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Abstract
Tambaqui (Colossoma macropomum) is a fish species from the Amazon and Orinoco Rivers, with favorable characteristics 
to the cultivation system and great market acceptance in South America. However, the construction of a genetic map for the 
genetic improvement of this species is limited by the low number of molecular markers currently described. Thus, this study 
aimed to validate gene-associated and anonymous (non-genic) microsatellites obtained by next generation sequencing (RNA-
seq and whole genome shotgun—WGS, respectively), for future construction of a genetic map and search for quantitative trait 
loci (QTL) in this species. In the RNA-seq data, the observed and expected heterozygosity (Ho and He) ranged from 0.09 to 
0.73, and 0.09 to 0.85, respectively. In the WGS data, Ho and He ranged from 0.33 to 0.95, and 0.28 to 0.92, respectively. In 
general, the evaluation of 200 markers resulted in 45 polymorphic loci, of which 14 were gene-associated (RNA-Seq) and 
31 were anonymous (WGS). Moreover, some markers were related to genes of the immune system, biological regulation/
control and biogenesis. This study contributes to increase the number of molecular markers available for genetic studies in 
C. macropomum, which will allow the development of breeding programs assisted by molecular markers.
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Introduction

Tambaqui (Colossoma macropomum) (Cuvier, 1818) is a 
migratory fish from the Amazon and Orinoco Rivers basins, 
belonging to the Characiformes order [1, 2]. This species has 
a considerable economic importance for aquaculture, mainly 
due to its high nutritional value of meat, fast growth, cap-
tive fitness, resistant and suitable for captive breeding [3]. 
Furthermore, C. macropomum is highly used in the Midwest 
and Southeast regions of Brazil for crossings with other Ser-
rasalmidae species, resulting in interspecific hybrids [4]. In 

Brazil, C. macropomum and its hybrids tambacu (female C. 
macropomum × male Piaractus mesopotamicus) and tambat-
inga (female C. macropomum × male Piaractus brachypo-
mus) represent the second most produced fish in aquaculture, 
representing around 36% of the production (173,301 t) [5]. 
Moreover, tambaqui has also importance in the aquaculture 
from others countries in South America [6] and, therefore, 
it is a target species for breeding programs that will increase 
the production in aquaculture.

Molecular tools have been used in several fish aquaculture 
species for loci mapping of quantitative traits (QTL), which 
results in important tools to improve breeding programs 
through the implementation of marker-assisted selection 
(MAS). This methodology seeks to locate genomic regions 
related to genetic variations of economically important phe-
notypes, i.e., molecular markers linked to a determined trait 
of interest [7]. However, the discovery and characterization 
of molecular markers are the first step for the implementa-
tion of this approach.

To date, there are 41 anonymous microsatellite mark-
ers described for C. macropomum [8–10], which were the 
first studies to contribute with genetic data in this species. 
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However, this amount is not suitable for QTL characteriza-
tion, which makes necessary to discover new microsatellite 
markers in order to apply in genetic breeding programs of 
C. macropomum. In general, hundreds of molecular markers 
are necessary for QTL detection by genetic mapping in fish 
species [11, 12].

Historically, the traditional method for microsatellite 
isolation was expensive and time-consuming task, through 
the construction of microsatellite-enriched genome librar-
ies, cloning and sequencing by Sanger method [13]. Cur-
rently, Next Generation Sequencing (NGS) offers sig-
nificant advantages in terms of time and cost, facilitating 
the identification of millions of molecular markers [14, 15]. 
Whole genomic shotgun (WGS) is one of the NGS strate-
gies used for molecular markers discovery, which consists 
of the random sequencing of DNA genome, a quick process 
to locate anonymous markers (mainly not gene-associated) 
which has been frequently used in fish genomes [16, 17]. 
Moreover, several studies have been adopting the strategy 
of transcriptome sequencing (RNA-seq), which consists of 
mRNA (messenger RNA) sequencing of different tissues for 
the identification of gene-associated microsatellites in fish 
[18–21]. In this context, the main purpose of this study was 
the discovery and characterization of new microsatellites 
markers in C. macropomum, which were obtained by NGS, 
including the sequencing strategies of WGS and RNA-seq 
that will be useful for QTL analysis and genetic improve-
ment of C. macropomum aquaculture.

Materials and methods

WGS sequencing

For WGS (Whole Genome Shotgun) sequencing, 500 ng of 
total genomic DNA from an individual of C. macropomum 
(collected at the Centro Nacional de Pesquisa e Conservação 
de Peixes Continentais, CEPTA, Pirassununga, SP, Brazil) 
was randomly fragmented by nebulization using compressed 
nitrogen gas (30 psi). The fragmented DNA was purified 
using the “MinElute PCR Purification Kit” (Qiagen), accord-
ing to the manufacturer’s instructions. The library construc-
tion and sequencing was performed by pyrosequencing on 
a 454 GS-FLX Titanium® equipment (Roche Diagnostics), 
in the Instituto Agrobiotecnológico de Rosário, INDEAR, 
Argentina, following the procedures outlined in Margulies 
et al. [22].

