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Highlights:
High levels of genetic diversity were found in the two fish farms.
AMOVA revealed greater within- than between-stock genetic variation.
Reproductive management has been effective in maintaining stock variability.

Abstract

Pisciculture has been an important part of the economy in many regions of Brazil, and the tambaqui 
(Colossoma macropomum) stands out as one of the country’s most commercialized native freshwater 
fish species. Loss of genetic variability can affect characteristics such as reproduction and growth 
rates, as well as disease resistance and is of great concern in this field. Molecular markers such as 
mitochondrial DNA genes have been increasingly used to understand genetic variability in species of 
economic importance. This study aimed to characterize the genetic variability of tambaqui populations 
reared in two fish farms (Itiúba, AL and Betume, SE) of the lower São Francisco River by analyzing 
the control region and ATPase genes of mitochondrial DNA. Sequencing of samples from progenies 
and breeding individuals identified 42 haplotypes (32 unique), of which four haplotypes were shared 
between the two fish farms as a result of a founder effect, because individuals from Itiúba formed the 
stock of the Betume fish farming Station. Haplotype diversity was high in both locations. Analysis of 
Molecular Variance (AMOVA) revealed greater genetic variation within populations (96.76%) than 
between them (3.24%) and the FST value (0.03) indicated low genetic differentiation between the two 
populations. The observed high genetic variability can be explained by the number of breeders in the 
two fish farms (200 in Itiúba and 1400 in Betume) and the breeding management system, which seems 
to be effective in maintaining stock variability.
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Resumo

A piscicultura tem ocupado um lugar de destaque na economia de muitas regiões do Brasil, e o tambaqui 
(Colossoma macropomum) se sobressai por ser uma das espécies nativas de peixes de água doce mais 
comercializadas do país. A diminuição da variabilidade genética pode afetar características como 
as taxas de reprodução e crescimento, bem como resistência a doenças e é de grande preocupação 
nesse ramo. Marcadores moleculares, como os genes do DNA mitocondrial, vem sendo cada vez mais 
utilizados para investigar a variabilidade genética em espécies de importância econômica. Assim, este 
estudo teve como objetivo caracterizar a variabilidade genética de populações de tambaqui cultivados 
em duas pisciculturas (Itiúba, AL e Betume, SE) do baixo Rio São Francisco, utilizando a região 
controle e os genes da ATPase do DNA mitocondrial. O sequenciamento de amostras de progênies e 
reprodutores identificou 42 haplótipos (32 únicos). Destes, quatro haplótipos foram compartilhados 
entre as duas pisciculturas estudadas, o que é resultado de um efeito fundador, uma vez que indivíduos 
de Itiúba foram levados para compor o estoque da Estação de Piscicultura de Betume. A diversidade 
haplotípica foi alta em ambas as localidades. Análise de Variância Molecular (AMOVA) demonstrou 
maior variação genética dentro das populações (96.76%) do que entre elas (3.24%) e o valor de Fst 
(0.03) indicou pouca diferenciação genética entre as duas populações analisadas. A alta variabilidade 
genética encontrada pode ser explicada pelo número de reprodutores nas duas pisciculturas (200 em 
Itiúba e 1400 em Betume) e o manejo reprodutivo, que parece ser eficaz na manutenção da variabilidade 
de estoques. 
Palavras-chave: ATPase. Colossoma macropomum. Região controle. Variabilidade genética.

Introduction

Aquaculture is an industry that has been growing 
in response to an increasing demand for food. The 
activity supplies more than 48% of the world’s food 
fish supply for consumption (Overturf, 2009). One 
of the main challenges of aquaculture is maintaining 
the genetic variability of cultivated organisms to 
minimize inbreeding. To achieve this, the genetic 
differences between cultivated stock and their wild 
counterparts must be determined (Liu & Cordes, 
2004) so that the stock, when necessary, can be 
renewed with individuals from populations with 
greater genetic variability. Several studies have 
found differences between native and cultivated 
stock of tambaqui in different regions of Brazil, 
highlighting the importance of genetic monitoring 
of cultivated stock for effective reproductive 
management and to avoid inbreeding and retain 
genetic diversity in captivity (F. Gomes et al., 2012; 
J. P. Aguiar et al., 2013).

