tilapia x blue tilapia hybrids, and weight should be examined 

more closely in these species to better understand and unravel the effects of hybridization and of 

selective breeding on this trait of commercial interest on the genome.   

In addition to identifying QTLs for both sex and weight, it would be prudent for future studies to 

incorporate transcriptomic analyses to explore gene patterns associated with these traits. 

Dimorphic patterns in gene expression for sex determination would be of particular interest in O. 

niloticus as sex determination in this species is controlled by both genetic and environmental 

factors (Baroiller et al., 2009, Baroiller et al., 1995, Wessels et al., 2017). Higher temperatures 

have been shown to induce sex reversal within O. niloticus before sexual maturity, i.e. when 

gonads are still sexually undifferentiated, with genetically female Nile tilapia being 

phenotypically changed into male tilapia (Baroiller et al., 1995, Lühmann et al. 2012). As males 

grow faster and larger in Nile tilapia (Alvarado-Ruiz, 2015), this knowledge could be used to 

increase the production rate of farms using non-hormone induced monosex male cultures and 

have implications for the entire tilapia industry. Lühmann et al. (2012) found that sex reversal 

rates were family dependent, suggesting that this may be another trait of interest for the 

aquaculture industry. As such, it is recommended that transcriptome data be collected from both 
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male and female gonads at various stages of development during temperature control 

experiments.  

5.6 Understanding Signatures of Selection Between Wild and Domestic Populations 

Signatures of selection refers to regions of the genome which are associated, whether directly or 

in close physical proximity, to genetic variations of traits which have undergone natural or 

artificial selection (Qanbari et al., 2012, Smith and Haigh, 1974). Understanding these signatures 

of selection in both wild and domestic populations is advantageous in aquaculture production as 

it not only allow allows for the understanding of how the genome is affected by domestication, 

but for improving aquaculture production by identifying wild populations or individuals which 

already exhibit traits of interest in higher frequencies. These wild populations or individuals can 

then be used by industry to infuse new genetic material into an already established program 

while maintaining genetic gain. To ensure that the benefits of these new inclusions is retained in 

the program, this new germplasm must be actively integrated into the selective breeding 

program, else their benefits will be short-lived as evidenced in Chapter 2 with the inclusion of a 

mass spawning line of Nile tilapia into the AS. Additionally, these more advantageous wild 

populations or individuals can be used to commence a selective breeding program with high 

performing founders. This would not only result in an increase in production, potentially 

allowing for the selection line to be disseminated at an earlier date once sufficient genetic gain is 

achieved, but also improve the maintenance of founder contribution, an important factor to 

monitor to retain genetic diversity within the program as demonstrated in Chapter 2.  

Considering a high number of outlier loci (674) were detected between wild and domestic 

populations of Nile tilapia, and relatively few (0-11) were detected between wild populations, 

there is compelling evidence that the majority of these outliers are due to domestication and 
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animal improvement practices within the AS (Chapter 4). As a de novo SNP discovery method 

was utilized, different marker sets were used for Chapter 3 (linkage mapping and QTL detection) 

and 4 (outlier detection) whose samples were processed at different dates. However, 

approximately 30% of identified outliers overlapped with the initial dataset used in Chapters 2 

and 3 and could be mapped to at least one of the three (sex average, female, and male) maps 

created (Chapter 4). Although not all outliers mapped to a QTL region, outliers were identified in 

five of the six chromosomes exhibiting QTL regions associated with sex and thirteen of the 

sixteen chromosomes with QTL regions associated with weight in at least one linkage map 

(Appendix 14). As the AS has undergone selection for weight, detecting outliers located on 

genomic regions associated with this trait are unsurprising. However, the outliers detected on 

regions associated with sex within the same species are interesting, and likely reflect the 

incorporation of the O. aureus genome into the AS and its impact on sex determination within 

the line.  

5.7 Determining Wild Population Structuring  

The last genetic survey of wild O. niloticus populations in Egypt occurred in 2005. It, along with 

other previous studies, reported greater population structure amongst Nile Delta populations than 

the present study (Chapter 4; Hassanien and Gilbey, 2005, Hassanien et al., 2004). It is uncertain 

whether these differences in population structuring are due to differences in molecular 

technologies utilized by the studies (microsatellites and RAPD; Hassanien and Gilbey, 2005, 

Hassanien et al., 2004), the dramatic rise in aquaculture in Egypt (Soliman and Yacout, 2016), or 

a combination of the two. As aquaculture production will only intensify to meet growing demand 

(FAO, 2018, FAO, 2019a), it is essential to know the current status of wild Nile tilapia 

populations in order to monitor any future changes and reduce impacts on wild populations.  
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The population genetic structuring reported within this study describes isolation-by-distance 

between the Nile Delta and upstream populations of Nile tilapia, with few outliers detected in 

pairwise comparisons of populations (Chapter 4). Given that the isolation-by-distance also 

reflects a change from brackish to freshwater environmental conditions, it brings to question 

whether the observed changes in allele frequencies are due to genetic drift caused by physical 

distance, or if environmental conditions played a role. Previous GxE experiments for the AS 

were only conducted in freshwater conditions, for food source and stocking densities (Khaw et 

al., 2009), not saline conditions. Freshwater populations (Kanater, Aswan, and Asyut) showed 

higher levels of heterozygosity than in the five Nile Delta populations, possibly suggesting that 

brackish water populations have some differences in allele frequencies than their riverine 

counterparts. Conversely, few outliers were detected in pairwise comparisons of Nile Delta and 

riverine populations (0-11 outliers), suggesting that while allele frequencies may have shifted, 

alleles have not become fixed in these populations due to selection or that gene flow between the 

populations is still high enough to counteract selection (Lenormand, 2002). 