As we sequenced the C. macropomum genome in low 
coverage by WGS, the prospection of microsatellites was 
performed directly in the reads, i.e., we did not assembled 
the sequences because it would result in a low number of 

contigs. The reads of WGS were analyzed to identify Simple 
Sequence Repeats (SSRs) (minimum of five repeats), using 
the “Msatcommander” [23] software. Primers design was 
performed in “Primer3” [24] software. In order to remove 
any mitochondrial and ribosomal contamination, sequences 
were assembled against the mitochondrial genome of tam-
baqui (GenBank accession KP188830) and zebrafish ribo-
somal RNA RefSeqs (NCBI database) using “CLC Genom-
ics Workbench” (version 10). Moreover, others sequences 
with homology to transposons and microsatellites already 
described for C. macropomum were identified using the 
BLASTn and, then, they were manually deleted of the WGS 
data set. Sequences with SSRs of the WGS that showed 
homology with genes (mRNA) were included in the RNA-
seq database.

RNA‑sequencing

To perform the transcriptome sequencing, we collected liver 
samples from 10 specimens of C. macropomum, result-
ing from five different cultivated stocks in Brazil: n = 3, 
from CEPTA, Pirassununga, SP; n = 2, from CAUNESP, 
Jaboticabal, SP; n = 1 from Projeto Surubim, Santa Rita 
do Tocantins, TO; n = 2 from Fazenda São Paulo, Brejinho 
de Nazaré, TO; and n = 2 from Fazenda Sambaíba, Porto 
Nacional, TO. RNA was extracted by the Rneasy Mini Kit 
(Qiagen). We prepared an equimolar pool of total RNA 
samples (from 10 individuals) to mRNA enrichment with 
µMACS mRNA Isolation Kit (Miltenyi Biotec). The library 
construction and sequencing was performed by pyrose-
quencing on a 454 GS-FLX Titanium® equipment (Roche 
Diagnostics), in the HELIXXA company (Campinas, SP, 
Brazil).

The process of trimming (quality score Q > 20), assem-
bly, and removal of contamination by mitochondrial DNA 
and ribosomal RNA was performed using “CLC Genom-
ics Workbench” software. The “CD-HIT” (Weizhong Li’s 
Group) software was used to remove sequences smaller 
than 200 bp and redundancy removal with a 90% identity 
threshold.

Functional annotation of the unique consensus sequences 
was performed by homology BLASTx searches against the 
zebrafish (Danio rerio) databank at NCBI (National Center 
for Biotechnology Information) (cutoff E-value of 1E−3) 
using BLAST2GO software [25] to obtain the putative gene 
identity. The gene ontology (GO) terms were assigned to 
each unique gene based on the GO terms annotated to the 
corresponding homologs in the NCBI database (e-value cut-
off 1e−6). The transcripts were further annotated in InterPro, 
Enzyme Code (EC) and Kyoto Encyclopedia of Genes and 
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Genomes (KEGG) metabolic pathways analysis through Bi-
directional Best Hit method (BBH).

Microsatellites were identified using the “Msatcom-
mander software” [23] and primers were designed in 
“Primer3” [24].

Validation of the microsatellites

In the sequences that primers were designed, several filtering 
steps were adopted for SSRs selection. Initially, sequences 
containing SSRs were de novo assembled to remove dupli-
cated markers using “CLC Genomics Workbench”. We 
firstly selected tetra and trinucleotide motifs and, then, dinu-
cleotides were included to complete the database for valida-
tion. Preferentially, we chosen sequences with high number 
of repeats. For RNA-seq, we identified the SSR position 
in the gene by BLASTx, i.e., in coding sequence (cds), 3′ 
or 5′ untranslated region (UTR). We preferentially selected 
microsatellites located at the 3′ or 5′ UTR of the genes, as 
they could be more polymorphic than those positioned in 
cds.

In total, 100 gene-associated SSRs (RNA-seq) and 100 
anonymous SSRs (WGS) were used for validation in a wild 
population of C. macropomum (n = 24), from the Curuá-Uná 
River (2°26′4.20″S 54°7′43.70″O), Amazon basin. The fin 
samples were provided by Jonas da Paz Aguiar, from the 
Universidade Federal do Pará (UFPA), Brazil.

The genomic DNA was extracted from fin samples, fol-
lowing the protocol of the “Wizard Genomic DNA Purifi-
cation Kit” (Promega). For the polymerase chain reaction 
(PCR), a final volume of 25 µl were used with: 100 μM of 
each dNTP, 1.5 mM MgCl2, 1× Taq DNA buffer, 0.1 μM of 
each primer (F and R), 0.5 units of Taq Polymerase (Invit-
rogen) and 10–50 ng of genomic DNA. The reactions were 
performed in a thermocycler (ProFlex™ PCR System, Life 
Technologies) for 30 cycles under the conditions: 30 s at 
95 °C, 30 s at 55–60 °C (adjusted for each primer set), and 
20 s at 72 °C. DNA fragments were applied on a 2% agarose 
gel, stained by Nancy (Sigma), to check the occurrence of 
polymorphism.

