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Abstract: The need for improved aquaculture productivity has led to widespread pressure to 
introduce the Genetically Improved Farmed Tilapia (GIFT) strains of Nile tilapia (Oreochromis 
niloticus) into Africa. However, the physical and regulatory infrastructures for preventing the escape 
of farmed stocks into wild populations and ecosystems are generally lacking. This study 
characterized the genetic background of O. niloticus being farmed in Ghana and assessed the genetic 
effects of aquaculture on wild populations. We characterized O. niloticus collected in 2017 using 
mitochondrial and microsatellite DNA markers from 140 farmed individuals sampled from five 
major aquaculture facilities on the Volta Lake, and from 72 individuals sampled from the wild in 
the Lower Volta River downstream of the lake and the Black Volta tributary upstream of the lake. 
Our results revealed that two farms were culturing non-native O. niloticus stocks, which were 
distinct from the native Akosombo strain. The non-native tilapia stocks were identical to several 
GIFT strains, some of which showed introgression of mitochondrial DNA from non-native 
Oreochromis mossambicus. We also found that the non-native cultured tilapias have escaped into the 
wild and interbred with local populations, and also observed potentially admixed individuals on 
some farms. Our results highlight aquaculture as a vector in the spread of invasive non-native 
species and strains, and underscore the importance of genetic baseline studies to guide conservation 
planning for wild populations. 

Keywords: mitochondrial DNA; microsatellites; phylogenetic analysis; Oreochromis niloticus; 
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1. Introduction 
The Nile tilapia (Oreochromis niloticus) is one of the most widely introduced fish species outside 

its native range. Originally from Africa and the Middle East, the Nile tilapia has been introduced to 
nearly all tropical and sub-tropical regions, primarily for aquaculture purposes [1,2]. Many 
genetically improved tilapia strains have been developed for aquaculture production, including the 
Genetically Improved Farmed Tilapia (GIFT), Genetically Enhanced Tilapia-Excellent (GET-EXCEL), 
Brackishwater Enhanced Saline Tilapia (BEST), Genetically Male Tilapia (GMT), Chitralada, YY-male, 
Cold-tolerant tilapia (COLD), and Florida red strains [3]. The Genetically Improved Farmed Tilapia 
(GIFT) strain of O. niloticus was founded using parental stocks from eight countries, including four 
African countries (Egypt, Ghana, Kenya, and Senegal), and developed by 15 generations of selective 
breeding [4]. The subsequent distribution of the GIFT strain for commercial farming in Asia 
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revolutionized tilapia aquaculture in Asia and contributed to increased global tilapia production [4–
8]. However, due to the risk of contamination of locally adapted native genetic stocks, the WorldFish 
Center and other development partners responsible for the GIFT strain adopted a policy that did not 
allow the dissemination of GIFT to African countries where the original parental stocks were 
collected [9].  

In Ghana, as in many other sub-Saharan African countries where O. niloticus is the main 
aquaculture species, locally available native strains are widely considered inferior to the GIFT and 
related strains with respect to growth performance. Recognition of the need for improved strains of 
tilapia in Africa and the desire to ensure that Africa benefits from the GIFT project without the 
associated ecological and genetic risks of introducing the GIFT strain resulted in the development of 
the Ghanaian Akosombo and the Egyptian Abbassa strains using the GIFT selective breeding 
methodology [9–12]. In recent years, however, many commercial farmers in Ghana have expressed 
discontentment with the growth and survival rates of the Akosombo strain. As part of the 
development and validation of the Akosombo strain, the GIFT strain was imported by the Ghanaian 
government’s Aquaculture Research Development Centre (ARDEC) in 2012 for experimentation 
alongside the Akosombo strain [13]. 

Ansah et al. [13] analyzed the economic benefits and the long-term ecological risks of 
introducing the GIFT strain to Africa and suggested that practical biosecurity measures be 
implemented prior to any future GIFT introductions. However, the effectiveness of biosecurity 
measures can be assessed only if countries properly define their conservation goals based on the 
characterization of the differentiation of natural populations requiring protection from genetic 
introgression in specific geographic regions. In Ghana, there are unconfirmed reports of farmers 
growing the GIFT strain even though the strain has not been officially approved for commercial 
farming. While much of aquaculture in Ghana is conducted in small- to medium-scale facilities in 
ponds, the aquaculture operations near the Volta Lake are relatively large and cage-culture based. 
Cages are prone to escape of fish into natural surface waters, with the possibility of attendant genetic 
impacts upon native receiving populations. If farmers are growing the unapproved genetically 
improved strains, especially on the Volta Lake where cultured fish easily escape into the wild [10], it 
is urgent to investigate the possible outcomes of such introductions, including the interbreeding of 
farmed and wild populations.  

Population genetic structure of O. niloticus within West Africa has not been well characterized. 
Using allozyme markers, Rognon et al. [14] observed modest levels of genetic differentiation among 
seven wild populations. Screening nine microsatellite DNA loci across 350 samples from ten natural 
populations, Bezault et al. [15] found high genetic differentiation across the Ethiopian, Nilotic and 
Sudano-Sahelian regions and ichthyofaunal provinces, and intermediate levels of divergence 
between populations in rivers and lakes within regions, presumably reflecting relatively recent 
interruptions of gene flow between hydrographic basins. While some research has focused on the 
genetic variation among O. niloticus populations within the Volta system in West Africa [12,16,17], 
ours is the first study to focus upon genetic differentiation among O. niloticus populations for 
purposes of conservation planning for wild populations. The assessment of the genetic variability 
among natural populations of O. niloticus in aquaculture receiving waters will provide vital baseline 
information for purposes of conserving any genetically distinct native populations remaining and for 
ongoing monitoring of aquaculture impacts on aquatic ecosystems in Ghana. Therefore, this study 
was conducted in order to: (1) Characterize the genetic background of Nile tilapia O. niloticus being 
farmed in Ghana using sequence variation at the mitochondrial D-loop and COI regions and 
amplification of fragment size variation at ten nuclear microsatellite loci, and (2) assess the genetic 
effects of aquaculture on wild populations using selected farms operating on the Volta Lake in Ghana. 