This is not entirely unexpected as Nile tilapia are renowned for their tolerance to a wide range of 

environmental conditions (Avella et al., 1993, Balarin and Haller, 1982, Chervinski, 1982, 

Dominguez et al., 2004, Kamal and Mair, 2005, Philippart and Ruwet, 1982, Randall and Tsui, 

2002, Rebouças et al., 2016, Shelton and Popma, 2006). It is possible that these differences in 

environmental salinity levels may instead be influenced by gene expression as has been observed 

in other salinity studies of Nile tilapia (Gu et al., 2018, Yamaguchi et al., 2018). While the scope 

of this study cannot rectify whether allele frequencies, gene flow, gene expression, 

environmental conditions or a combination of the aforementioned factors can account for the few 

outliers among wild populations of Nile tilapia, it does highlight that the genetic diversity 
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required to adapt to various environmental conditions is likely found throughout all wild 

populations in Egypt. Additional research to understand population differences in salinity 

tolerance for Nile tilapia and any potential trade-offs with growth rate are highly recommended 

as sea and estuarine farming of Nile tilapia would expand the production capability and industry 

potential for this species.  

5.8 Identifying the Potential Effects of Dissemination  

The goal of most selective breeding lines is dissemination. Prior to dissemination it is 

advantageous to understand how performance of a line can vary in different locations due to GxE 

interactions (Callam et al., 2016, Nelson et al., 2018, Proestou et al., 2016) and the impacts that 

domestic escapees may have on wild populations to maintain the genetic diversity of wild 

populations.  

To understand these interactions running GxE experiments are useful, but not always feasible. 

This study used wild population structure and signatures of selection through outlier analysis for 

populations within the dissemination region of interest as a proxy to determine if environments 

differed within the dissemination area and could have an impact on AS performance. Previous 

studies of GxE for the AS showed that the lines performed similarly in different environments, 

indicating that differing environments is not a significant factor in AS performance, at least 

among freshwater environments (Khaw et al., 2009). Given that Nile tilapia exhibit a wide range 

of environmental tolerances (Avella et al., 1993, Balarin and Haller, 1982, Chervinski, 1982, 

Dominguez et al., 2004, Kamal and Mair, 2005, Philippart and Ruwet, 1982, Randall and Tsui, 

2002, Rebouças et al., 2016, Shelton and Popma, 2006) and that few outliers (0-11) were 

detected amongst wild populations, it is suggested that the AS will perform similarly amongst 

locations once disseminated. However, as some isolation-by-distance and some outliers (0-11) 
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were detected among brackish Nile Delta populations and freshwater riverine populations it is 

recommended that targeted GxE studies testing the effect of salinity levels on AS performance 

and grow-out be conducted in order to understand the potential of expanding production to 

brackish water.   

The AS was shown to have comparable, and in some cases higher, levels of genetic diversity to 

wild populations of O. niloticus (Chapter 4) and low levels of inbreeding (Chapter 2). As all 

founders were sourced from Egyptian Nile tilapia populations, it is assumed that most of the O. 

niloticus genetic material (90% of available genetic diversity; Grobler, 2017) found within the 

AS can also be found in wild populations of O. niloticus in Egypt, albeit in different frequencies. 

This is also true for O. aureus, which is thought to make up 10% of the AS lines genetic 

material, (Grobler, 2017) since the Abbassa blue tilapia breeding program was also derived from 

wild Egyptian stock (Benzie, 2019, pers. comms.). Even though both lines of tilapia have 

originated from the surrounding wild populations, the effects of hybridized domestic tilapia may 

have if released within wild populations have not been well explored. However, detrimental 

effects are not expected within the wild populations as tilapia species are well known for 

hybridizing in wild environments (D’Amato et al., 2007, Deines et al., 2014, Lovshin, 1982, 

Meier et al., 2019). While the AS showed the greatest number of polymorphic loci, wild 

populations all exhibited different subsets of polymorphic loci per sampling location, indicating 

that hybridization with O. aureus may have also occurred in the wild (Chapter 4). Therefore, the 

introduction of a hybrid escapee is not novel for their species.   

The genetic distinction between the AS and wild populations not only allows the detection of 

putative escapees, but provides the means for long term monitoring of wild populations and the 

effect of aquaculture escapees can have on them over time. A single putative AS escapee was 
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detected in this study (Chapter 4), indicating that either escapees are minimal in current 

management procedures or they are not as fit as their wild counterparts. Escapees, particularly 

from selectively bred populations, have been shown to have lower fitness in the wild (Yang et 

al., 2019), as demonstrated by: Atlantic salmon, Salmo salar (Glover et al., 2013, McGinnity et 

al., 2003); European seabass, Dicentrarchus labrax (Toledo-Guedes et al., 2014); and Turbot, 

Scophthalmus maximus (Prado et al., 2018). A potential F1 (AS parent x wild parent) escapee 

was also identified in the wild, suggesting that the AS does have some, albeit seemingly 

minimal, success in wild populations; however, given that the entirety of genetic diversity within 

the AS is found within wild populations the AS is not expected to have any significant effect on 

wild O. niloticus in Egypt.  

Due to the similar genetic profiles between the AS and wild populations, the AS is a candidate 

for more widespread dissemination in Egypt. If the line is to be disseminated beyond Egypt, it is 

recommended that retaining genetic diversity with the line should be a priority for breeders, as 

this genetic diversity is essential to AS fitness and adaptability to not only new locations, but for 

changes to future breeding objectives (Notter, 1999). Presently in Egypt, a higher weight at 

harvest is demanded by the market, but in other locations, or in future generations, other traits 

such as flesh quality, colour, or disease resistance may also become desirable. If this is the case, 

there needs to be enough genetic diversity retained within the line for selection of these traits 

(Notter, 1999). 

5.9 Suggestions for Future Aquatic Selective Breeding Programs 

Within aquaculture industries, a large amount of information concerning the problems faced 

within aquatic breeding programs and their solutions are restricted as proprietary data. For 

example, few on-farm aquatic pedigree error rates, even for well-established salmonoid selective 
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breeding programs, have been reported despite copious papers dealing with pedigree correction 

workflows and marker validation (Holman et al., 2017, Liu et al., 2016, Liu et al., 2017, Sellars 

et al., 2014, Vandeputte et al., 2011). This study only found reference to pedigree error rates in a 

single conference presentation on a selective breeding program for Litopenaeus vannamei 

available online (Jerry et al., 2017). This lack of transparency has resulted in many programs 

spending valuable time and resources resolving an issue that may have already been addressed 

by an external breeding program. This segregation of knowledge is a greater issue in aquaculture 

than in terrestrial systems, as the logistics of aquatic animals (higher fecundity and smaller in 

size) allows for the maintenance and success of a program on a single farm vs. the more 

collaborative efforts observed in terrestrial programs, such as cattle (Bindon, 2001) and sheep 

(van der Werf et al., 2010), where larger animals require more land. This often results in multiple 

farms sharing and managing resources, like broodstock.  

