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A B S T R A C T

The Nile tilapia (Oreochromis niloticus) plays a significant role in global aquaculture, with Brazil ranking among 
the top producers worldwide. However, a considerable gap remains in the exploration of genetic diversity within 
Brazilian Nile tilapia stocks. To address this, we analyzed the genetic diversity of nine distinct farmed pop
ulations of Nile tilapia in Brazil, comprising a total of 600 individuals, using single-nucleotide polymorphisms 
(SNPs). Our objective was to provide essential genetic insights to establish the foundation for a new breeding 
nucleus. The pre-breeding populations exhibited high genetic diversity. Among them, Pop1 had the lowest di
versity, characterized by the smallest proportion of polymorphic SNPs (NP = 92.3%), the lowest mean minor 
allele frequency (MAF = 0.24), and the lowest heterozygosity (HE = 0.32). In contrast, Pop5 and Pop9 displayed 
the highest genetic diversity (MAF = 0.30; HE = HO 0.39), with nearly all loci in Hardy-Weinberg equilibrium 
(HWE = 99.4%). Additionally, reduced effective population sizes (Ne) were observed in Pop1 (Ne = 6.8) and 
Pop4 (Ne = 15.4), with approximately 40 % of individuals classified as half-of full siblings, suggesting risks of 
inbreeding. These characteristics led to the genetic structuring of Pop1 and Pop4 in relation to the other pop
ulations, while Pop5 and Pop9 also formed a distinct cluster due to their higher genetic diversity. Despite the 
overall high genetic diversity observed across the analyzed populations, some populations exhibited parameters 
that may indicate potential future issues related to genetic diversity loss if not properly managed. Therefore, the 
findings presented here will help ensure the implementation of effective strategies during the pre-breeding phase 
of a new tilapia genetic improvement nucleus, supporting the long-term maintenance of genetic diversity in the 
breeding stock.

1. Introduction

Nile tilapia (Oreochromis niloticus) has become one of the most 
important species in global aquaculture (FAO, 2024). Its annual pro
duction has reached approximately 5.3 million tons, accounting for 9% 
of the total global production of freshwater fish (FAO, 2024). The white 

flesh with a firm texture and delicate flavor makes it highly popular 
among consumers. Additionally, Nile tilapia is well-suited for aquacul
ture due to its fast growth and adaptability to diverse farming conditions 
(Freitas et al., 2012). The species is cultivated by both small-scale 
farmers and large-scale producers supplying international markets 
(Fitzsimmons et al., 2011, pp. 9–18).
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The production of Nile tilapia in Latin America has been rapidly 
expanding, primarily driven by the export of fillets to the United States 
(FAO, 2023a). Brazil is one of the leading global producers, with an 
average annual production growth of around 12% since 2000 (FAO, 
2023b). In 2022, the Brazilian production reached 410 thousand tons, 
accounting for 66% of the total fish production in the country (IBGE 
2023). The Southeast region is considered one of the most significant 
and structured hubs for Nile tilapia production in Brazil, and along with 
the South region, it represents 70% of the total annual tilapia production 
(Ribeiro et al., 2024).

The boost in tilapia production in Brazil began in 2005 with the 
importation of commercially valuable lines, such as the Genetically 
Improved Farmed Tilapia (GIFT). The GIFT tilapia genetic improvement 
program was launched in the 1980s in the Philippines by what is now 
known as the WorldFish Center. The program aimed to enhance growth 
performance, disease resistance, and production efficiency in aquacul
ture. After multiple cycles of genetic selection, the WorldFish Center 
distributed specimens to other countries, including Malaysia, where the 
line continued to be improved before being introduced to Brazil 
(Ponzoni et al., 2011). Today, these imported strains have allowed Brazil 
to become self-sufficient in both tilapia fingerling production and 
grow-out operations. However, nearly all stocks are produced without 
any genetic information, which hinders the development of effective 
genetic improvement programs. In this context, it is crucial to first 
evaluate the genetic profile of pre-breeding individuals introduced into 
breeding nuclei, and then maximize growth trait performance under 
Brazilian environmental conditions, resistance against specific patho
gens that infect Brazilian tilapia stocks such as Streptococcus agalactiae 
serotype Ib (Oliveira-Neto et al., 2024), and other traits of interest.