The tambaqui, Colossoma macropomum (Cuvier 
1818) (Characiformes: Serrasalmidae) (Nelson, 

Terry, & Mark, 2016), is a large freshwater fish 
that can reach 100 cm in length and weigh over 30 
kg (G. M. Santos, Ferreira, & Zuanon, 2006). The 
species is native to the Amazon and Orinoco River 
basins (Araujo-Lima & Goulding, 1997) but was 
introduced to northeastern Brazil in the 1960s by 
the National Department of Works Against Drought 
(DNOCS). In 1972, two lots of fry, one from 
Manaus in the state of Amazonas and the other from 
Peru, were brought into the Rodolpho Von Ihering 
Ichthyology Research Center in Pentecoste, state 
of Ceará (Albuquerque, Silva, & Kovács, 1991). 
In 1974, research aimed at breeding the species in 
captivity began with the goal of populating weirs 
and creating fattening farms (Molle & Cadier, 
1992). The tambaqui does not reproduce naturally 
in captivity, requiring the application of hormones 
to induce spawning (L. de C. Gomes, Simões, & 
Araújo-Lima, 2013). In Brazil, C. macropomum is 
one of the most cultivated freshwater fish along with 
pacu (Piaractus mesopotamicus) and pirapitinga 
(Piaractus brachypomus) and its hybrids, with 
farming concentrated in the Central-West, Northeast, 
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and North regions of the country (Ministério da 
Agricultura, Pecuária e Abastecimento [MAPA], 
2019). In 2018, 102.5 thousand tons of tambaqui 
were produced accounting for 19.7% of the national 
fish production. Rondônia is the leading tambaqui 
producing state in Brazil, whereas Alagoas is the 
ninth largest producer in the country (Carvalho, 
2019).

The success of tambaqui farming is due to many 
factors, including good adaptability to captivity, firm 
and flavorful meat, good growth and productivity 
potential, high rusticity, omnivorous feeding 
habit, easy reproduction in captivity, resistance to 
disease, great market acceptance, and production 
in polyculture systems (Araujo-Lima & Goulding, 
1997).

Owing to the growing economic importance 
of tambaqui farming, genetic analyses of control 
region sequences and ATPase 6/8 genes have 
been conducted to determine the extent of genetic 
differentiation of the species across its distribution 
and to investigate the changes in effective population 
size throughout its evolutionary history (M. C. F. 
Santos, Ruffino, & Farias, 2007; M. C. F. Santos, 
Hrbek, & Farias, 2018). Studies of mitochondrial 
genome sequencing (Wu, Xie, He, & Xie, 2015) and 
hybrid production (tambatinga and tambacu) have 
also been done, the latter with the goal of producing 
economically viable, fast growing strains that are 
more resistant to disease and temperature variation 
(Fontes, Senhorini, & Lucas, 1990).

ATPase 6/8 genes are more conserved than 
other segments of the mitochondrial DNA such as 
the control region (DLoop), which is an extremely 
variable region (Meyer, 1993), and provide valuable 
genetic markers for monitoring genealogies and 
variations that occur in progenies (Xin-Hong, Shao-
Jun, & Yun, 2004; Yan et al., 2009).

In established farms, the loss of genetic variability 
is a major concern that is generally associated with 
the small size of most captive broodstock populations 
and their high genetic relatedness (Melo et al., 

2006). This genetic relatedness can directly affect 
various production parameters, including, among 
others, the diversity of fry to be reared, reproduction 
potential, production performance, and resistance to 
disease (Hilsdorf & Dergam, 1999).

According to Porta, Porta, Martínez-Rodríguez 
and Alvarez (2006), the effects of management 
and (reproductive) matrix selection alone can be 
responsible for a drastic drop in genetic diversity 
over a single generation. Thus, knowledge of genetic 
diversity is key for the successful conservation and 
management of fish farming species.

The use of molecular markers to study 
commercially important fish and assess genetic 
variability has been on an upward trend for a 
long time in Brazil, especially for both wild and 
captive populations of the tambaqui Colossoma 
macropomum (M. C. F. Santos et al., 2007, 2018; F. 
Gomes et al., 2012; J. P. Aguiar et al., 2013; 2018; 
N.M. Lopera-Barrero et al., 2015; Queiroz, Souza, 
da Silva, & Inoue, 2016; Ribeiro et al., 2016; Fazzi-
Gomes et al., 2017).