Given the challenges faced by the Abbassa Strain of Nile tilapia and the findings of this study, it 

is suggested that the aquaculture industry take the following measures, particularly when 

establishing a selective breeding program, regardless of species, in order to optimize genetic gain 

whilst retaining genetic diversity (Table 5.1):  
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Table 5.10 Suggested measures to be enacted by the aquaculture industry and the outcomes that each measure will have for the program.  

Measure Outcome 

1. Collect tissue samples from all broodstock in your 
program, particularly founders 

• Molecular record of initial and available genetic diversity 
within the line 

• Can be used to retroactively correct or address problems that 
arise  

• Can be used to pursue GS or MAS to improve program 
productivity 

2. Use molecular data to check and correct genealogical 
records, 

• Improved program management 
• Potential for greater genetic gain as accurate pedigrees yield 

more improve EBV estimates 
3. Optimize founder contribution as a selection criterion, • Increase retention of genetic diversity  

• Improves adaptability of program objectives  
• Reduces the rate of inbreeding accumulation  

4. Invest in creating, using, or adapting a SNP Array or 
similar technology,  

• Data directly comparable across generations 
• Can be used to pursue GS or MAS to improve program 

productivity 
5. Investigate the genetic architecture of traits of interest; 

and 
• Used to pursue GS or MAS to improve program productivity  
• Used to identify high performing candidate populations or 

individuals for future breeding programs or to infuse new 
genetic material into an established line 

6. Conduct an audit of wild populations • Assess dissemination potential  
• Monitor dissemination effects 
• Identify high performing candidate populations or individuals 

for future breeding programs or to infuse new genetic material 
into an established line 

7. Establish a co-operative partnerships  • Share resources- such as SNP Arrays developed for a species  
• Reduce overall cost of acquiring resources 
• Improved knowledge of managing and troubleshooting 

avenues  
• Overall improved advancement in aquaculture productivity    
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By following these measures, aquatic selective breeding programs can help ensure that genetic 

diversity is maintained within their program while maximizing their genetic gain by addressing 

errors in genealogical records and monitoring founder contribution earlier on in the program. 

These suggested measures also help establish long-term program goals that can be implemented 

at a later date. In particular, using a SNP array allows for the same markers to be used throughout 

the duration of the program, allowing for direct comparisons between generations, the creation of 

genetic tools that can be built upon, and the pursuit of advanced genetic breeding programs. 

Additionally, understanding the population structure and genetic diversity within wild 

populations can help aquaculture breeding programs identify potential risks of dissemination to 

both the wild population and domestic population performance. It can also allow for the 

identification of populations or individuals with traits of interest that can be used to infuse a 

program with new genetic material while minimizing loss of genetic gain or to select broodstock 

for future breeding programs. It is also recommended that co-operative partnerships, similar to 

those found in terrestrial systems, or a nucleus breeding facility for implementation and central 

management of lines be established to share these resources and allow for the advancement of 

global aquaculture as a whole.  

5.10 Conclusions  

As a body of work, this thesis has found that both pedigree errors and the incorporation of blue 

tilapia genetic material into the AS of Nile tilapia have likely contributed to the modest genetic 

gain observed with the program. Despite this, nominal levels of inbreeding in addition to genetic 

diversity indices comparable to wild populations indicate that the AS breeding program is 

recoverable and can be used for further selective breeding. Since the discovery of high pedigree 

errors and the assessment of the genetic status of the AS, WorldFish is currently addressing the 
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management issue by bringing in more experienced management, increasing staff training, and 

employing more stringent practices when collecting genealogical information on farm. To 

enhance future selective breeding efforts within the line, three novel linkage maps based on sex 

average, female, and male lines were constructed using a novel population-based methodology, 

whose use has now been validated for future studies. QTLs associated with both sex and weight 

were identified within the study; however, given small sample sizes and evidence of 

hybridization, further studies are required to validate these and determine their relevance to the 

AS. Despite this, both sex and weight appear to be polygenic in nature and it is recommended 

that genomic selection be pursued over marker assisted selection for the AS. Wild populations 

displayed some structuring due to isolation-by-distance; however, few outliers were detected 

amongst wild populations, suggesting that the AS will perform similarly throughout Egypt once 

disseminated. Genetic diversity and founder contribution within the line should be maintained 

not only for the health of the program, but to allow for dissemination of the strain to other 

regions and for breeding objectives to change with market demand. 
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APPENDIX 1 
 
Appendix 1. Classification of pedigree errors. Genealogical and molecular data were used to determine pedigrees. Differences observed between 
these two assignment methods resulted in pedigree errors, with molecular assignments deemed more accurate than genealogical assignments. 
Results were categorized into four classes: pedigree agreement, reassigned sires and dams, indiscernible sires and dams, and unknown error status. 
Of these classes, only reassigned and indiscernible sires and dams were considered to be pedigree errors.  

 Could be  
assigned using 
genealogical 

data? 

Could be 
assigned using 

molecular 
data? 

Did genealogical 
and molecular 
assignments 

agree? 

Was it 
categorized as a 
pedigree error? 

Special molecular 
assignment conditions 

Pedigree 
Agreement 

Yes Yes Yes No  

 
 
 

Reassigned 

Yes Yes No Yes 
 

One or both of the following 
had to be true: 

• Both pedigree 
assigned parents had 
been genotyped 

• Both parents were 
molecularly assigned 

 
 

Indiscernible 

Yes No No 
 

Yes 
 

Both pedigree assigned 
parents had been genotyped; 
however, a molecular 
parental match was not found 
within the dataset. 