Tilapia breeding programs globally have achieved substantial ad
vancements, driven by the necessity to satisfy the escalating demand for 
fish within the expanding aquaculture sector (Yáñez, Joshi, & Yoshida, 
2020a,b). The success of a sustainable genetic improvement program is 
strictly dependent on how the pre-breeding population is constructed, as 
the initial genetic variability available in the broodstock will determine 
the progress of genetic gain in individuals over the future generations 
(Villanueva et al., 2022). With the advancement of genotyping tech
nologies, an increasing amount of genomic information has been utilized 
to enhance the understanding and management of genetic diversity in 
aquaculture stocks (Nguyen, 2016; Yáñez, Joshi, & Yoshida, 2020a,b).

The application of single-nucleotide polymorphisms (SNPs) is 
considered an effective technique for the assessment of genetic diversity 
within aquaculture populations in sustainable breeding programs 
(Houston et al., 2020). SNP panels have been widely applied in genetic 
improvement programs for aquaculture species, gathering large volumes 
of population-level SNPs for genotyping (Houston et al., 2020; Yáñez, 
Joshi, & Yoshida, 2020a,b; You et al., 2020). However, the high geno
typing costs can restrict the routine use of high-density SNP panels for 
the entire tilapia production in Brazil, and low-density genotyping ap
pears to be a promising solution for enabling access to a broader range of 
fish producers. Several assessments of genetic diversity in productive 
stocks using lower densities of SNPs have been conducted in aquaculture 
species and seem to be a cost-effective way of genetic management for 
the development of effective genetic improvement programs (Martinez 
et al., 2023; Mastrochirico-Filho et al., 2024; Silva et al., 2022).

Considering the short reproductive cycle (less than one year) in Nile 
tilapia, along with the absence of inbreeding control in cultivated pop
ulations and limited introductions of this species in Brazil, the necessity 
to utilize monitoring tools for genetic variability becomes urgent. 
Additionally, genomic data regarding genetic variability is crucial for 
implementing pre-breeding strategies, offering guidance on maintaining 
variability within a breeding nucleus. Therefore, the objective of the 
present study was to assess the genetic diversity of nine distinct farmed 
populations of Nile tilapia in Brazil, using SNPs. Additionally, this work 
will serve as a model for establishing new breeding nuclei through the 
investigation of the genetic profile of pre-breeding populations. 

Additionally, it will provide valuable insights for effective genetic 
management within Nile tilapia breeding programs from Brazil.

2. Material and methods

2.1. Ethics statement

This study was conducted in strict accordance with the recommen
dations of the National Council for Control of Animal Experimentation 
(CONCEA) (Brazilian Ministry for Science, Technology and Innovation) 
and was approved by the Ethics Committee on Animal Use (CEUA 
number 004650/24) of Faculdade de Ciências Agrárias e Veterinárias, 
UNESP, Campus Jaboticabal, SP, Brazil.

2.2. Experimental population and genotyping

Samples were previously collected by the Brazilian Fish company 
(Santa Fé do Sul, SP, Brazil) and provided for analysis in the present 
study. Fin clips were collected from each fish under benzocaine anes
thesia (80 mg/L) and all efforts were made to minimize suffering. Fin 
samples were stored in 95% ethanol at − 20 ◦C.

The experimental pre-breeding population consisted of 600 Nile 
tilapia individuals, comprising samples from nine commercial fish farms 
(Pop1 – Pop9), as detailed in Table 1. These fish farms are located in the 
Southeast and South regions of Brazil, which are the main production 
areas for this species. To ensure confidentiality, the commercial identi
ties and exact locations of the farms were not disclosed. These animals 
will be used as founders to create a novel breeding programs aiming at 
economic traits in Brazil. Genotyping of all samples were performed by 
the Center of Aquaculture Technologies (CAT) (San Diego, CA, USA), 
using the AQUAarray LD for tilapia, containing 192 SNPs. This SNP 
panel does not cover all regions of the genome, but it is strategically used 
for fish farms and researchers to provide insights into the genetic ar
chitecture of populations, parentage testing, and inbreeding analysis, at 
a lower cost compared to a higher-density panel (https://aquatechcente 
r.com/species/nile-tilapia/).

The genotyping data underwent a quality control (QC) process 
before population analyses. The PLINK software v. 1.9 (Purcell et al., 
2007) was used to exclude individuals with low genotyping rates (<90 
%) and high missing genotyping rates (>10 %). In addition, low minor 
allele frequencies (MAF <0.01) and high deviations from the 
Hardy-Weinberg equilibrium (HWE) (P < e− 6) were detected in each 
population and discarded.