2. Materials and Methods 

2.1. Fish Sampling and DNA Extraction 



Diversity 2019, 11, 188 3 of 23 

Fin-clips were obtained from 140 farmed and 72 wild tilapia collected between March and July 
2017 (Table 1). Farmed tilapia samples were obtained from five major aquaculture facilities operating 
on the Volta Lake in Ghana, including Lee’s Farm, Volta Catch, Akosombo Tilapia, Fujian Farm, and 
the Aquaculture Research and Development Centre (ARDEC), the government hatchery responsible 
for the development and dissemination of the native Ghanaian Akosombo strain of O. niloticus. 
Farmed samples were obtained either directly from the farms or from wholesale distribution points 
of farms. Wild O. niloticus were sampled from two rivers: (1) Black Volta River, an upstream location 
far from the aquaculture sites; and (2) Lower Volta River, a downstream location close to the 
aquaculture sites. Figure 1 shows the sampling locations for both wild and farmed samples. 

All fin-clips were stored in paper envelopes, dried, and transported to Virginia Tech, USA, for 
laboratory analysis. Total genomic DNA was extracted using the DNeasy Blood and Tissue kit 
(Qiagen, Germantown, MD, USA) according to the manufacturer’s instructions. The DNA was 
quantified using a μLite spectrophotometer (Biodrop, Cambridge, UK) and concentrations were 
standardized for use in the polymerase chain reaction (PCR).  

Table 1. Sample and site information for Oreochromis spp. collected in Ghana from March 2017 to July 
2017 and sample sizes for nuclear and mitochondrial DNA (mtDNA) analyses. 

Site Name Sampling Location Source Nuclear DNA (N) mtDNA (N) 
Black Volta River Kantu** Wild 39 16 
Lower Volta River Notreku-Akuse Wild 33 11 

ARDEC* Akosombo Farm 30 10 
Lee’s Farm Akosombo Farm 32 10 
Volta Catch Asokwa-Kumasi Farm 29 8 

Akosombo Tilapia Ashaiman Farm 19 5 
Fujian Farm Asutuare Farm 30 9 

*ARDEC = Aquaculture Research and Development Centre. **The majority of Black Volta River 
samples were obtained from Kantu (N = 30). Samples were also collected from Lawra (N = 3) and 
Talewona (N = 6).
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Figure 1. Sampling locations for wild and farmed Oreochromis spp. collected in Ghana at nine sites from the Lower Volta River (downstream of the lake) and the 
Black Volta tributary upstream of the lake (three locations comprising the Black Volta river site in Table 1 shown separately here) and five aquaculture facilities 
from March 2017 through July 2017. Sampling sites are indicated with red triangles. The cluster of five aquaculture facilities (and their approximate location) is 
indicated with the green circle. LFARM = Lee’s Farm, ARDEC = Aquaculture Research and Development Centre, VC = Volta Catch, AKTIL = Akosombo Tilapia 
Farm, FFARM = Fujian Farm.
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2.2. Mitochondrial DNA Sequences 

For mitochondrial DNA analysis, we sequenced and analyzed variation among 69 individuals 
comprising 42 farmed and 27 wild fish. Two mitochondrial DNA markers—the displacement loop 
(D-loop) region (control region), and the cytochrome c oxidase subunit 1 (CO1) gene—were selected 
and amplified by PCR. The D-loop was chosen because it is the most variable region in the 
mitochondrial genome and known to be a “hot spot” for mutation. CO1 was chosen because it is used 
widely as a barcoding gene marker to help identify species [18].  

Primers (forward 5’-ACCCCTAGCTCCCAAAGCTA-3’ and reverse 5’- 
CCTGAAGTAGGACCAGATG-3’) previously designed for O. niloticus [19] were used for amplifying 
D-loop sequences. Universal fish primers (forward F2 and VF2, reverse R2 and FR1d) [20] were used 
for CO1 gene amplification. Details of PCR amplification are presented in Appendixes. PCR products 
were visualized with agarose gel electrophoresis to confirm amplification and amplicon sizes (391 bp 
for D-loop, 315 bp for COI) prior to sequencing with an ABI3730 automated DNA sequencer at the 
Virginia Tech Biocomplexity Institute (Blacksburg, VA). 

The raw DNA sequences were assembled using Geneious® 11.1.2 (Biomatters Ltd., Auckland, 
New Zealand). The consensus sequences obtained were aligned with ClustalW [21] embedded in 
GeneStudio™ v2.2 (http://genestudio.com/). Variable sites and parsimony-informative sites were 
determined using MEGA7 [22] software. Haplotypes were inferred using the program DnaSP 6.11.01 
[23] for downstream analyses. Using the Basic Local Alignment Search Tool (BLAST) [24], haplotype 
sequences for the DNA markers were queried against entries in GenBank, and highly homologous 
sequences obtained from the BLAST searches were retrieved and used as a reference sequences for 
the phylogenetic analyses.  

We used five types of reference samples, and an outgroup for D-loop analysis: (1) Tilapia 
products were purchased in October 2017 from two U.S. grocery stores (N = 9). (2) GenBank sequences 
for the GIFT strain of O. niloticus together with the Egyptian, Filipino, and American strains of O. 
niloticus, which were studied in China (accession numbers GU477624, GU477625, GU477626, 
GU477628) were downloaded from GenBank (N = 4). (3) GenBank sequences for O. mossambicus, and 
one O. niloticus × O. mossambicus hybrid (accession numbers AF296466, EU430997, AF328843, 
AY833436, AY833448, and AY833481, respectively, N = 6) were downloaded from GenBank. (4) West 
African O. niloticus reference samples included samples obtained from Cote d’Ivoire and sequenced 
as part of the present study, a GenBank sequence of O. niloticus sampled from Senegal (accession 
number EF016715), and a GenBank sequence of O. niloticus sampled from Ghana (accession number 
AF485083) (N = 3). (5) GenBank sequences represented East African subspecies of O. niloticus sampled 
from Kenya (accession numbers AJ237397, EF016672, FJ440579, EF016688, and AF296468) (N = 5). 
Coptodon zillii was chosen as the outgroup for the construction of the phylogenetic tree; the C. zillii D-
loop sequence used was from an individual collected from the Volta River in Ghana during our field 
sampling. 

2.2.1. D-loop Phylogenetic Relationships  

We analyzed the phylogenetic relationships among mitochondrial D-loop sequences of the 
respective samples. The phylogenetic tree was constructed using the Ghanaian O. niloticus haplotype 
sequences and five groups of reference samples. All DNA sequences were aligned, and the best 
substitution model for sequence evolution was determined using the program MrModeltest 2.3 [25] 
implemented within PAUP 4.0 [26]. Phylogenetic analysis based on a Bayesian inference algorithm 
was conducted using MrBayes 3.2.6 [27] using the parameters specified from MrModeltest. We 
checked for convergence of the runs using the output from MrBayes; the effective sample size (ESS) 
value for all parameters estimated in our model were > 1660. The best substitution model selected 
using the Akaike Information Criterion was the symmetrical model with gamma-shaped distribution 
(SYM + G). The phylogenetic analysis was performed with 2 million Markov Chain Monte Carlo 
(MCMC) generations with four chains, a sample frequency of every 100 generations, and a burn-in 
of 500,000 generations. The analysis was performed in two runs. A total of 30,002 trees was sampled. 
The average standard deviation of split frequency was 0.0053 with a -Ln likelihood of -1537.66. The 
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resulting phylogenetic tree was visualized with FigTree 1.4.2 [28]. The evolutionary divergence 
between haplotypes was estimated using pairwise sequence divergence implemented in the program 
MEGA7 [22]. 