 
 

Unknown Error 
Status 

Yes Yes* No No Both of the following held 
true: 

• No, or only 1 parent, 
had been genotyped 

• Only one parent could 
be reassigned 
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APPENDIX 2 
 

 
Appendix 2. Number of founder genomes identified in the Abbassa Strain over 11 generations. Dark blue bars denote the number of original AS 
sire founders, light blue denote the number of original AS dam founders, dark orange bars denote sires introduced to the AS during generation 4, 
and light orange bars denote dams introduced to the AS during generation 4.
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APPENDIX 3 
 

Appendix 3. The number of offspring per founder as well as their overall genome contribution to 
generations 1, 5, and 11 are provided. Only 83 of the 201 primary founders were identified in pedigree 
records. Founders highlighted in red text provided 0 or negligible genetic contribution to generation 11 
(less than 0.001, or less than 0.1% genome contribution). Cells in bolded blue text indicate those 
secondary founders introduced in generation 5. Unknown founder denotes those genetic contributions 
which could not be assigned due to incomplete pedigrees.  

Founder Sex Number of Offspring G1 G5 G11 
10690 M 15 0.039 0.046 0.060 
10180 M 10 0.028 0.034 0.047 
10210 M 4 0.014 0.025 0.042 
10700 M 1 0.007 0.024 0.038 
10701 F 1 0.007 0.024 0.038 
10211 F 3 0.012 0.021 0.036 
10181 F 6 0.019 0.024 0.035 
10692 F 3 0.012 0.024 0.035 
10220 M 5 0.016 0.021 0.033 
10221 F 2 0.009 0.020 0.033 
10920 M 7 0.021 0.026 0.030 
10921 F 7 0.021 0.026 0.030 
10250 F 2 0.028 0.024 0.027 
10252 M 1 0.028 0.024 0.027 
10691 F 1 0.032 0.023 0.025 
10230 M 10 0.014 0.019 0.024 
10231 F 10 0.014 0.019 0.024 
10170 F 12 0.014 0.018 0.019 
10171 M 4 0.014 0.018 0.019 
10470 F 4 0.016 0.016 0.019 
10471 M 4 0.016 0.016 0.019 
10400 F 4 0.007 0.013 0.018 
10401 M 5 0.007 0.013 0.018 
10570 F 5 0.016 0.014 0.017 
10571 M 1 0.016 0.014 0.017 
10520 F 1 0.012 0.012 0.016 
10521 M 5 0.009 0.010 0.016 
10130 F 5 0.007 0.011 0.013 
10131 M 3 0.007 0.011 0.013 
10182 F 4 0.014 0.010 0.011 
10960 M 6 0.019 0.007 0.011 
10961 F 6 0.019 0.007 0.011 
10590 M 4 0.014 0.005 0.010 
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10591 F 4 0.014 0.005 0.010 
10910 M 3 0.012 0.004 0.006 
10912 F 3 0.012 0.004 0.006 
10260 M 5 0.016 0.004 0.006 
10261 F 5 0.016 0.004 0.006 
10212 F 1 0.007 0.004 0.006 
10200 M 1 0.007 0.002 0.006 
10201 F 1 0.007 0.002 0.006 
10460 M 2 0.009 0.009 0.004 
10461 F 2 0.009 0.009 0.004 
10380 M 2 0.009 0.003 0.004 
10381 F 2 0.009 0.003 0.004 
10600 M 3 0.012 0.003 0.004 
10601 F 2 0.009 0.003 0.004 
10360 M 1 0.007 0.004 0.002 
10361 F 1 0.007 0.004 0.002 
10890 M 3 0.012 0.004 0.001 
10891 F 3 0.012 0.004 0.001 
10100 M 2 0.009 0.003 0.001 
10102 F 2 0.009 0.003 0.001 
10522 F 1 0.007 0.002 0.000 
10670 M 7 0.021 0.002 0.000 
10672 F 4 0.014 0.001 0.000 
10300 M 4 0.014 0.001 0.000 
10301 F 4 0.014 0.001 0.000 
10340 M 1 0.007 0.001 0.000 
10341 F 1 0.007 0.001 0.000 
10671 F 3 0.012 0.001 0.000 
10222 F 3 0.012 0.001 0.000 
10120 M 2 0.009 0.001 0.000 
10121 F 2 0.009 0.001 0.000 
10280 M 2 0.009 0.001 0.000 
10281 F 2 0.009 0.001 0.000 
10350 M 2 0.009 0.001 0.000 
10352 F 2 0.009 0.001 0.000 
10602 F 1 0.007 0.001 0.000 
10500 M 2 0.009 0.000 0.000 
10501 F 2 0.009 0.000 0.000 
10510 M 1 0.007 0.000 0.000 
10512 F 1 0.007 0.000 0.000 
10450 M 1 0.007 0.000 0.000 
10451 F 1 0.007 0.000 0.000 
10150 M 1 0.007 0.000 0.000 
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10151 F 1 0.007 0.000 0.000 
10330 M 1 0.007 0.000 0.000 
10331 F 1 0.007 0.000 0.000 
10480 M 1 0.007 0.000 0.000 
10481 F 1 0.007 0.000 0.000 
10850 M 1 0.007 0.000 0.000 
10851 F 1 0.007 0.000 0.000 