2.3. Genetic diversity analyses and inbreeding

The number of polymorphic loci (NP), MAF values, expected (HE) 
and observed (HO) heterozygosity, and deviations from the 

Table 1 
Population, number of samples (N), total genotyped loci, and quality control 
parameters (SNP call-rate, minor allele frequency (MAF) and Hardy-Weinberg 
equilibrium (HWE)) for 9 Brazilian Nile tilapia populations.

Populationa Sample 
(N)

Genotyped 
Loci

SNP call- 
rate (90 
%)

MAF 
(>0.01)

HWE 
(>1e− 06)b

Pop1 50 192 175 156 149
Pop2 50 192 175 169 168
Pop3 50 192 175 168 168
Pop4 100 192 175 164 155
Pop5 50 192 175 168 168
Pop6 100 192 175 168 164
Pop7 100 192 175 163 157
Pop8 50 192 175 167 166
Pop9 50 192 175 168 168

a Population genotyped and evaluated using the low density 192 SNP array.
b P-value for Hardy-Weinberg equilibrium.
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Hardy–Weinberg equilibrium (HWE) were predicted at each locus using 
PLINK software v. 1.9 (Purcell et al., 2007). The statistical significance 
of the difference between the mean HO and HE was evaluated for each 
population using the Mann-Whitney test (P = 0.05). For HWE, the P 
were adjusted within each population according to the false discovery 
rate (FDR) method of Benjamini and Hochberg, to a significance level of 
0.05.

The inbreeding coefficient (FIS) was estimated within each popula
tion to assess heterozygote deficiency in the populations using HIERF
STAT (Goudet, 2005). Bootstrapping over loci were performed per 
population to extract the significance of FIS estimates using the option 
boot.ppfis of HIERFSTAT, adopting 1000 bootstraps and quantiles of 0.05 
and 0.95. The effective population size (Ne) for each population was 
calculated using the linkage disequilibrium method in NeEstimator 
V2.01 (P < 0.05) (Do et al., 2014). To optimize this analysis, rare alleles 
were discarded in the quality control process (details in section 2.2). The 
Ne estimates were used for a gross estimation of the rate of inbreeding 
(ΔF) in the analyzed populations, following the formula: ΔF = 1/2Ne 
(Gjedrem & Baranski, 2009).

2.4. Population structure and admixture

The genetic structure of populations was evaluated using pairwise 
FST values, estimated by FSTAT software v. 2.9.4 (Goudet, 1995). 
Genetically distinct clusters among the populations were evaluated 
through discriminant analysis of principal components (DAPC) using 
ADEGENET software v. 2.1.9 (Jombart & Ahmed, 2011), and via 
Bayesian approach using STRUCTURE v2.3.4 (Pritchard et al., 2000). In 
the DAPC analysis, the find.clusters function determined the number of 
clusters using Bayesian Information Criterion (BIC). The xvalDAPC 
function was utilized to calculate the optimal number of principal 
components to retain for the analysis. For STRUCTURE analysis, we 
assessed the distribution of ΔK, a statistic based on the rate of change in 
log probability of data between successive K values. Clusters (K) ranging 
from 1 to 9 were adopted, with analysis comprising 90 replicated runs (i. 
e., 10 replicates for each K value) using 300,000 Markov chain Monte 
Carlo iterations after a burn-in period of 150,000 runs. The most likely K 
value to explain population structure was determined by the modal 
value of ΔK. Outputs of STRUCTURE analysis were visualized using the 
STRUCTURE SELECTOR program (Li & Liu, 2018) and CLUMPAK 
(Kopelman et al., 2015). A molecular variance analysis (AMOVA) based 
on the STRUCTURE and DAPC results was conducted using ARLEQUIN 
software v. 3.5.2.2 (Excoffier & Lischer, 2010) to assess the significance 
of the structuring formed among the clusters.

2.5. Relatedness estimates

For genetic analyses to control inbreeding, the relatedness coefficient 
between pairs of individuals from each population was estimated using 
PLINK software v. 1.9 (Purcell et al., 2007) through the –make-rel op
tion. This option estimates the relatedness coefficient based on the un
adjusted Ajk parameter described in Yang et al. (2011). Yang et al. 
(2011) define Ajk > 0.025 as a pair of individuals being related at least as 
second cousins.