M. C. F. Santos et al. (2007) and Fazzi-Gomes et 
al. (2017) found high genetic variability in natural 
populations when compared to cultivated stock and 
little genetic differentiation and high gene flow 
between populations, indicating that these natural 
populations form a large panmictic population in 
the tributary system of the Amazon River. Under 
farming conditions, stock with low or declining 
genetic diversity over the generations can lead to 
inbreeding and a decrease in adaptation to captivity 
and progeny survival (N.M. Lopera-Barrero et al., 
2010; Povh et al., 2008).

Tambaqui pisciculture is a recent activity in 
the lower São Francisco River with less than 20 
years of production (Silva & Fujimoto, 2012). 
The Development Agency of the São Francisco 
and Parnaíba River Valleys (CODEVASF) through 
Integrated Fisheries Resources and Aquaculture 
Centers along the São Francisco Valley has 
contributed to the advancement of Brazilian fish 
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farming, especially by supporting the development 
of techniques and procedures for the artificial 
propagation (hormonal induction) of several native 
freshwater species (Faria, Morais, Soranna, & 
Sallum, 2013). Among the aquaculture centers, the 
4th Regional Superintendence (SR) located in the 
village of Betume, Neópolis, state of Sergipe (SE) 
and the Integrated Center of Itiúba (CII) in Porto 
Real do Colégio, state of Alagoas (AL) support the 
small local fish farmers by providing fry from the 
original 1970s DNOCS broodstock.

This study aimed to characterize the genetic 
variability of tambaqui (Colossoma macropomum) 
populations in two CODEVASF fish farms located 
in the cities of Porto Real do Colégio, AL and 
Neópolis, SE, northeast Brazil using the control 
region (DLoop) and the ATPase 6/8 genes from 
mitochondrial DNA to help improve productivity 
and quality in fish farms of the lower São Francisco 
River.

Materials and Methods

Samples from the adipose or caudal fin were 
collected in 102 tambaqui specimens, 24 breeding 
individuals from the 4th Regional Superintendence 
(SR) located in Betume village, SE (10° 20’54.12” 
S 36° 31’32.90” W) and 78 (progeny and breeding) 
individuals from the Integrated Center of Itiúba 
(CII) in Porto Real do Colégio, AL (10° 12’ 10.66” 
S 36° 41’ 11.60” W). Tissue samples were preserved 
in 95% ethanol and stored in a freezer at −10 °C in 
the Molecular Genetics Laboratory at CII. The study 
was approved by the Federal University of Alagoas 
(UFAL) Ethics Committee on Animal Use, Brazil 
(n° 09/2016) and followed the ethical guidelines on 
animal research.

Genomic DNA extraction was done using the 
Wizard® Genomic DNA Purification Kit (Promega 
Corporation, Madison, WI, USA) following the 
manufacturer’s instructions. Sample concentration 
was determined and the quality of the extracted 

DNA was analyzed by electrophoresis on a 0.8% 
agarose gel.

The control region and ATPase subunits 6 and 8 
genes were amplified using the TopTaq Master Mix 
Kit (Qiagen Biotecnologia Brasil LTDA, São Paulo, 
SP, Brazil). The primers used for the control region 
were Chara_LDLoop and Chara_RDLoop (M.C.F. 
Santos et al., 2018) and for the ATPase genes were 
ATP 8.2_L8331 and CO3.2_H9236 (Sivasundar, 
Bermingham, & Orti, 2001). Each PCR reaction 
had a total volume of 20 µL, including 10 µL of 
the Qiagen 2X TopTaq Master Mix PCR Kit, 1.5 µL 
of each primer (2 µM), 1.5 µL of Coral Red Buffer 
dye solution (10X), 3 µL (control region) or 4 µL 
(ATPase) of DNA template (DNA concentration 
varied between 40-80 ng/µL), and 2.5 µL or 1.5 
µL of ultrapure water to complete the control 
region and ATPase reactions volume, respectively. 
Amplification conditions were: initial denaturation 
for 2 min at 92 °C followed by 35 denaturation 
cycles of 1 min at 93 °C, annealing for 1 min at 55 
°C (control region) or 50 °C (ATPase), and extension 
for 2 min at 72 °C, with final extension at 72 °C 
for 5 min. To confirm amplification, PCR products 
were run on a 1% agarose gel and compared with 
the Invitrogen™ 100-bp DNA Ladder (Invitrogen, 
Carlsbad, CA, USA).