4004023 F 20 0.000 0.003 0.015 
4900006 M 38 0.000 0.005 0.002 
4910006 F 19 0.000 0.002 0.002 
4900019 M 42 0.000 0.005 0.002 
4006822 M 50 0.000 0.006 0.002 
4900007 M 49 0.000 0.006 0.002 
4910039 F 23 0.000 0.003 0.002 
4900027 M 41 0.000 0.005 0.001 
4900010 M 47 0.000 0.006 0.001 
4900024 M 47 0.000 0.006 0.001 
4900023 M 40 0.000 0.005 0.001 
4900012 M 44 0.000 0.005 0.001 
4900018 M 44 0.000 0.005 0.001 
4900011 M 32 0.000 0.004 0.001 
4900005 M 41 0.000 0.005 0.001 
4900003 M 26 0.000 0.003 0.001 
4910003 F 26 0.000 0.003 0.001 
4013907 M 48 0.000 0.006 0.001 
4910047 F 21 0.000 0.003 0.001 
4900004 M 46 0.000 0.005 0.001 
4900002 M 45 0.000 0.005 0.001 
4900020 M 15 0.000 0.002 0.001 
4910040 F 15 0.000 0.002 0.001 
4900026 M 33 0.000 0.004 0.001 
4910007 F 27 0.000 0.003 0.001 
4910044 F 25 0.000 0.003 0.001 
4910017 F 22 0.000 0.003 0.001 
4910010 F 24 0.000 0.003 0.001 
4900028 M 41 0.000 0.005 0.001 
4910021 F 18 0.000 0.002 0.001 
4900001 M 21 0.000 0.003 0.001 
4910001 F 21 0.000 0.003 0.001 
4900037 M 19 0.000 0.002 0.001 
4910067 F 19 0.000 0.002 0.001 
4910043 F 20 0.000 0.003 0.001 
4910057 F 20 0.000 0.003 0.001 
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4900016 M 34 0.000 0.004 0.001 
4900030 M 22 0.000 0.003 0.001 
4910050 F 22 0.000 0.003 0.001 
4910028 F 21 0.000 0.003 0.001 
4910015 F 19 0.000 0.002 0.001 
4900008 M 30 0.000 0.004 0.001 
4900021 M 30 0.000 0.004 0.001 
4910004 F 29 0.000 0.004 0.001 
4910022 F 18 0.000 0.002 0.001 
4910046 F 18 0.000 0.002 0.001 
4900029 M 26 0.000 0.003 0.000 
4910032 F 11 0.000 0.003 0.000 
4910049 F 26 0.000 0.003 0.000 
4900014 M 25 0.000 0.003 0.000 
4900017 M 25 0.000 0.003 0.000 
4900013 M 24 0.000 0.003 0.000 
4910023 F 24 0.000 0.003 0.000 
4910002 F 23 0.000 0.003 0.000 
4910020 F 23 0.000 0.003 0.000 
4910026 F 23 0.000 0.003 0.000 
4910038 F 23 0.000 0.003 0.000 
4910005 F 22 0.000 0.003 0.000 
4910012 F 22 0.000 0.003 0.000 
4910024 F 22 0.000 0.003 0.000 
4910054 F 22 0.000 0.003 0.000 
4900022 M 21 0.000 0.003 0.000 
4900025 M 21 0.000 0.003 0.000 
4900035 M 21 0.000 0.003 0.000 
4910041 F 21 0.000 0.003 0.000 
4910052 F 21 0.000 0.003 0.000 
4910055 F 21 0.000 0.003 0.000 
4910058 F 21 0.000 0.003 0.000 
4910065 F 21 0.000 0.003 0.000 
4910048 F 20 0.000 0.003 0.000 
4910053 F 20 0.000 0.003 0.000 
4910016 F 19 0.000 0.002 0.000 
4910027 F 19 0.000 0.002 0.000 
4910029 F 19 0.000 0.002 0.000 
4900009 M 18 0.000 0.002 0.000 
4900015 M 18 0.000 0.002 0.000 
4900034 M 18 0.000 0.002 0.000 
4900036 M 18 0.000 0.002 0.000 
4910019 F 18 0.000 0.002 0.000 
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4910064 F 18 0.000 0.002 0.000 
4910066 F 18 0.000 0.002 0.000 
4910008 F 17 0.000 0.002 0.000 
4910014 F 17 0.000 0.002 0.000 
4910056 F 15 0.000 0.002 0.000 
4910031 F 14 0.000 0.002 0.000 
4910018 F 13 0.000 0.002 0.000 
4900032 M 11 0.000 0.001 0.000 
4910025 F 11 0.000 0.001 0.000 
4910036 F 11 0.000 0.001 0.000 
4910062 F 11 0.000 0.001 0.000 
4910051 F 9 0.000 0.001 0.000 
4910035 F 7 0.000 0.001 0.000 
4910037 F 6 0.000 0.001 0.000 
4910034 F 3 0.000 0.001 0.000 
Unknown 

  
0.000 0.001 0.007 
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APPENDIX 4 
 

 

Appendix 4. Average final weight (g) adjusted by the average number of days from spawn to harvest for all families with ≥5 offspring of the 
Abbassa Strain of Nile tilapia, with error bars representing one standard deviation. Not all offspring had phenotypic data available; therefore, some 
family averages are based on fewer individuals with Family 13 only having a single offspring with phenotypic data. Families in orange are those 
families used for QTL, GWAS, and linkage mapping analysis, with blue signifying families used only for GWAS and linkage mapping.  
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APPENDIX 5 
 

 

Appendix 5.  Weight classes observed in Generation 10 of the Abbassa Strain in 10g bins. Harvest weight (g) were adjusted by the average 
number of days from spawn to harvest.  
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APPENDIX 6 
 

Appendix 6. Linkage groups based on sex Average, female, and male maps.  

 



 

 170 

 

 

 



 

 171 

 



 

 172 

 



 

 173 



 

 174 

 



 

 175 



 

 176 



 

 177 



 

 178 



 

 179 



 

 180 



 

 181 



 

 182 



 

 183 



 

 184 



 

 185 



 

 186 



 

 187 

 



 

 188 



 

 189 



 

 190 

 

 
 



 

 191 

APPENDIX 7 
 

 

 

 

Appendix 7. Manhattan plot based on the sex average linkage map for markers associated with weight. The distribution of p-values for all 
informative SNPs where the threshold for genome-wide significance at a p-value of 1x10-5 is denoted by a solid blue line and 1x10-10 is denoted by 
a solid red line. 

Unknown 
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APPENDIX 8 
 

 

 

 

Appendix 8. Manhattan plot based on the female linkage map for markers associated with weight. The distribution of p-values for all informative 
SNPs where the threshold for genome-wide significance at a p-value of 1x10-5 is denoted by a solid blue line and 1x10-10 is denoted by a solid red 
line. 

Unknown 
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APPENDIX 9 
 

. 

 

Appendix 9. Manhattan plot based on the male linkage map for markers associated with weight. The distribution of p-values for all informative 
SNPs where the threshold for genome-wide significance at a p-value of 1x10-5 is denoted by a solid blue line and 1x10-10 is denoted by a solid red 
line. 