3. Results

3.1. Experimental population and genotyping

Details of the QC process applied to the genotypes from the nine Nile 
tilapia populations are presented in Table 1. Of the 192 genotyped SNPs, 
175 were successfully genotyped in at least 90 % of the individuals and 
were retained. Subsequently, SNPs with a MAF below 1 % and those 
showing significant deviations from HWE within the populations were 
excluded. As a result, a total of 169 high-quality SNPs obtained from the 
merging of genotypes were retained for the subsequent genetic diversity 

analysis. Additionally, no individuals were removed during the QC an
alyses, as all individuals had a call rate higher than 90 %.

3.2. Genetic diversity analyses and inbreeding

The resulting genetic diversity parameters estimated for each pop
ulation of Nile tilapia are summarized in Table 2. Considering the total 
of 169 high-quality genotyped SNPs from all studied populations, the 
number of polymorphic SNPs reached a minimum of 156 (92.3 %) in 
Pop1. In contrast, all 169 SNPs were polymorphic in Pop2 and Pop6. The 
mean MAF values were slightly different between populations, ranging 
from 0.24 (SD 0.15) in Pop1 to 0.30 (SD 0.13) in Pop5. The mean HO was 
significantly higher than the mean HE in Pop1 (HO = 0.38, SD = 0.24; HE 
= 0.32, SD = 0.16; P < 0.05). In the other populations, HO and HE were 
similar (P > 0.05), with values ranging from 0.34 to 0.39. Only in Pop6 
the mean HO (0.36, SD = 0.13) was lower than the mean HE (0.38, SD =
0.12) suggesting heterozygote deficiency. The smallest number of loci in 
Hardy-Weinberg equilibrium (HWE) was found in Pop1 (137 loci, 81 % 
of the total) and Pop4 (150 loci, 88.8 % of the total), while in the other 
populations, loci in equilibrium ranged between 153 (90.5 %) and 168 
(99.4 %). Negative FIS values were found in Pop1 (− 0.17, P < 0.05), 
Pop4 (− 0.01, P < 0.05), and Pop5 (− 0.02, P < 0.05). For Pop6, the FIS 
was positive (0.05) and significantly different from zero, while in Pop2, 
Pop3, Pop7, Pop8, and Pop9, the values have low variation and were not 
statistically different from zero.

The Ne values was exhibited in Table 3, and they showed significant 
variation among the studied populations. Pop1 (Ne = 6.8), Pop4 (Ne =

15.4), and Pop3 (Ne = 19.7) exhibited the smallest effective population 
sizes and, consequently, are at higher risk of losing genetic diversity 
within their respective populations. On the other hand, Pop7 (Ne =

92.5), Pop8 (Ne = 77.6), and Pop9 (Ne = 57.3) had much larger effective 
population sizes. With the reduced Ne values, the inbreeding rates (ΔF) 
were higher for Pop1 (ΔF = 0.07) and Pop4 (ΔF = 0.03), while for the 
other populations, the Ne values ranged between 0.02 and 0.01.

3.3. Population structure and admixture

The pairwise FST estimates are shown in Table 4. In summary, the 
pairwise FST values were not statistically different from zero (P < 0.05) 
between Pop7 and Pop8 (FST = 0.003), Pop2 and Pop8 (FST = 0.005), 
Pop5 and Pop9 (FST = 0.005), Pop2 and Pop6 (FST = 0.006), and Pop6 
and Pop8 (FST = 0.006). Pop1 showed the highest FST estimates, being 
significantly differentiated from Pop7 (FST = 0.12); from Pop2, Pop5, 
pPop8, and Pop9 (FST = 0.10); from Pop3 (FST = 0.09); and from Pop6 
(FST = 0.005). In contrast, the differentiation between Pop1 and Pop4 
was less pronounced (FST = 0.005).

For structuring evaluation, the PC1 and PC2 axes of the PCA analysis 
represented 25.83 % and 16.91 % of the total variance among the data, 
respectively (Fig. 1). The data structure resulting from the PCA analysis 
revealed the formation of three distinct clusters: one cluster formed by 
Pop1 and Pop4, one cluster formed by Pop5 and Pop9, and a larger 
cluster formed by a mixture of Pop2, Pop3, Pop6, Pop7, and Pop8.