PCR products with 40 ng/µL or more were sent 
to Macrogen (Seoul, South Korea) for sequencing, 
using the CMF2 primer (M.C.F. Santos et al. 
2018) for the control region and ATP 8.2_L8331 
(Sivasundar et al. 2001), which is specific for the 
ATPase genes.

Sequence alignment was conducted using the 
Clustal W program (Thompson, Higgins, & Gibson, 
1994) implemented in BioEdit 7.2.5 (Hall, 1999) 
and edited manually. After alignment, control 
region and ATPase fragments were concatenated, 
generating a single mitochondrial DNA sequence 
for each individual.

The genetic variability estimates and DNA 
polymorphism analyses were computed in 
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ARLEQUIN 3.5 (Excoffier & Lischer, 2010) and 
Dnasp 5.10.1 (Rozas, Librado, Sánchez-Delbarrio, 
Messeguer, & Rozas, 2010) based on the number of 
haplotypes (H), haplotype diversity (h), nucleotide 
diversity (π), and average number of pairwise 
nucleotide differences (k).

The analysis of molecular variance (AMOVA) 
was used to examine the genetic differences 
between and within the localities sampled followed 
by analysis of pairwise FST values.

To visualize the relationships and distribution of 
haplotypes between C. macropomum populations, 
a haplotype network based on the concatenated 
dataset and a maximum-likelihood (ML) tree 
generated in RAxML v0.9.0 (Kozlov, Darriba, 
Flouri, Morel, & Stamatakis, 2019) was constructed 
using HaploViewer (Salzburger, Ewing, & Von 
Haeseler, 2011).

Results and Discussion

A 737-bp and a 404-bp fragment were isolated 
for the ATPase 6/8 genes and the control region 
(DLoop), respectively, from 84 tambaqui samples 
(67 from Itiúba and 17 from Betume). Sequencing 
failed for 18 samples. These fragments were 
concatenated into a single 1141-bp sequence. 
The control region sequences were deposited 
in GenBank (accession numbers KY593611 to 
KY593620, KY593622 and KY593623, KY593626 
to KY593634, KY593637 to KY593654, KY593657 
to KY593666, KY593668 and KY593669, 
KY593671 to KY593674, KY593676, KY593678 
to KY593696, and KY593698 to KY593706) and 
ATPase 6/8 genes sequences were deposited under 
accession numbers MN 385281 to MN 385364.

Twenty-seven polymorphic sites were identified 
and the total number of mutations (Eta) was 32, of 
which 16 were transitions (TS) and 16 transversions 
(TV). In addition, 42 haplotypes were found, of 
which 32 were unique and 10 shared. Haplotype 11 
(Hap 11) was shared by 17 individuals, followed 

by haplotypes 05 (Hap 05) and 29 (Hap_29), 
which were shared by nine and eight individuals, 
respectively. The most shared haplotypes (Hap 11, 
Hap 05, and Hap_29) were represented in both 
sampling sites (Figure 1). The Itiúba site had 36 
haplotypes, of which 26 were unique, whereas 10 
haplotypes were identified in the Betume site, six of 
which were unique.

The average nucleotide percentage values were 
28.77% for adenine (A), 30.98% for cytosine (C), 
26.83% for thymine (T), and 13.41% for guanine 
(G). The nucleotide percentage composition 
revealed an anti-G bias characteristic of the 
mitochondrial genome (Meyer, 1993), which may 
be due to selection against the less stable guanine 
nucleotides on the light strand during mtDNA 
replication (Clayton, 1982).

The number of mutations in the C. macropomum 
sequences isolated in this study was 16 transversions 
and 16 transitions. M. C. F. Santos et al. (2007) 
analyzed the complete mitochondrial control region 
of tambaqui specimens from natural populations 
and found a similar number of transversions (12) 
but a much larger number of transitions (59) than 
our study. According to Page and Holmes (1998), 
transitions are more frequent than transversions 
because they modify less of the DNA structure. 
However, according to Meyer (1993), transversions 
can accumulate slowly and, eventually, exceed the 
number of transitions simply because there are 
twice as many possible transversions.