2.2.2. CO1 Phylogenetic Relationships 

We assessed the presence or absence of GIFT and related strains in Ghana by sequencing the 
CO1 gene of two farmed samples (FFARM28 and FFARM29) previously identified as GIFT 
haplotypes from the D-loop analysis (haplotypes 14 and 13, respectively). The COI sequences were 
compared to CO1 sequences from GIFT samples from GenBank (accession numbers KU565827 and 
KU565864) and related strains (e.g., EXCEL3, BEST-BC3, PNT-04) collected in the Philippines and 
available in GenBank(accession numbers KU565814, KU565843, and KC789549 respectively). This 
verification step was necessary because no information on the GenBank Onilo_GIFT (used for the D-
loop phylogenetic analysis) linked the sequence to the GIFT project, and no other appropriate GIFT 
sequences were found on GenBank for the D-loop analysis. We also sequenced four farmed 
individuals identified as native Ghanaian haplotypes from the D-loop analysis [ARDEC1 (haplotype 
24), ARDEC13 (haplotype 1), LFARM1 (haplotype 9), and VCA1 (haplotype 1)] as reference samples. 
The relationships among the samples were visualized using a haplotype network constructed based 
on the method of Templeton, Crandall, and Sing (TCS) [29]; using the program TCS network [30].  

2.3. Nuclear DNA Microsatellites  

We genotyped all the 140 farmed and 72 wild samples using polymerase chain reaction (PCR) 
with ten microsatellite DNA markers designed for O. niloticus [31,32]. These markers have shown 
high allelic variation in previous studies [32–34], and were screened for polymorphism in our 
populations prior to including them in the study. Technical information for the respective 
microsatellite markers is presented in Table 2. Details of PCR amplification are presented in 
Appendixes. PCR products were visualized using agarose gel electrophoresis to confirm 
amplification and amplicon sizes prior to genotyping with an ABI3730 automated DNA sequencer at 
the Virginia Tech Biocomplexity Institute (Blacksburg, VA, USA) or Cornell University (Ithaca, NY, 
USA). Amplification products were visualized with GeneMarker version 2.6.4 and scored by eye. 

We used the program Microchecker [35] to check for genotyping errors in the data set resulting 
from null alleles, false peaks, and short-allele dominance using a Monte Carlo simulation of 
differences in the expected allele size. We screened populations for linkage disequilibrium (LD) 
between all loci pairs [36], and for Hardy-Weinberg equilibrium (HWE) deviations at each locus using 
Arlequin, version 3.1 [37]. We determined the significance of departures of genotype frequencies 
from Hardy-Weinberg equilibrium using Fisher’s exact test with a Markov chain of 1,000,000 steps 
and 100,000 dememorization steps [38], and assessed the significance of linkage disequilibrium 
pairwise tests using the likelihood-ratio test with 10,000 permutations [39]. We then used the 
sequential Bonferroni correction, an approach used to account for possible Type 1 errors associated 
with multiple pairwise evaluations [40].  
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Table 2. Technical details for amplification of ten microsatellite loci for Ghanaian tilapias (Oreochromis spp.) collected from the Lower Volta River, the Black Volta 
tributary of the lake and five cage farm sites on the Volta Lake in Ghana. 

Locus Primer Sequences (5’ to 3’) Base-pair Range Annealing  
Temp (°C) 

GenBank  
Accession Number 

UNH123 F: CATCATCACAGACAGATTAGA 171–245 54 G12276.1 
R: GATTGAGATTTCATTCAAG 

UNH130 
F: AGGAAGAATAGCATGTAGCAAGTA 

164–242 58 G12283.1 
R: GTGTGATAAATAAAGAGGCAGAAA 

UNH178 
F: GTCACACCTCCATCATC 

114–144 58 G12330.1 
R: AGTTGTTTGGTCGTGTAAG 

UNH180 
F: GCAACTAATCACACAATTTT 

121–187 58 G12332.1 
R: GTTTAAGTTAAAAACAAATTCGTTT 

UNH203 F: CACAAAGATGTCTAAACATGT 
65–97 56 G12354.1 

R: GAATTTGACAGTTTGTTGTTTAC 

UNH858 
F: TTCAAACAGCTTCACGGTCA 

196–252 58 G68194.1 
R: CTATGCCATGGCTAAAGTCAC 

UNH898 
F: GATGTCCCCACAAGGTATGAA 

214–292 58 G68215.1 
R: TAATCCACTCACCCCGTTTC 

UNH925 F: GTAGCTGCTGGGGTCTGAAG 
172–252 58 G68234.1 

R: TAGCACTCTGCCACTTGTCC 

UNH934 
F: ACTGCAATGAAATGCTGCTT 

214–246 58 G68240.1 
R: CCATTCCTCAGAGCACAACA 

UNH991 
F: AAGCCTTGCATAAAACAGCA 

150-182 58 G68271.1 
R: AAAGTTTGCTGCCCTCAGTG 
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We quantified genetic variation across the microsatellite loci for both the wild and farmed tilapia 
populations using a number of alleles per locus, observed and expected heterozygosities, and a 
number of private alleles. We assessed population differentiation using the FST [41] metric of 
differentiation, and analysis of molecular variance (AMOVA) using the program Arlequin. We 
calculated locus-by-locus genic differentiation using the Fisher’s exact G test executed in Genepop on 
the Web [42]. We further assessed population structure using a Bayesian clustering program, 
Structure v 2.3.4. [43,44]. We used an admixture model for assessing possible introgression from the 
farmed populations and the extent of mixing of farmed populations with wild populations. The 
model was executed with 100,000 burn-in, and 500,000 MCMC replicates with the ancestry correlated 
option using default settings. Consequently, we set K = 1 to 7 for individual assignment analyses. The 
best-supported K values were selected using the Evanno et al. [45] method implemented online in 
Structure Harvester [46], and the LnP(D:K) criterion reported in Structure output. The resulting 
Structure plots were visualized using the Clumpak program [47]. 