According to the Bayesian model-based clustering analyses, a K value 
of 2 was the most suitable to explain the population structure of the 
tilapia populations (Fig. 2a). Three putative clusters composed of (1) 
Pop1 and Pop4; (2) Pop2, Pop3, Pop6, Pop7 and Pop8; and (3) Pop5 and 
Pop9 were found (Fig. 2b). Moreover, cluster 3 seems to be an admixture 
between cluster 1 and cluster 2. The DAPC method identified a similar 
formation of clusters retaining 200 principal components (PCs) (Fig. 3a) 
and obtaining a minimum BIC of 6 (Fig. 3b) and 8 discriminants 
(Fig. 3c).

Despite the genetic structure among populations being confirmed by 
STRUCTURE and DAPC analyses, AMOVA analysis based on groups 
supported by the results of STRUCTURE and DAPC was exhibited in 
Table 5. The AMOVA results showed that the higher percentage of ge
netic variation was assigned to differentiation within individuals: 93.1 
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% (P < 0.05). The estimated variation between groups (FCT) was only 
5.78 % (P < 0.05). In addition, the variation among populations and 
within groups (FSC) presented 1.6 % of the genetic variation (P < 0.05), 
and among individuals within populations − 0.46 % (Table 5).

3.4. Relatedness estimates

The mean relatedness coefficient for each population ranged from 
0.04 (SD = 0.05) to 0.06 (SD = 0.09) (Fig. 4a; Table S1). Essentially, all 
populations had a higher proportion of nonrelative individuals, with at 
least 61 % being unrelated (Fig. 4b–Table S1). The percentage of rela
tives was higher in Pop1 (38.6 %), Pop6 (37 %) and Pop4 (34.2 %). This 
indicates a significant probability of mating between related breeders in 
these populations (Fig. 4b). Although the other populations had a lower 
proportion of relative individuals, the results presented here will be used 
for effective genetic management in the breeding program (Fig. 4b).

4. Discussion

The production of Nile tilapia in Brazil has experienced significant 

growth in recent decades, positioning the country among the top five 
global producers of this species. As production advances, genetic man
agement in tilapia farms using genomic information has become 
necessary; however, large-scale genotyping involves high costs. This 
study employed a cost-effective genotyping approach, making genetic 
monitoring more economically viable for producers. While higher- 
density SNP arrays may provide additional resolution, the selected 
low-density panel was effective in identifying genetic diversity patterns 
relevant to stock management.

Studies have shown that when carefully selected, low-density SNP 
panels can still provide reliable results for broad-scale population 
structure and genetic diversity analyses (Silva et al., 2022). The 
increasing adoption of low-density SNP genotyping panels in aquacul
ture reflects their demonstrated utility in preventing inbreeding, moni
toring genetic variability and guiding strategic mating plans (Holman 
et al., 2017; Martinez et al., 2023; Saint-Pé et al., 2019; Silva et al., 
2022). Accordingly, this study presented the first large-scale genetic 
evaluation of a pre-breeding population of Nile tilapia using a 
low-density SNP, as has been assessed for other species 
(Mastrochirico-Filho et al., 2019). Previous research has shown that 
genotyping costs for Nile tilapia populations using low-density SNP 
panels can be reduced by up to 70 % compared to genotyping with 
higher-density SNP panels (Yoshida et al., 2019), making them a more 
accessible tool for Nile tilapia producers in general.

Unlike our study, the diversity analyses of Brazilian Nile tilapia 
stocks have mostly been conducted using RAPD and microsatellite 
markers and were limited to a few individuals and focused on specific 
regions of Brazil (Lupchinski et al., 2011; Oliveira et al., 2011; Petersen 
et al., 2012; Rodriguez-Rodriguez et al., 2013; Silva et al., 2020). 
Although these techniques have been very useful in population studies, 
they have lower reproducibility and require more manual steps, making 
them more time-consuming and labor-intensive, thus limiting access for 
producers. In addition to using a larger number of individuals from Nile 
tilapia populations across different parts of Brazil in this study, the use of 
SNP genotyping panels offers significant advantages for population 

Table 2 
Number of polymorphic loci (NP), proportion of polymorphic loci (%NP), MAF values, expected (He) and observed (Ho) heterozygosity, SNPs not deviating from the 
Hardy–Weinberg equilibrium (HWE) and the inbreeding coefficient (FIS) estimated for nine Brazilian Nile tilapia populations.