Of the 42 haplotypes identified in the two 
tambaqui populations, 32 were unique haplotypes. 
This large number of unique haplotypes can be 
explained by the high variability of the control 
region, which accumulates mutations at a greater 
rate than the ATPase genes (Rogers & Harpending, 
1992). The four haplotypes shared between the two 
populations may be due to the fact that individuals 
from the Itiúba population were brought into the 
Betume fish farm to compose its stock. Conversely, 
F. Gomes et al. (2012) analyzed the control region 
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of 93 tambaqui individuals from 10 fish farms 
located in the North and Northeast regions of Brazil 
and found only two haplotypes, indicative of low 
genetic variability for a cultivation system. A similar 
pattern of low haplotype diversity was reported by 
J. da P. Aguiar et al. (2018) in a study that compared 
wild and cultivated tambaqui populations from 
across Brazil. These results suggest that a very 
small number of matrices were used to establish 
the fish farm populations and any new stocks were 
probably selected among descendants of these small 
founder populations. Only wild populations and the 
populations from the fish farm in Santarém (PA) had 
satisfactory values of haplotype diversity, 0.99 and 
0.957, respectively.

Although some studies show a loss of genetic 
diversity in many fish farm stations throughout 
Brazil, our results revealed high haplotype diversity 
values in the tambaqui samples from the Betume 
and Itiúba fish farms (average: 0.909). J. P. Aguiar 
et al. (2013) also found high values of haplotype 
diversity in two tambaqui farms in the state of 
Pará (h > 0.838 and h > 0.931), which the authors 
attributed to the introduction of new haplotypes 
from wild-caught individuals brought into captivity 
to renew stocks, but this did not seem to be the case 
in the other fish farms assessed. According to C. H. 
dos A. dos Santos et al. (2012), the loss of genetic 
diversity observed in captive populations is directly 
related to the size of the broodstock and the increase 
in inbreeding rates. The number of breeders in 
a stock can be highly variable (Weingartner & 
Zaniboni, 2013) and may range from 50 to 1000 
fish (Moreira, 2001). In Salminus brasiliensis 
(Cuvier, 1816) (Characiformes: Characidae), 
genetic diversity can be maintained with a number 
of breeders close to the minimum (50 fish) 
(Weingartner & Zaniboni, 2013). In our study, the 

number of breeders in each farm was considerably 
higher, 200 in Itiúba and 1400 in Betume. Thus, the 
size of the broodstocks analyzed in the current study 
(Table 1) is unlikely to affect the genetic variability 
of the captive tambaqui populations, indicating 
that reproductive management has been effective 
in maintaining variability in the stock. The loss of 
genetic diversity between culture systems may be 
related to differences in reproductive management 
techniques, matrix selection and origin, and number 
of breeders (Hilsdorf & Dergam, 1999), which can 
lead to, among other factors, increased inbreeding 
rates and directly affect production parameters and 
fish fillet quality.

Genetic variability was estimated using genetic 
parameter estimates and DNA polymorphism 
analysis (Table 1). The results showed high values 
for haplotype diversity (h) and low values for 
nucleotide diversity (π) in both localities considered 
separately and together, whereas the average 
number of pairwise nucleotide differences (k) was 
higher in the Itiúba site and in both sites combined 
than in Betume (Table 1).

Genetic variability parameters h and π may 
indicate expansion after a period of low effective 
population size: rapid population growth enhances 
the retention of new mutations. According to 
Grant and Bowen (1998), the high h and low π 
for the tambaqui populations analyzed together 
or separately in our study indicate that they went 
through a population bottleneck (in this case, due 
to a founder event) followed by rapid population 
growth. The haplotype network (Figure 1) showing 
haplotype 11 (Hap_11) linked to both prevalent and 
non-prevalent haplotypes by only a few mutations 
is suggestive of this expansion (Grant & Bowen, 
1998).
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Figure 1. Haplotype distribution of Colossoma macropomum individuals from Betume, SE and Itiúba, AL, 
northeast Brazil.