3. Results 

3.1. D-loop Haplotypes and Phylogenetic Relationships 

A DNA sequence of 391 bp covering the hypervariable region (280 bp) and the first part of the 
central conserved region (111 bp) of the mitochondrial D-loop region was analyzed. There were 79 
variable sites and 68 parsimony-informative sites. Twenty-seven haplotypes were identified among 
the 69 individuals sequenced (Table A1). The first two haplotypes were exhibited among nearly 50% 
(N = 32) of all the individuals from every site except Akosombo Tilapia Farm. Every geographic site, 
which exhibited haplotypes 1 and 2 included at least three individuals; except for Fujian Farm, in 
which a single individual exhibited haplotype 1. Of the remaining 25 haplotypes, 17 were private 
haplotypes observed in collections from wild sites only or farmed sites only. The private haplotypes 
from farmed sites were dominated by samples from two farms, Fujian Farm and Akosombo Tilapia 
Farm. One haplotype was shared by those two farms, Fujian Farm and Akosombo Tilapia Farm, and 
the Lower Volta River. 

The results of the phylogenetic analysis of mitochondrial D-loop sequences showed two 
genetically distinct clusters with 100% posterior support (Figure 2 and Table A2), which also were 
distinct from that of the outgroup species, C. zillii. The first cluster, which we term the “native tilapia 
cluster”, contained 17 haplotypes, including haplotypes 1 and 2 (the haplotypes observed in the 
majority of both wild and farmed individuals), as well as seven “wild” haplotypes (of the eight 
observed) originating from the Black Volta River (haplotypes 17–23, Table A1 and Figure 2). The “O. 
niloticus” cluster also contained the sample from Cote d’Ivoire (Onilo_CD), the GenBank sequence 
Onilo_Kpa11 originally sampled from the Volta basin in Ghana by Falk et al. [48] as part of a genetic 
study of black-chinned tilapia, Sarotherodon melanotheron, and one sample from the U.S. grocery-store 
tilapia reference group (Onilo_WA1).  

The second cluster, which can be described as the “non-native tilapia cluster”, further divided 
into two sub-clusters with 94% posterior support (Figure 2). The first sub-cluster within the “non-
native tilapia” cluster, which we term the “O. mossambicus” cluster in Table A2, contained all five 
GenBank sequences for O. mossambicus, four private haplotypes from the Fujian Farm (haplotypes 10, 
11, 14, and 16) and one private haplotype from the Akosombo Tilapia Farm (haplotype 27), one of the 
U.S. grocery-store tilapia samples (KB1), and the GenBank O. niloticus_GIFT strain sequence.  

The second sub-cluster, which we term the “O. niloticus introgressed with O. mossambicus” 
cluster in Table A2, consisted of a GenBank sequence of an O. niloticus × O. mossambicus hybrid, five 
haplotypes, including two private haplotypes from three sites—Fujian Farm (haplotype 15), the 
Lower Volta River (haplotype 3), and Akosombo Tilapia Farm (haplotype 26); haplotype 4 shared by 
the Fujian Farm, Lower Volta River, and Akosombo Tilapia Farm; and haplotype 13 shared by Fujian 
Farm and Akosombo Tilapia Farm. The “O. niloticus introgressed with O. mossambicus” cluster also 
contained all five East African reference sequences; seven of the nine U.S. grocery-store tilapia 
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reference samples, and the three GIFT-related strains (Egyptian strain, Filipino strain and the 
American strain). 

 
Figure 2. Phylogenetic tree constructed from 391-bp D-loop consensus haplotype sequences for 
Oreochromis spp. using Bayesian analysis showing the inferred origins of haplotypes. Population 
designators: BV = Black Volta, LV = Lower Volta, ARDEC = Aquaculture Research and Development 
Centre, LFARM = Lee’s Farm, FFARM = Fujian Farm, VC = Volta Catch, AKTIL = Akosombo Tilapia 
Farm. The “Native tilapia” cluster contains mitochondrial haplotypes characteristic of West Africa, 
the “Non-native tilapia” cluster contains haplotypes from O. mossambicus that are derived from pure 
O. mossambicus, East African O. niloticus, and introduced O. niloticus strains cultured in Ghana. 
Reference groups are highlighted in blue. Farmed and wild samples collected from Ghana, which 
clustered with the non-native tilapia group are highlighted in red. Posterior support values are 
indicated to the left of each node. The tree was rooted using a D-loop sequence for Coptodon zillii. All 
photos are from this study. 

Pairwise nucleotide Tamura-3 parameter distances provided further support for the clustering 
observed. The genetic distances were considerably larger between clusters than within clusters (Table 
A3). For instance, the genetic distances (i.e., dissimilarity) between the “O. niloticus” cluster and the 
“O. mossambicus” cluster, and the “O. niloticus introgressed with “O. mossambicus” cluster ranged 
from about 14–16% and 13–15% respectively, compared to the largest within-group distance of 1.7% 
for the “O. niloticus” cluster (Table A3). Divergence based on fixed nucleotide differences at the 
variable sites further supported the inference that individuals in the “O. niloticus” cluster were 
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genetically distinct from individuals in the inferred “O. mossambicus” and “O. niloticus introgressed 
with O. mossambicus” clusters (Table A2). 

3.2. CO1 Phylogenetic Relationships 

The results for the mitochondrial haplotype network analysis were congruent with the results 
obtained from the D-loop analysis. The results showed that the Fujian Farm samples (FFARM28 and 
FFARM29) were distinct from the native tilapia populations (Figure 3). The Philippines GIFT strain 
sequences were closely related with FFARM29 sampled from Fujian Farm, other improved strains, 
and the Egyptian and GIFT-related strains used in the D-loop analysis (Figure 3). Additionally, 
FFARM28 was closely related to the GenBank O. mossambicus sequence, similar to findings from the 
D-loop analysis (Figure 3). 

 
Figure 3. TCS network of six farmed tilapia mitochondrial haplotypes from Ghana (white shading), 
and the GIFT and related strains of O. niloticus (gray shading) observed among 315 bp of the 
mitochondrial CO1 gene sequence. Native haplotypes are indicated in the blue oval, and non-native 
haplotypes are indicated in the red oval. Three sequences; Onilo_GIFT, Onilo_Egypt, and 
Onilo_Philippines used in the D-loop phylogenetic analysis are included as reference samples. One 
sequence of O. mossambicus from GenBank (accession number KU565829) is included as a reference 
sample to show the dissimilarity between O. niloticus, O. mossambicus, and the genetically improved 
strains. 