Pop Na NP (%) MAFb HE
b HO

b HWE (%)c FIS
d

Pop1 169 156 (92.3) 0.24 (0.15) 0.32 (0.16) 0.38 (0.24) 137 (81.0) − 0.17*
Pop2 169 169 (100) 0.27 (0.13) 0.36 (0.13) 0.36 (0.16) 163 (96.4) 0.02
Pop3 169 168 (99.4) 0.28 (0.13) 0.36 (0.13) 0.36 (0.15) 160 (94.7) 0.02
Pop4 169 167 (98.8) 0.26 (0.15) 0.34 (0.16) 0.35 (0.19) 150 (88.8) − 0.01
Pop5 169 168 (99.4) 0.30 (0.13) 0.39 (0.12) 0.39 (0.15) 168 (99.4) − 0.02*
Pop6 169 169 (100) 0.28 (0.12) 0.38 (0.12) 0.36 (0.13) 153 (90.5) 0.05*
Pop7 169 167 (98.8) 0.26 (0.14) 0.34 (0.14) 0.34 (0.16) 155 (91.7) 0.02
Pop8 169 167 (98.8) 0.26 (0.13) 0.35 (0.13) 0.35 (0.15) 165 (97.6) 0.03
Pop9 169 168 (99,4) 0.29 (0.13) 0.39 (0.12) 0.39 (0.14) 168 (99.4) 0.001

a High-quality SNPs after QC process.
b The standard deviation (SD) of the MAF, He and Ho are presented in parentheses.
c Number of SNPs (relative %) not deviating from the Hardy-Weinberg Equilibrium (p-value > 0.05, adjusted within each population according to the false discovery 

rate (FDR) method of Benjamini and Hochberg).
d The FIS values with an asterisk represent values that are statistically different from zero.

Table 3 
Effective population size (Ne) parameter and its 95 % confidence interval (Ne 95 
% CI) based on linkage disequilibrium and inbreeding coefficient (ΔF = 1/2Ne) 
for nine Brazilian Nile tilapia populations.

Pop Ne Ne 95 % CI ΔF

Pop1 6.8 6.3–7.4 0.07
Pop2 31.1 28.6–33.8 0.02
Pop3 19.7 18.5–21.1 0.02
Pop4 15.4 14.7–16.2 0.03
Pop5 33.4 30.8–36.4 0.01
Pop6 39.1 36.9–41.5 0.01
Pop7 92.5 83.8–102.8 0.01
Pop8 77.6 66.8–91.8 0.01
Pop9 57.3 51.0–64.9 0.01

Table 4 
Pairwise Fst between nine Brazilian Nile tilapia populations (estimates in bold are not statistically different from zero, p < 0.05).

Population Pop1 Pop2 Pop3 Pop4 Pop5 Pop6 Pop7 Pop8 Pop9

Pop1 – 0.10 0.09 0.05 0.10 0.08 0.12 0.10 0.10
Pop2 ​ – 0.01 0.07 0.06 0.006 0.01 0.005 0.05
Pop3 ​ ​ – 0.06 0.05 0.01 0.02 0.01 0.04
Pop4 ​ ​ ​ – 0.08 0.06 0.09 0.08 0.07
Pop5 ​ ​ ​ ​ – 0.05 0.08 0.07 0.005
Pop6 ​ ​ ​ ​ ​ – 0.01 0.006 0.04
Pop7 ​ ​ ​ ​ ​ ​ – 0.003 0.07
Pop8 ​ ​ ​ ​ ​ ​ ​ – 0.06
Pop9 ​ ​ ​ ​ ​ ​ ​ ​ –
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studies in terms of marker density, reproducibility, automation, and 
cost-effectiveness. These characteristics have become attractive for 
production and make SNPs a preferred choice in many research con
texts, such as maintaining the genetic diversity of fish stocks.

Databases of informative SNPs have been provided for conservation 
management, diversity, and structure analyses of cultivated populations 
of Nile tilapia strains from Africa (Kajungiro et al., 2019; Lind et al., 
2019; Robledo et al., 2024; Van Bers et al., 2012), Asia (Hamilton et al., 

Fig. 1. Genetic structure of nine Brazilian Nile tilapia populations based on principal component analysis (PCA) using the genomictructure of nine Brazilian Nile 
tilapia populations based on principal component analysis (PCA) using the genomic relationship matrix (GRM) with 192 SNPs. Sires and dams are identified by 
different shapes. Only SNPs with minor allele frequency ≥0.10 were considered to compute the GRM.