Table 1
Genetic diversity parameters of Colossoma macropomum individuals from Betume, SE and Itiúba, AL, 
northeast Brazil

Locality N H ETA h π k Tajima Fu
Betume 17 10 10 0.868 ± 0.049 0.0015 ± 0.0011 1.787 −1.185 *−6.00479
Itiúba 67 36 29 0.951 ± 0.015 0.0025 ± 0.0015 2.899 −1.399 *−26.508
Total 84 42 32 0.938 ± 0.0165 0.0023 ± 0.0014 2.711 *−1.528 *−26.669

N: number of individuals, H: number of haplotypes, ETA - total number of mutations, h: haplotype diversity, π: nucleotide diversity, 
k: mean of pairwise nucleotide differences, Tajima: Tajima’s neutrality test, Fu: Fu’s neutrality test. * Significant at p < 0.05.
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The values of Tajima’s D test were negative 
and statistically significant (P < 0.05) when the 
populations were analyzed together (Table 1), which 
is indicative of population expansion (Tajima, 
1989). Considering both populations separately 
and together, the results of Fu’s Fs test were also 
negative and statistically significant, indicating a 
possible expansion of the two tambaqui populations 
(Fu, 1997), which is supported by their unimodal 
distribution curves (not shown).

AMOVA showed greater within- than between-
stock genetic variation (Table 2), whereas the FST 
value (0.03) showed small genetic differentiation 

(Wright, 1978). This greater variation within the 
stock can be explained by the presence of exclusive 
haplotypes in both populations, 26 in Itiúba and six 
in Betume.

Overall, results of Tajima’s D and Fu’s 
Fs neutrality tests showed that the tambaqui 
populations of Itiúba and Betume are not in 
genetic equilibrium (Table 1). According to 
Tajima (1989) and Fu (1997), negative values for 
these two neutrality tests suggest that there is an 
excess of recent mutations and population growth 
or selection, which is consistent with results for 
genetic parameters h and π.
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The high genetic variability in the tambaqui 
specimens analyzed in both fish farms, may be 
explained by the large number of breeders used by 
them, 200 in Itiúba (A. A. A. Albuquerque, personal 
communication, 16 May, 2020) and 1400 in Betume 
(A. H. G. Silva, personal communication, 16 May, 
2020).

Knowledge of the genetic variability of 
aquaculture species is of great importance, 
especially in tambaqui, which is one of the most 
cultivated native fish species in Brazil. Although 
there is a good understanding of induced breeding 
techniques for a few fish species in the country, 
production losses still occur due to inadequate stock 
management. Knowledge of genetic diversity can 
help increase the productivity of fish stock because it 
gives producers greater control over the reproductive 
process to minimize inbreeding and avoid the 
mating of related individuals, which may lead to a 
decline in the fitness of the captive population, often 
resulting in the loss of the entire stock. Even though 
the tambaqui is native to the Amazon, it is farmed 

across the country with good productivity and 
has great market acceptance. However, some fish 
farmers have not been giving enough attention to 
the genetic variability of their broodstocks, leading 
to significant losses. According to Varela, Alves, 
Barroso and Tardivo (2015), tambaqui fry stations 
usually overlook information on the origin and 
genetic kinship of individuals when establishing a 
stock. 

Tambaqui production has been increasing in 
Brazil over the last years and, according to Instituto 
Brasileiro de Geografia e Estatística [IBGE] (2018) 
the cultivation of this species was responsible 
for 19.7% of continental aquaculture production 
in 2018. Nevertheless, there is still a lack of 
information on genetic evaluation in breeding 
programs for tambaqui (Moraes et al., 2017). The 
management of genetic diversity in cultivated fish 
stocks of economic importance such as tambaqui 
is critical and can have direct implications on the 
quality of the products available to consumers.

Table 2
Analysis of molecular variance (AMOVA) of Colossoma macropomum individuals from Itiúba, AL and Betume, 
SE, northeast Brazil

Source of the variation Component of the variance Percentage of the variation
Between  populations 0.0448 3,24
Within populations 1.3410 96,76

Fst:0.03.

Conclusions

High levels of genetic diversity were found in 
the two tambaqui farms analyzed.

Broodstock size did not affect genetic variability 
and reproductive management has been effective in 
maintaining stock variability.

Knowledge of the genetic structure of tambaqui 
stocks is essential to maintain the quality of the 
product available to consumers in the lower São 
Francisco region.

Based on the high levels of genetic diversity 
found in the two fish farms in the lower São 
Francisco River, we encourage tambaqui farming 
stations across Brazil to implement a similar 
breeding management system.

Our findings show it is possible to support and 
maintain high genetic diversity in fish farms of the 
lower São Francisco River. However, studies with 
other molecular markers such as microsatellites are 
warranted, and it is important to continue to monitor 
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the genetic diversity of tambaqui stocks while 
maintaining improvements in the management 
system.
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