3.3. Genetic Variability in Microsatellite Genotypes 

All ten microsatellite loci screened were polymorphic. However, results from Microchecker 
analysis showed evidence of null alleles at locus UNH925 for several populations. Loci UNH130 and 
UNH925 consistently showed departure from HWE across all sites, and locus UNH130 showed 
evidence for segregation of null alleles in some populations. Thus, we excluded data from loci 
UNH925 and UNH130 from subsequent analysis. Significant departure from HWE was evident in the 
Akosombo strain (ARDEC) at loci UNH858 and UNH898; Lee’s Farm at UNH180 and UNH858; Volta 
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Catch at UNH180 and UNH898; Fujian Farm at UNH858; Lower Volta River at UNH123, UNH180, 
and UNH858; and the Black Volta River at all loci except UNH991. We observed significant departures 
from linkage equilibrium in the Fujian Farm (one pair of loci), Black Volta River (four pairs of loci), 
and Lee’s Farm (seven pairs of loci) samples after Bonferroni correction. 

Table A4 provides the summary statistics calculated to show the variation across the eight loci 
included in the study. Mean observed and expected heterozygosities were moderate to high across 
sites, and ranged between 0.60 and 0.80, and 0.64 and 0.80, respectively (Table A4). The Volta Catch, 
ARDEC, and Black Volta River collections exhibited the lowest, while the Fujian Farm, Akosombo 
Tilapia Farm, and Lee’s Farm collections showed the highest mean observed and expected 
heterozygosities. Similarly, numbers of alleles were moderate to high across sites and ranged between 
6.63 and 9.75. Volta Catch recorded the lowest number of alleles, while the Lower Volta River, Black 
Volta River and Fujian Farm populations recorded the highest mean numbers of alleles (> 9.0). 

Private alleles were observed in all, but the ARDEC population. The highest number of private 
alleles was observed in the Fujian Farm stock (N = 7), followed by Akosombo Tilapia Farm (N = 4). 
The Lee’s Farm and Volta Catch samples had three and two private alleles, respectively. The Fujian 
Farm and Akosombo Tilapia Farm stocks shared eight infrequent alleles. The two farmed populations 
also shared a number of infrequent alleles exclusively with either the ARDEC population or with 
Lee’s Farm population. The Lower Volta River population also shared infrequent alleles with the 
Fujian and Akosombo Tilapia farm stocks. 

Pairwise FST estimates revealed moderate to high genetic differentiation among the farmed and 
wild populations, which were significantly different from zero (Table A5). In general, the Fujian Farm 
and Akosombo Tilapia Farm stocks were similar to one another, but differentiated from all the other 
farmed populations. The least differentiation was observed between Fujian Farm and Akosombo 
Tilapia Farm (FST = 0.00), while the greatest was between Fujian Farm and Volta Catch (FST = 0.21). 
The AMOVA also showed high differentiation among populations, with 11% of the variance 
explained by differences among populations (Table 3). The Fisher’s exact G test and the locus-by-
locus FST also showed highly significant differentiation (p < 0.000) across all loci for all sites combined. 

Structure analysis using the admixture model and the most probable number of K selected using 
the Evanno et al. [40] method revealed greatest support for K = 2 clusters within and among the 
farmed and nearby wild populations analyzed, with high associated probabilities of assignment (Q 
ranged between 0.95 and 0.99, Figure 4). In general, individuals from Fujian Farm and Akosombo 
Tilapia Farm grouped into one cluster (shown in orange), while all other farmed populations and the 
reference to wild populations grouped into another cluster (shown in blue). On the other hand, the 
LnP(D) values revealed the greatest support for K = 6 clusters (Figure 4, bottom plot). However, two 
distinct groups were evident within the six clusters. The first group comprised individuals in the 
ARDEC, Volta Catch, Lee’s Farm, Lower Volta River, and Black Volta River populations, while the 
second group comprised individuals from the Fujian and Akosombo Tilapia farms. These outcomes 
suggested hierarchical genetic structuring, with two high-level populations, a native Nile tilapia 
group and a non-native Nile tilapia group. Two individuals from the Lower Volta River (LV02 and 
LV03) (N = 33) showed evidence of high levels of admixture and clustered with the non-native tilapia 
group from Fujian Farm and Akosombo Tilapia Farm (Q = 0.86 and 0.88). In contrast, none of the 
Black Volta individuals (N = 39) showed evidence of admixture (Q > 0.98). The non-native tilapia 
group showed no admixture with the native populations. However, the Lee’s Farm stock contained 
several individuals apparently admixed with the non-native tilapia populations (Q ranged between 
0.11 and 0.74). Two individuals, one each in the ARDEC (Akosombo strain) and Volta Catch 
populations, appeared admixed with the non-native populations (Q = 0.13). 
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Table 3. AMOVA for eight nuclear DNA microsatellites loci in the wild (Lower Volta and Black Volta 
rivers) and five farmed tilapia stocks collected in Ghana from March 2017 to July 2017. 

Source of Variation d.f. Sum of Squares Percentage of Variation 

Among populations 6 129.88 11.15 

Within populations 417 1054.86 88.85 

Total 423 1184.74  

 
Figure 4. Structure results showing the proportion of each farmed and reference tilapia individual’s 
ancestry that was inferred to come from each of K = 2 (top plot) or K = 6 (bottom plot) clusters (Markov 
Chain Monte Carlo generations = 500,000). Populations are indicated on the x-axis. 

4. Discussion 

4.1. Native Versus Non-Native Populations of O. Niloticus in Ghana 

The results of the phylogenetic reconstruction presented here suggest the presence of distinct 
native populations of O. niloticus in Ghana and evidence of the recent introduction of non-native 
tilapia into the country. The clustering of haplotypes 1 and 2, which contained samples from all wild 
sites and samples from nearly all farmed sites with private “wild” haplotypes from the Black Volta 
River; as well as with all the West Africa reference samples clearly shows the presence of distinct O. 
niloticus populations, which at the mitochondrial marker show no evidence of being impacted by the 
introduction of non-native tilapia strains. However, the clustering of Ghanaian haplotypes of O. 
niloticus with O. mossambicus sequences, GenBank sequence Onilo_GIFT, GenBank sequence of O. 
niloticus × O. mossambicus hybrid, U.S. grocery-store tilapia samples (labeled as originating from 
China and Ecuador), and the results of the haplotype network analysis support the interpretation 
that the GIFT strain of O. niloticus or related improved strains are currently present in Ghana.  