Fig. 2. (a) Admixture clustering of nine Nile tilapia populations (K = 2) using 192 SNPs. (b) The animals are grouped by population and each individual is rep
resented by a vertical bar. Each color represents a different cluster.
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Fig. 3. Discriminant analysis of principal components (DAPC) for 600 genotypes of nine Nile tilapia populations. The axes represent the first two linear discrimi
nants, each circle represents a cluster and each dot represents an individual. Numbers represent the different subpopulations identified by DAPC.
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2020; Xia et al., 2014, 2015), and the Americas (Yáñez, Joshi, & Yosh
ida, 2020a,b). However, genetic diversity and stock structure evalua
tions, inbreeding estimates, and analyses related to strategic matings, as 
presented in this study, have not been utilized using SNPs in tilapia 
populations produced in Brazil.

With the intensification of the Nile tilapia production, the need for 
monitoring the genetic profile of stocks, as presented here, also in
creases. Without genetic information on populations within a commer
cial farm, occurrences of inbreeding can lead to the fixation of 
deleterious genes and a decline in productivity, undermining the po
tential of the strain. Considering previous studies, the first three gen
erations of the GIFT line (G0, G1, G2, and G3) produced in Brazil, 
specifically in the state of Paraná (southern region of Brazil), were 
subjected to genetic analyses using RAPD markers (Oliveira et al., 2011) 
and microsatellites (Rodriguez-Rodriguez et al., 2013), where high ge
netic variability was detected and maintained throughout the three 
generations. A high number of polymorphic loci and genetic variability 
were also identified using microsatellite markers (Petersen et al., 2012; 
Silva et al., 2020) in genetic groups disseminated to the state of Santa 
Catarina. However, even years after the introduction of Nile tilapia in 
Brazil for commercial production, recent studies on genetic diversity 
using SNPs remain scarce for both the GIFT strain and other lines farmed 
in the country.

For comparative purposes, only one study by Yáñez, Joshi, & Yosh
ida, 2020a,b used a high-density SNP panel (50K SNP panel) to char
acterize the genetic diversity of Nile tilapia populations from Central 
America and a population from a fish farm located in the southeastern 
region of Brazil. Unlike the results found in our study, the Brazilian 
population exhibited HE values of 0.28 and a HO estimate of 0.20, 
indicating lower genetic diversity. However, these results may be 
related to lower segregation of SNPs in the panel for the analyzed Bra
zilian population or effects caused by ascertainment bias, which led to 
the decline in performance of the SNP panel when analyzing this pop
ulation (Lachance & Tishkoff, 2013; Yáñez, Joshi, & Yoshida, 2020a,b). 
According to our results, out of the 192 SNPs genotyped, 169 
high-quality SNPs (88 %) were successfully segregated among the 9 
populations analyzed and showed satisfactory mean MAF values ranging 
from 0.24 to 0.30. The estimates of heterozygosity (HO and HE) were 
high in our study, higher than those found by Yáñez, Joshi, & Yoshida, 
2020a,b, and similar to those found in genetic diversity analyses of lakes 
and fish farms in Africa (Robledo et al., 2024). In general, the mean 
estimates of HO and HE were similar within the populations, and the 
populations appeared to be in Hardy-Weinberg equilibrium. However, 
Pop1 exhibited greater variation, with a mean HO (0.38, SD = 0.24) 
higher than the mean HE (0.32, SD = 0.16) and an FIS coefficient of 
− 0.17 (P < 0.05). Despite the few differences found regarding genetic 

diversity among the populations, Pop5 and Pop9 exhibited the highest 
genetic diversity.

However, the Ne estimates showed that both Pop1 and Pop4 had 
reduced effective population sizes compared to the other populations. 
This indicates that these populations were formed by a limited number 
of breeders or were subject to ineffective breeder management that did 
not maximize genetic diversity. Therefore, without proper genetic 
management, there is an increased risk that future generations on the 
fish farm will lose genetic diversity and exhibit signs of inbreeding.