Unknown 
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APPENDIX 10 
 

 

Appendix 10. Evanno ΔK values calculated for all 11 potential populations sampled (3 generations of ASL of Nile tilapia; 8 sampling locations of 
natural Nile tilapia, O. niloticus). Results are based on 3 iterations of K1-12. 
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APPENDIX 11 
 

Appendix 11.  Pairwise comparison of genetic distance (Fst ) values for all three generations of the ASL and all eight natural populations of O. 
niloticus . Significant Fst values with a p-value < 0.05 are indicated by an asterix (*).  

  
Gen 9 Gen 10 Gen 11 Aswan Manzala 

Lagoon  
Kanater Lake 

Idku 
Damietta Lake 

Brulus 
Rosetta Asyut 

Gen 9 0 
          

Gen 10 -0.008 0 
         

Gen 11 -0.002 -0.004 0 
        

Aswan 0.045* 0.048* 0.050* 0 
       

Manzala 
Lagoon  

-0.003 0.006* 0.017* 0.006* 0 
      

Kanater 0.035* 0.034* 0.042* 0.014* -0.015 0 
     

Lake Idku 0.007* 0.011* 0.027* 0.011* 0.003* -0.006 0 
    

Damietta 0.024* 0.025* 0.038* 0.020* -0.009 0.002* 0.003* 0 
   

Lake Brulus 0.034* 0.035* 0.046* 0.021* -0.013 0.006* -0.005 0.001* 0 
  

Rosetta 0.024* 0.023* 0.032* 0.013* -0.023 -0.002 -0.012 -0.009 0.000 0 
 

Asyut 0.055* 0.052* 0.058* 0.003* -0.012 0.006* -0.005 0.012* 0.014* 0.000 0 
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APPENDIX 12 
 

 

Appendix 12. Evanno ΔK values calculated for all 8 sampling locations of natural Nile tilapia, O. niloticus. Results are based on 3 iterations of 
K1-9. 
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APPENDIX 13 
 

 

 

Appendix 13. Quantile-Quantile (QQ) Plots of (a) all loci (b) neutral loci (i.e. where both balancing and directional outliers jointly identified by 
BayeScan v. 2.1 and Arlequin v. 3.5.2.2 were removed), and (c) neutralall outliers loci (i.e. where any balancing and directional outliers identified in 
either BayeScan v. 2.1 or Arlequin v. 3.5.2.2 were removed).The dotted blue line indicates the threshold of outliers identified at a significant 
(p≤0.05), the red line represent normally distributed data where the observed and expected p-value distributions are equivalent, and the 
surrounding grey area represents a 95% confidence interval.   

 

 

 

 

 

a. b. c. 
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APPENDIX 14  
 

Appendix 14. All 196 outliers which could be annotated to at least one of the three (sex average, female, and male) linkage maps created in 
Chapter 3. Detailed below is the linkage group to which they were annotated along with the position on that linkage group on all maps to which 
they were annotated.  

Outliers LG Sex Average Map Position Female Map Position Male Map Position 
17016618|F|0--63:C>T 2 6.969 

 
20.183 

11394783|F|0--16:G>A 2 13.123 
 

26.571 
11389881|F|0--5:G>A 2 14.776 27.343 23.985 
11397157|F|0--17:T>C 2 14.912 

 
25.271 

11387621|F|0--29:C>T 2 21.695 21.545 25.42 
11392161|F|0--22:A>G 2 28.59 17.416 36.891 
11393887|F|0--17:A>T 2 31.926 25.094 

 

11385511|F|0--44:T>C 2 33.367 25.314 39.536 
11387012|F|0--30:C>A 2 37.303 33.85 48.766 
11387020|F|0--46:T>G 2 

 
31.299 

 

17021741|F|0--13:C>A 3 38.954 38.127 
 

11393018|F|0--23:C>G 3 40.913 38.981 
 

11391561|F|0--67:G>A 3 44.176 
  

11385225|F|0--46:A>C 3 
 

49.538 25.099 
11396389|F|0--5:G>C 4 17.013 22.692 

 

17019317|F|0--13:A>G 4 19.032 18.249 42.659 
11391873|F|0--10:T>C 4 19.525 22.194 

 

11391749|F|0--56:C>T 4 20.402 24.753 
 

11386979|F|0--56:T>C 4 22.954 11.735 41.736 
11388141|F|0--11:T>C 4 24.892 29.805 44.51 
11394087|F|0--6:A>C 4 28.191 32.257 38.136 
11396614|F|0--54:A>C 4 37.652 44.727 30.246 
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11393786|F|0--11:C>T 4 41.803 44.994 
 

11386226|F|0--9:G>A 4 42.92 42.31 31.347 

11388966|F|0--31:C>T 4 
 

45.989 
 

11385579|F|0--17:A>T 5 41.403 54.596 45.994 

17888805|F|0--27:G>A 5 44.368 59.16 
 

11386268|F|0--23:G>A 5 62.217 74.149 26.463 

11396378|F|0--26:A>C 5 64.85 63.091 23.852 

11390313|F|0--9:T>G 5 65.073 
 

24.613 

11392779|F|0--59:C>G 5 66.756 
 

20.661 

17015001|F|0--8:T>G 5 68.893 79.186 
 

11395743|F|0--27:G>T 5 
 

68.743 63.217 

11387964|F|0--32:C>T 6 19.164 25.833 14.255 

17017514|F|0--19:C>T 6 22.471 23.877 20.351 

11387528|F|0--11:A>G 6 22.959 23.877 
 

11393141|F|0--40:C>T 6 27.668 
 

27.108 

11391838|F|0--39:C>T 6 40.323 
 

38.791 

11386442|F|0--6:G>A 6 42.337 46.166 
 

11389105|F|0--38:G>A 6 48.197 
 

25.72 

11387192|F|0--22:A>G 6 
 

28.425 13.144 

11396239|F|0--25:C>T 6 
  

3.115 

11396619|F|0--29:G>A 6 
  

15.284 

11397061|F|0--15:A>G 7 0 
  

11396443|F|0--27:C>T 7 22.174 
 

0 

11385907|F|0--68:G>A 7 28.939 
 

13.016 

11387620|F|0--54:G>T 7 45.228 25.933 34.171 

11388188|F|0--59:A>G 7 58.041 
  

11391499|F|0--27:T>G 7 62.398 
  

11385680|F|0--16:G>A 7 
 

0 18.454 

11386447|F|0--17:G>A 7 
 

0.986 
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11389832|F|0--26:C>T 7 
 