The clustering of the GenBank sequence Onilo_GIFT with O. mossambicus sequences further 
suggests that the original GIFT strain included founding O. niloticus populations that had been 
introgressed with mitochondrial DNA of O. mossambicus in their natural history, i.e., prior to their 
inclusion in the GIFT baseline population. Thus, the mitochondrial DNA of O. mossambicus present 
in GIFT tilapia may well derive from O. niloticus from East Africa. The O. niloticus vulcani population 
from Kenya which was used as a resource for developing the GIFT strain may actually have been an 
O. mossambicus hybrid population. Eknath et al. [49] reported that O. n. vulcani was genetically distant 
from the seven other GIFT founding populations examined, including populations from Ghana, 
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Egypt, and Senegal. Such genetic distinction between East African and West African O. niloticus has 
been observed consistently [17,19,50], and in the present study, it was expected that all West African 
haplotypes would be distinctly separated from the East African haplotypes.  

As expected, the East African O. niloticus sequences were genetically distinct from the pure and 
hybrid O. niloticus populations discussed above. However, the East African O. niloticus sequences 
also clustered with some Ghanaian haplotypes distinct from the other Ghanaian haplotypes, O. 
niloticus × O. mossambicus hybrid, and the U.S. grocery-store tilapia samples. This observation 
supports the hypothesis that there has been widespread hybridization historically between East 
African O. niloticus populations and O. mossambicus. The results from the CO1 analysis provided 
evidence of the ongoing farming of the GIFT and other improved strains in Ghana and supported the 
findings that the GIFT strains may include hybrid O. niloticus × O. mossambicus background.  

The possibility of introgressive hybridization among Oreochromis species has previously been 
assessed for wild populations. Surveying the phylogeny of 32 Oreochromis species, Ford et al. [51] 
showed widespread discordance between mitochondrial and nuclear DNA trees; while this 
discordance could be the result of incomplete lineage sorting or introgression of mitochondrial 
haplotypes, the authors did not find strong signal for the latter in their study of material collected 
from the wild. However, our study of cultured O. niloticus could show the signature of introgression 
because of the known breeding history of the GIFT strain. In another contrasting result, Rognon and 
Guyomard [50] showed mitochondrial DNA transfer from O. aureus to O. niloticus in West Africa.  

4.2. Aquaculture Mediating the Invasion of Non-Native Tilapia Strains 

The distribution of haplotypes showed that the GIFT and related strains detected among 
Ghanaian O. niloticus haplotypes were introduced into the country through aquaculture and were 
predominantly represented by samples from two farms, Fujian Farm and Akosombo Tilapia Farm. 
The finding that one of the two haplotypes observed from the Lower Volta River was shared with the 
Fujian Farm and the Akosombo Tilapia Farm further suggests that those individuals were escapees 
or descendants of escapees from the two farms or others producing the same strains. The results from 
the admixture analysis revealed that the non-native tilapias which have escaped into the wild have 
also bred with local populations, with potentially admixed individuals present on some farms. 
Introgressive hybridization may impact taxa by genetic swamping when a native form is replaced by 
hybrids. Surveying the literature, Todesco et al. [52] noted that human involvement is associated with 
an increased risk of harmful impacts. These findings highlight the potential of aquaculture as a vector 
in the spread of invasive non-native species and strains [53,54], and underscores the importance of 
baseline population genetic studies to guide conservation planning for wild tilapia populations.  

Both the genetic diversity within and differentiation among the farmed populations clearly 
showed that two distinct tilapia strains were farmed in Ghana, a native strain and a non-native 
farmed strain. The highest genetic diversity in terms of expected heterozygosity observed in 
individuals from Fujian Farm and Akosombo Tilapia Farm (HE = 0.80 and 0.79 respectively), was 
comparable to what Romana-Eguia et al. [55] observed in the GIFT strain of Nile tilapia (HE = 0.81). 
Overall, the diversity observed in the ARDEC and Volta Catch populations were similar to those of 
the wild populations, but significantly lower than the diversity observed in the Lee’s, Akosombo 
Tilapia, and Fujian farm stocks. The high genetic diversity observed in individuals from Lee’s Farm 
compared to the ARDEC and Volta Catch populations showed an apparent introduction of new 
alleles into the Lee’s Farm populations’ gene pool. The genetic variation observed among the wild 
and farmed populations using microsatellite markers provides further evidence that aquaculture 
mediated the invasion of the non-native tilapia strains into Ghana and confirmed that the 
introductions might have included stock from two of the sampled farms, the Fujian and Akosombo 
Tilapia farms.  

The fact that the two farms with the non-native tilapia shared some alleles with the other farmed 
populations and the observation that admixed individuals occurred in these populations supports 
the interpretation of interbreeding between native O. niloticus populations and the non-native farmed 
tilapia populations suggested by their being clustered into the lower-most cluster within the 
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phylogram, shown in Figure 2. Admixture was observed in a few individuals in the ARDEC and 
Volta Catch populations, which could be due to misclassification errors inherent to assignment tests. 
However, the presence of admixed individuals within the ARDEC population also could be 
explained by the possible crossing of the Akosombo strain of O. niloticus with the GIFT strain during 
recent experimentation with the two strains [13]. Several admixed individuals were found in Lee’s 
Farm, and the nature of the admixture suggests crossbreeding between non-native farmed tilapia 
with native O. niloticus either deliberately or accidentally.  

The Structure results also showed that two individuals in the Lower Volta River population were 
admixed. One of the two admixed individuals (LV03) also shared a mitochondrial DNA haplotype 
with Fujian and Akosombo Tilapia farms, supporting the interpretation that the non-native farmed 
tilapia females have escaped into the wild and interbred. The other admixed Lower Volta individual 
(LV02) was not among the 11 individuals selectively screened at the mtDNA D-loop region. The 
detection of admixed individuals both in farmed and Lower Volta populations necessitates proactive 
measures to be implemented in a timely fashion to prevent further and routine escapes of the non-
native farmed tilapia into the wild.  

The lack of evidence of admixed individuals in the Black Volta population support earlier 
findings from the mtDNA analysis that the escaped non-native farmed tilapia may be restricted to 
the Lower Volta and possibly adjacent rivers, such as the Afram River within the Volta basin. The 
Lower Volta River is downstream of aquaculture operations on the Volta Lake, while there are 
aquaculture facilities in close proximity to the Afram River. On the other hand, the Black Volta is 
relatively isolated from aquaculture farms, although cage farming in irrigation reservoirs is 
increasing in the region. Given that admixed individuals are found on multiple farms and the fish 
escape from farms into the wild is commonplace, restricting the dispersal of non-native tilapia 
populations into unaffected river basins could be very challenging. 