The results regarding the within-population genetic diversity of the 
Nile tilapia populations likely influenced the genetic structure among 
populations. Both the population differentiation coefficient (FST) results 
and the genetic clustering analyses indicated that Pop1 and Pop4 were 
genetically differentiated from the other populations. These two pop
ulations clustered together, likely due to their lower genetic diversity 
and increased risk of inbreeding, which can be attributed to their smaller 
effective population sizes and a higher proportion of genetically related 
individuals. Conversely, the cluster formed by Pop5 and Pop9 represents 
populations with the highest genetic diversity and a larger proportion of 
loci in Hardy-Weinberg equilibrium. The cluster composed of Pop2, 
Pop3, Pop6, Pop7, and Pop8 represents populations with intermediate 
genetic diversity values. Despite the distinct clusters and population 
structuring, the greatest genetic variation is observed within individuals 
rather than between populations or population clusters. This suggests 
that a random sampling of individuals from each population may be the 
best strategy for forming the breeding nucleus of the fish farm. Alter
natively, individuals could be separated into different groups based on 
phenotypic traits (such as growth rate), followed by random sampling 
within each group.

Despite the high genetic diversity and higher proportion of unrelated 
individuals observed in the pre-breeding populations, some exhibited 
parameters suggesting potential future risks of genetic diversity loss and 
inbreeding, as previously discussed. Even populations in equilibrium 
with high genetic diversity may experience a decline in diversity if not 
properly managed. For instance, Pop1 and Pop4 displayed lower genetic 
diversity, reduced effective population sizes, and, along with Pop6, had 
a higher proportion of related individuals compared to other pop
ulations. A key strategy for maintaining genetic diversity involves 
incorporating genetic material from other populations through breeder 
renewal. Introducing genetic diversity from populations with higher 
variability, such as Pop5 and Pop9, can help mitigate the effects of 
inbreeding. In addition to genetic material incorporation, monitoring 
genetic relationships among individuals using pedigree records or 
genomic tools, as presented in this study, is essential to minimize mating 
between related individuals and ensure a balanced contribution of 
breeders to the next generation. Increasing the effective population size 
can reduce inbreeding risks, which can be achieved by maintaining a 
larger breeding population, periodically rotating breeders, and pre
venting the overuse of a few individuals. Without proper knowledge of 
the genetic profile of farmed populations, as characterized in the present 
study, the well-stablished performance of the Nile tilapia could be 
compromised by genetic diversity loss due to the absence of genomic 
information.

5. Conclusion

The presented results will ensure that effective strategies are 
implemented during the pre-breeding stage of a novel tilapia genetic 
improvement nucleus in Brazil, supporting the maintenance of genetic 
diversity in the breeding stock. Low-density SNP panels can be a cost- 
effective way to assess the genetic diversity and structure of Brazilian 
tilapia stocks, in addition to providing genomic information for strategic 
mating. The results of this study revealed high genetic diversity in the 
pre-breeding population of the evaluated fish farm. The presence of 
reduced effective population sizes and a considerable proportion of 
related individuals in some pre-breeding populations could lead to 

Table 5 
AMOVA analysis for the partitioning of variation in 9 Brazilian Nile tilapia 
populations.

Source of 
variation

d.f. Sum of 
Squares

Variance 
components

Percentage of 
variation

Among groups 2 1475.913 1.87037 Va 5.78
Among 

populations 
within groups

6 570.659 0.50438 Vb 1.56

Among 
individuals 
within 
populations

591 17647.78 (-0.14914) Vc − 0.46

Within 
individuals

600 18095.5 30.15917 Vd 93.13

Total 1199 37789.853 32.38477 ​
Fixation Indices
FIS − 0.00497 ​ ​ ​
FSC 0.01653 ​ ​ ​
FCT 0.05775 ​ ​ ​
FIT 0.06872 ​ ​ ​
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inbreeding and a consequent loss of genetic diversity if not properly 
managed. Conversely, populations with higher genetic diversity 
exhibited larger effective population sizes and a greater proportion of 
unrelated individuals, reducing the risk of inbreeding. Populations at 
higher risk of inbreeding should be carefully managed when forming the 
pre-breeding population through management measures such as breeder 
renewal, controlled mating to ensure a balanced contribution of 
breeders to the next generation, and an overall increase in effective 
population size. Genetic diversity analyses, although rarely conducted, 
are essential to ensuring that the well-documented performance of Nile 
tilapia is not compromised by genetic diversity loss due to a lack of 
genomic information.
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Agropecuária Brasileira, 48(10), 1385–1393. https://doi.org/10.1590/S0100- 
204X2013001000010
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