3.119 
 

11395983|F|0--16:T>C 7 
 

3.185 13.046 

11385224|F|0--55:T>C 7 
 

3.388 
 

17012647|F|0--9:C>T 7 
 

3.891 
 

11387408|F|0--60:T>C 7 
 

3.931 
 

11387698|F|0--44:T>C 7 
 

3.931 
 

11393767|F|0--14:C>T 7 
 

3.931 
 

11394228|F|0--11:C>A 7 
 

3.931 
 

11387165|F|0--50:T>A 7 
 

4.163 
 

17022540|F|0--14:G>A 7 
 

4.271 
 

17023948|F|0--50:C>T 7 
 

5.675 
 

17006770|F|0--49:G>C 7 
 

17.627 13.337 

11386867|F|0--18:G>T 7 
 

23.314 
 

11392462|F|0--32:C>T 7 
 

28.639 41.67 

17019184|F|0--35:C>T 7 
 

49.386 62.81 

11386567|F|0--24:C>T 7 
  

5.194 

17025377|F|0--24:C>T 7 
  

18.329 

11387364|F|0--44:A>G 7 
  

19.089 

11391523|F|0--51:G>A 8 6.871 20.427 
 

11390243|F|0--41:T>G 8 6.954 
 

0 

11387448|F|0--10:C>G 8 12.566 
  

11392009|F|0--22:T>C 8 19.531 16.058 16.492 

11386712|F|0--16:C>T 8 38.894 49.124 39.861 

11386936|F|0--12:T>G 8 40.356 45.93 34.122 

11392448|F|0--25:G>A 8 43.057 42.88 39.911 

11397191|F|0--25:T>C 8 44.236 43.413 41.645 

11395444|F|0--61:G>C 8 46.268 
 

36.92 

11390260|F|0--16:G>A 8 
 

39.179 9.624 

11389699|F|0--34:A>G 8 
  

39.758 
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11392467|F|0--47:T>A 11 48.079 70.047 
 

11385394|F|0--39:C>G 11 50.983 63.362 52.816 

11396385|F|0--23:G>C 11 52.771 69.034 
 

11386014|F|0--49:G>C 11 58.572 78.823 
 

11387060|F|0--62:C>G 11 
 

40.946 
 

11396305|F|0--38:G>A 11 
 

55.865 41.216 

11385498|F|0--36:A>G 11 
 

65.707 
 

11396042|F|0--64:G>A 11 
 

85.471 67.821 

11386987|F|0--34:A>C 11 
  

41.072 

11386986|F|0--58:G>A 11 
  

42.314 

11393214|F|0--48:T>C 11 
  

52.945 

11395608|F|0--38:A>C 11 
  

71.837 

17027912|F|0--6:T>C 11 
  

72.461 

11393725|F|0--33:C>T 12 23.33 46.333 
 

11395235|F|0--28:C>T 12 26.582 42.749 6.053 

11396518|F|0--8:C>A 12 38.041 38.529 27.824 

11390063|F|0--14:G>A 12 53.068 67.362 
 

11388128|F|0--23:G>A 12 55.481 68.708 
 

11395189|F|0--54:C>T 12 56.107 67.946 39.739 

11395450|F|0--48:G>A 12 
 

68.939 47.339 

11390140|F|0--15:A>G 12 
  

8.711 

11397101|F|0--60:G>A 13 28.531 
 

46.435 

11396356|F|0--5:C>G 13 33.084 24.041 
 

11395978|F|0--63:G>C 13 40.809 
 

61.394 

17023581|F|0--41:G>A 13 42.252 49.511 
 

11387951|F|0--45:A>G 13 45.686 49.547 62.783 

11392586|F|0--34:T>C 13 47.162 
 

66.658 

11394693|F|0--24:A>G 13 
 

8.57 62.007 

11388983|F|0--9:G>A 13 
 

31.595 43.233 
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11386691|F|0--17:T>C 13 
  

97.139 

11396558|F|0--27:C>T 14 15.848 36.528 
 

11388136|F|0--51:T>C 14 15.898 35.421 
 

11387355|F|0--32:A>G 14 22.409 24.474 
 

11392697|F|0--57:C>T 14 27.931 
  

11388231|F|0--60:A>G 14 
 

51.28 29.374 

11395896|F|0--51:C>T 14 
 

67.337 
 

17019291|F|0--23:G>A 14 
 

67.659 
 

17018247|F|0--54:C>T 16 12.382 0 38.375 

17016550|F|0--30:A>G 16 15.928 21.268 
 

17023148|F|0--67:C>T 16 16.556 
 

39.479 

11391580|F|0--63:C>T 16 18.022 21.437 24.494 

17013962|F|0--25:A>G 16 20.06 23.924 
 

17012537|F|0--56:G>T 16 20.342 24.005 32.389 

11389184|F|0--27:C>G 16 20.555 22.484 
 

11389461|F|0--30:G>T 16 31.066 55.5 9.258 

11390333|F|0--10:G>T 16 33.491 44.284 12.375 

17020595|F|0--20:A>G 16 36.259 48.716 
 

11394102|F|0--27:C>T 16 36.847 51.96 16.385 

11386596|F|0--20:G>A 16 37.531 48.591 12.219 

11395435|F|0--41:G>A 16 38.151 
 

10.234 

11389268|F|0--24:G>A 16 39.5 48.638 16.008 

11387902|F|0--49:C>T 16 39.509 48.421 
 

11387104|F|0--8:G>A 16 39.643 48.811 16.011 

11396300|F|0--32:A>G 16 39.906 48.923 
 

11385279|F|0--44:G>A 16 40.93 50.705 16.008 

11392861|F|0--23:G>A 16 41.743 52.782 16.008 

11386220|F|0--36:T>A 16 
 

33.194 
 

11388213|F|0--30:C>T 16 
 

48.636 15.896 



 