Although we approached this study using classical mitochondrial sequence and nuclear 
microsatellite markers, the objectives could also have been approached using SNP (single nucleotide 
polymorphism) markers that cover the entire genome. The genomic approach potentially would 
allow demonstration of introgression of non-native haplotypes of linked SNPs on particular 
chromosomal segments into the genomic background of regional O. niloticus populations. While 
several studies [56–58] have established SNP markers for O. niloticus, considerable work is needed to 
determine the geographic distribution of SNP haplotypes among introduced and native O. niloticus 
populations. This would require significant baseline research, although the implications of our 
findings may attract further research investment into the applied population genetics of West African 
tilapias. 

5. Conclusions and Implications 

This study was conducted in order to characterize the genetic background of Nile tilapia O. 
niloticus strains being farmed in Ghana, and to assess the genetic effects of aquaculture on wild 
populations using selected farms operating on the Volta Lake in Ghana. Our results revealed that 
two farms were culturing non-native O. niloticus stocks, which were distinct from the native 
Akosombo strain. The non-native tilapia stocks were identical to several GIFT strains, some of which 
were introgressed with O. mossambicus. We also found that the non-native tilapias have escaped into 
the wild and interbred with local populations, with potentially admixed individuals present on some 
farms. Within the Volta basin, it appears that the escaped GIFT populations are restricted to the lower 
part of the Volta River and suggests that upstream populations in the Black Volta River and possibly 
the White Volta River and the Oti River are not currently impacted by the GIFT strain. Given these 
findings, we suggest that aquaculture operations in the Volta River basin be restricted to the 
production of the strain derived from native genetic resources and that more effective physical 
confinement and operations management measures be required.  

Furthermore, the possibility that the Akosombo strain disseminated by ARDEC is introgressed 
with the GIFT strain should be investigated as a matter of urgency because of the potential to spread 
Akosombo strain and GIFT-strain hybrids to other farms. In the meantime, the two farms in the Volta 
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basin currently known to contain the improved O. niloticus strains should be required to produce 
native strains and practice strict confinement measures to prevent further escapes or intentional 
spread to other farms. The broader implication of the findings presented here is the possibility of the 
spread of GIFT strains to neighboring countries through the Volta River and other shared basins, 
such as the Tano. In light of the results of this study, it is imperative that larger-scale baseline 
population genetic studies—with more samples collected at a larger number of locations—be 
conducted for all neighboring countries and a broader set of farms in all countries, including Ghana, 
to provide data for the conservation of pure populations of O. niloticus in the region. 
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Appendix A 

Materials and Methods 

For mitochondrial DNA sequencing, the 22-µL PCR amplification reactions consisted of 50-100 
ng of genomic DNA, 5 U/µL Taq DNA polymerase (Promega, Madison, WI, USA), 5 × PCR buffer, 25 
mM MgCl2, 2.5 mM dNTP mix, 5 µM bovine serum albumin, and 5 µM of primers. The CO1 
amplification reaction used 10 µM of primers. The following thermal cycling conditions were used 
for both D-loop and CO1: 94 °C for 3 min; 35 cycles of 94 °C for 40 sec, 52 °C for 30 sec, and 72 °C for 
1 min; a final extension of 72 °C for 5 min; and a 4 °C hold. 

For microsatellite DNA amplification, the 11-µL PCR amplification reactions consisted of 50-100 
ng of genomic DNA, 5 U/µL Taq DNA polymerase (Promega, Madison, WI, USA), 5 × PCR buffer, 
25mM MgCl2, 2.5 mM dNTP mix, 5 µM bovine serum albumin, and 5 µM of primers. Forward 
primers were fluorescently labeled by Applied Biosystems (USA). All microsatellite markers were 
amplified as singleplexes, with the exception of UNH130 and UNH858, which were multiplexed. We 
used the following thermal cycling conditions: 94 °C for 3 min; 35 cycles of 94 °C for 40 sec, 54–58 °C 
depending on marker for 30 sec, and 72 °C for 1 min; a final extension of 72 °C for 5 min; and a 4 °C 
hold. 
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Table A1. Sample sizes (N) for mitochondrial DNA (mtDNA) analysis and frequency distribution of D-loop haplotypes across all sampling sites. 

 
Population (N) 

Black Volta River 
Lower Volta 

River ARDEC Lee’s Farm Volta Catch Akosombo Tilapia Fujian Farm 

Haplotype N (16) (11) (10) (10) (8) (5) (9) 
Dloop Hap1 23 4 6 3 3 6  1 
Dloop Hap2 9 1 3 5     

Dloop Hap3 1  1      

Dloop Hap4 3  1    1 1 
Dloop Hap5 3    1 2   

Dloop Hap6 1    1    

Dloop Hap7 1    1    

Dloop Hap8 2   1 1    

Dloop Hap9 3    3    

Dloop Hap10 1       1 
Dloop Hap11 1       1 
Dloop Hap12 1       1 
Dloop Hap13 2      1 1 
Dloop Hap14 1       1 
Dloop Hap15 1       1 
Dloop Hap16 1       1 
Dloop Hap17 3 3       

Dloop Hap18 1 1       

Dloop Hap19 1 1       

Dloop Hap20 1 1       

Dloop Hap21 1 1       

Dloop Hap22 2 2       

Dloop Hap23 2 2       

Dloop Hap24 1   1     

Dloop Hap25 1      1  

Dloop Hap26 1      1  

Dloop Hap27 1           1   
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Table A2. Variable nucleotide sites for Oreochromis spp. haplotypes at the mitochondrial D-loop region and the reference sequences used for the phylogenetic 
analysis. Alignment gaps are indicated by “-”. Nucleotides identical to those in the first sequence are indicated with a dot. Bases highlighted in orange and blue 
indicate nucleotide differences at variable sites within the non-native tilapia cluster. Sequences from GenBank are indicated with *. 
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Table A3. Tamura-3 parameter pairwise nucleotide distances between haplotypes 1 at the mitochondrial D-loop region for Ghanaian Oreochromis spp. Representative 
samples for the haplotypes are in parentheses. 