 203 

11395595|F|0--40:G>T 16 
 

48.774 19.158 

11397938|F|0--25:T>G 17 6.859 7.242 66.004 

11393445|F|0--56:C>T 17 6.862 8.026 66.507 

17021816|F|0--25:C>G 17 7.06 8.026 
 

11391597|F|0--68:T>G 17 28.432 27.65 17.963 

11392333|F|0--38:C>T 17 28.535 29.07 
 

17888498|F|0--15:A>G 17 45.582 46.493 47.756 

11394106|F|0--6:G>A 17 46.915 
 

42.561 

17012688|F|0--25:C>G 17 48.276 46.202 37.401 

11396284|F|0--29:C>T 17 49.231 46.072 39.287 

17881870|F|0--56:T>C 17 54.951 45.25 
 

11389869|F|0--25:C>G 17 
  

52.477 

11387372|F|0--43:C>T 18 48.269 39.065 25.626 

17887915|F|0--7:A>C 18 54.207 
 

29.194 

11389044|F|0--18:T>G 18 65.81 52.3 7.186 

17020472|F|0--10:C>T 18 
 

54.923 22.684 

17024112|F|0--9:T>C 18 
 

56.044 30.391 

11392039|F|0--52:A>G 19 9.144 3.832 52.319 

11385409|F|0--59:C>G 20 50.894 
 

32.237 

11390665|F|0--10:A>G 20 50.911 54.757 16.92 

11389663|F|0--14:C>T 20 51.866 
  

11392008|F|0--38:G>A 20 52.605 59.553 12.397 

11385997|F|0--33:G>A 20 52.63 57.721 13.849 

11394708|F|0--22:A>G 20 52.938 
 

13.849 

11393778|F|0--37:G>A 20 53.55 59.568 16.92 

11392599|F|0--24:A>G 20 53.629 59.076 16.963 

11385741|F|0--36:T>C 20 56.54 54.049 25.696 

11389286|F|0--19:C>T 20 58.059 51.511 25.583 

11397792|F|0--11:G>C 20 60.931 52.779 
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11392400|F|0--36:G>A 20 61.538 
 

26.23 

11388195|F|0--19:T>C 20 61.667 68.38 27.899 

11386198|F|0--22:C>A 20 61.692 
 

25.379 

11396310|F|0--14:T>G 20 63.213 
 

28.563 

11385372|F|0--59:C>T 20 63.91 
  

11394591|F|0--24:C>A 20 63.973 
 

25.845 

11392429|F|0--8:C>T 20 65.542 
 

28.586 

17024130|F|0--15:A>G 20 66.858 
 

30.504 

11389059|F|0--35:C>G 20 68.823 
 

30.979 

11387379|F|0--51:C>T 20 71.792 
  

11387052|F|0--33:A>G 20 73.313 73.817 
 

11391883|F|0--40:G>A 20 80.846 
  

17027530|F|0--23:C>G 20 87.291 
 

62.443 

11395473|F|0--66:G>A 20 
 

55.3 25.583 

17021064|F|0--11:A>C 20 
 

56.965 
 

11393839|F|0--31:T>G 20 
 

66.229 
 

11385386|F|0--25:A>G 20 
 

69.627 
 

11385893|F|0--56:C>G 20 
  

26.214 

11393454|F|0--29:G>A 20 
  

26.23 

11396498|F|0--28:G>A 20 
  

41.817 

11396572|F|0--7:G>A 23 28.27 36.396 
 

11386860|F|0--26:G>C 23 33.74 47.874 27.281 

11396584|F|0--53:C>T 23 36.379 
 

28.522 

11385953|F|0--29:A>G 23 50.683 
  

11387574|F|0--45:C>A 23 59.603 69.705 
 

11386967|F|0--22:C>T 23 
 

35.283 29.189 

11392797|F|0--68:C>A 23 
 

62.417 27.781 

11389200|F|0--38:A>G 23 
  

26.739 
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APPENDIX 15 
 

Appendix 15. Genetic diversity indicies calculated using all SNPs. Hardy-Weinberg Equilibrium (HWE) was calculated as the proporiton of 
markers that were significantly (p-value < 0.05) out of HWE, Monomorphic SNPs  were calculated as the porportion of markers that were 
monomorphic, and the inbreeding coeffiient (Fis) was calculated per sampling location, timepoint, and/or population. Significant Fis values are 
denoted by *.  

 
 

Category n HWE Monomorphic SNPs Fis 
Gen 9 Domestic 121 0.114 0.019 -0.035 

Gen 10 Domestic 204 0.138 0.020 -0.078 
Gen 11 Domestic 145 0.146 0.031 -0.054 

Lake Idku Natural 49 0.030 0.252 -0.067 
Rosetta Natural 48 0.041 0.144 0.038 

Lake Brulus  Natural 50 0.032 0.263 -0.055 
Damietta Natural 50 0.041 0.213 -0.027 

Manzala Lagoon  Natural 43 0.023 0.288 -0.090 
Kanater Natural 50 0.025 0.181 -0.112 

Asyut Natural 33 0.010 0.326 -0.142 
Aswan Natural 28 0.015 0.355 -0.065 

Domestic 
 

470 0.210 0.008 -0.060 
Natural 

 
351 0.194 0.057 -0.061 
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APPENDIX 16 
 

Appendix 16. A subset of genetic diversity indices-including, average observed heterozygosity (Ho), expected heterozygosity (He), and the 
number of polymorphic loci- calculated using different allowances of missingness in data per sampling location and per STRUCTURE population 
designation (K = 2; domestic population, natural population). All loci included, all loci potentially included in analysis with loci varying per 
population with only 5% missingness allowed within each population (All Loci; 5% Missing Allowed Per Population), markers present in at least 
50% of samples allowed (50% missingness), markers present in at least 75% of samples allowed (25% missingness), and markers present in at 
least 95% of samples allowed (5% missingness). 
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