  Hap1 Hap2 Hap5 Hap9 Hap17 Hap10 Hap11 Hap14 Hap16 Hap27 Hap3 Hap4 Hap13 Hap15 Hap26 
Hap1 (LVOLTA) 0.000               

Hap2 (ARDEC) 0.008 0.001              

Hap5 (LVOLTA) 0.011 0.003 0.000             

Hap9 (LFARM) 0.003 0.011 0.014 0.000            

Hap17 
(BVOLTA) 

0.011 0.014 0.017 0.014 0.000           

Hap10 (FFARM) 0.152 0.148 0.152 0.148 0.160 N = 1          

Hap11 (FFARM) 0.152 0.148 0.152 0.156 0.160 0.042 N = 1         

Hap14 (FFARM) 0.141 0.137 0.141 0.145 0.149 0.022 0.019 N = 1        

Hap16 (FFARM) 0.144 0.140 0.144 0.148 0.152 0.011 0.042 0.028 N = 1       

Hap27 (AKTIL) 0.148 0.144 0.148 0.152 0.156 0.008 0.045 0.025 0.003 N = 1      

Hap3 (LVOLTA) 0.134 0.143 0.147 0.138 0.134 0.138 0.131 0.124 0.134 0.137 N = 1     

Hap4 (LVOLTA) 0.134 0.143 0.147 0.138 0.134 0.134 0.127 0.120 0.133 0.137 0.008 0.000    

Hap13 (FFARM) 0.134 0.143 0.147 0.138 0.134 0.134 0.127 0.120 0.133 0.137 0.003 0.005 0.000   

Hap15 (FFARM) 0.146 0.150 0.154 0.150 0.142 0.145 0.138 0.131 0.145 0.149 0.022 0.014 0.019 N = 1  

Hap26 (AKTIL) 0.130 0.138 0.143 0.134 0.130 0.138 0.131 0.123 0.137 0.141 0.005 0.008 0.003 0.019 N = 1 
1 The “O. niloticus” cluster is represented by haplotypes 1, 2, 5, 9, and 17; the “O. mossambicus” cluster is represented by haplotypes 10, 11, 14, 16, and 27; and the “O. niloticus 
introgressed with O. mossambicus” cluster by haplotypes 3, 4, 13, 15, and 26. LVOLTA = Lower Volta River, ARDEC = Aquaculture Research and Development Centre, 
LFARM = Lee’s Farm, BVOLTA = Black Volta River, FFARM = Fujian Farm, and AKTIL = Akosombo Tilapia Farm. Analyses were conducted using the Tamura 3-parameter 
model. The rate variation among sites was modeled with a gamma distribution (shape parameter = 1). Positions containing gaps and missing data were eliminated. 
Interspecific distances were not calculated for haplotypes with only one sample and are indicated with N = 1. 
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Table A4. Genetic variation among eight microsatellite DNA loci examined in farmed and wild tilapia 
populations1 from seven sites collected in Ghana from March to July 2017. N = number of individuals 
genotyped per population, HO = observed heterozygosity, HE = expected heterozygosity, A = number 
of observed alleles per locus, and PHWE = Probability of Hardy-Weinberg equilibrium. NS = non-
significant test result. *p < 0.05. 

Locus 
Populations (N) 

AD (30) LE (32) VC (29) AT (19) FF (30) LV (33) BV (39) 
UNH123 HE 0.76 0.79 0.84 0.84 0.85 0.74 0.78 

 HO 0.90 0.88 0.89 0.89 0.80 0.58 0.69 
 A 10.00 9.00 10.00 11.00 11.00 10.00 11.00 
 PHWE NS NS NS NS NS * * 

UNH178 HE 0.83 0.77 0.85 0.68 0.51 0.81 0.77 
 HO 0.80 0.81 0.93 0.89 0.57 0.82 0.54 
 A 8 10 8 6 8 9 10 
 PHWE NS NS NS NS NS NS * 

UNH180 HE 0.58 0.65 0.47 0.76 0.77 0.53 0.72 
 HO 0.40 0.61 0.31 0.63 0.63 0.48 0.69 
 A 4 5 6 5 7 7 6 
 PHWE NS * * NS NS * * 

UNH203 HE 0.69 0.70 0.52 0.83 0.82 0.68 0.40 
 HO 0.60 0.75 0.62 0.68 0.67 0.67 0.28 
 A 4 5 3 7 8 4 3 
 PHWE NS NS NS NS NS NS * 

UNH858 HE 0.85 0.88 0.68 0.87 0.87 0.90 0.83 
 HO 0.83 0.81 0.66 0.89 0.73 0.97 0.74 
 A 9 11 10 10 12 15 16 
 PHWE * * NS NS * * * 

UNH898 HE 0.75 0.75 0.70 0.86 0.86 0.83 0.80 
 HO 0.47 0.69 0.48 0.95 0.80 0.73 0.59 
 A 10 11 6 13 13 14 12 
 PHWE * NS * NS NS NS * 

UNH934 HE 0.36 0.60 0.42 0.69 0.73 0.70 0.63 
 HO 0.37 0.69 0.45 0.53 0.67 0.67 0.54 
 A 5 7 5 4 6 10 10 
 PHWE NS NS NS NS NS NS * 

UNH991 HE 0.62 0.73 0.62 0.88 0.88 0.55 0.72 
 HO 0.67 0.78 0.55 0.95 0.87 0.58 0.72 
 A 5 6 5 10 10 9 6 
 PHWE NS NS NS NS NS NS NS 

Mean ± 
SD 

HE 0.68 ± 0.15 0.73 ± 0.08 0.64 ± 0.15 0.80 ± 0.08 0.79 ± 0.12 0.72 ± 0.12 0.71 ± 0.13 
 HO 0.63 ± 0.19 0.75 ± 0.08 0.61 ± 0.20 0.80 ± 0.15 0.72 ± 0.09 0.69 ± 0.14 0.60 ± 0.14 
  A 6.88 ± 2.47 8.00 ± 2.40 6.63 ± 2.34 8.25 ± 2.99 9.38 ± 2.34 9.75 ± 3.31 9.25 ± 3.83 

1AD = ARDEC, LE = Lee’s Farm, VC = Volta Catch, AT = Akosombo Tilapia Farm, and FF = Fujian 
Farm, LV = Lower Volta, and BV = Black Volta. 
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Table A5. Pairwise FST values from nuclear microsatellite DNA sequences for farmed and wild O. 
niloticus populations sampled from the Lower Volta River, the Black Volta tributary of the Volta Lake 
and five cage farms located on the Volta Lake in Ghana in 2017. AD = ARDEC, LE = Lee’s Farm, VC = 
Volta Catch, AT = Akosombo Tilapia Farm, and FF = Fujian Farm, LV = Lower Volta, and BV = Black 
Volta. 

  AD LE VC AT FF LV BV 
AD ─       

LE 0.028 ─      

VC 0.045 0.043 ─     

AT 0.176 0.118 0.195 ─    

FF 0.188 0.118 0.207 0.002NS ─   

LV 0.024 0.039 0.069 0.153 0.155 ─  

BV 0.102 0.088 0.101 0.186 0.188 0.091 ─ 
NS = non-significant test result (p > 0.05). All other values are significant. 
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