Microsatellites that showed polymorphism in 2% agarose 
gels were analyzed in the sequencer ABI3730 XL DNA 
Analyzer (Life Technologies) to get a better accuracy in the 
alleles determination. The sequencing strategy adopted in 
this study was according to protocols described by Schuelke 
[26], using the CAGtag primer (5′-CAG​TCG​GGC​GTC​
ATCA-3′) labeled with the fluorochromes HEX, FAM or 
NED. The genotyping PCR was performed with the follow-
ing reagents: 100 μM of each dNTP, 1.5 mM MgCl2, 1× Taq 
DNA buffer, 0.1 μM of each primer (F and R), 0.01 μM of 
the CAGtag primer, 0.5 units of Taq Polymerase (Invitro-
gen) and 10–50 ng of genomic DNA. PCR conditions were: 
9 cycles of 95 °C/30 s, 55–60 °C/30 s (adjusted for each 

primer set), and 72 °C/20 s; and then 30 cycles of 95 °C/30 
s, 50 °C/30 s and 72 °C/20 s. PCR products were analyzed 
by capillary electrophoresis in the equipment ABI3730 XL, 
using the DS-30 matrix, with the GeneScan 500 ROX dye 
Size Standard (Thermo). We used the program GeneMapper 
4.0 (Applied Biosystems) to analyze the allele sizes.

The parameters of genetic diversity were estimated by 
using “GENEPOP” [27] and “ARLEQUIN” 3.5.2.2 [28], 
including the number of observed alleles (Na), observed het-
erozygosity (Ho), expected heterozygosity (He), Chi square 
tests for Hardy–Weinberg (HWE), linkage disequilibrium 
(LD), and inbreeding coefficient (Fis) according to the Weir 
and Cockerham [29] parameters. The levels of significance 
were adjusted to the multiple tests using a Bonferroni correc-
tion [30]. The content of the polymorphic information (PIC) 
was calculated using the “CERVUS 3.0.7” [31] software. To 
determine possible genotyping errors and the occurrence 
of null alleles, the “MicroChecker” [32] software was used 
with null allele frequency (nf) < 0.1 [33, 34].

Results

WGS sequencing

Whole genome sequencing yielded 42,563 reads, which 
were deposited in the Short Read Archive (SRA) of NCBI 
under the accession number SRR5122724. In total, 6105 
microsatellites were found in this library (Table 1) and flank-
ing primers were designed for 1255 loci. We then selected 
100 anonymous microsatellites (non-gene association) for 
validation, of which 31 were polymorphic when tested in 
the wild population of C. macropomum (GenBank acces-
sion number KY379117–KY379147). The genotype analysis 

Table 1   Data obtained in the transcriptome (RNA-seq) and WGS 
sequencing

RNA-seq WGS

Sequences 277,245 42,563
Total base pairs (bp) 101,959,245 15,604,478
Average read size (bp) 400.9 366.6
Contigs 7119 –
N50 865 –
SSR 748 6105
SSR with primers 233 1255
Dinucleotides 592 5258
Trinucleotides 138 465
Tetranucleotides 14 339
Pentanucleotides 2 22
Hexanucleotides – 21
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showed the following values: average number of alleles was 
eight, Ho ranged from 0.33 to 0.95, and He ranged from 0.28 
to 0.92. The indexes of Ho and He had an average of 0.64 
and 0.75, respectively (Table 2). Four loci demonstrated sig-
nificant deviation from HWE after Bonferroni correction 
(p < 0.0011), of which three were probably due to presence 
of null alleles (r912, r846 and r1247). High values of null 
allele frequency (nf) were detected in five loci (r912, r846, 
r4990, r4880 and r1247) (nf > 0.1) (Table 2). We found LD 
between the microsatellites r6071 and r4722, and r6071 and 
r3061 (p = 0.0000).

RNA‑Sequencing

The trimming process of RNA-seq resulted in 277,245 reads, 
which were deposited in the Short Read Archive (SRA) of 
NCBI under the accession number SRR5122711. These 
reads were assembled in 7119 contigs (Table 1), of which 
4637 contigs were functionally annotated by BLASTx and 
4028 sequences (86%) were classified in Gene Ontology 
(GO) terms: biological process (47.7%), molecular func-
tion (29.3), and cell component (23%). The main GO terms 
related to Biological Process were cellular process, meta-
bolic process, and single-organism process; to Mollecular 
Function were binding, catalytic activity, and transporter 
activity; and to Cell Component were cell, organelle, and 
membrane (Fig. 1). We found 3760 annotated sequences 
with Interpro accession numbers. The transcripts charac-
terization in the KEGG database resulted in 1176 transcripts 
related to 116 metabolic pathways, with the participation of 
328 enzymes.

We found 748 contigs containing microsatellites; how-
ever, primers were designed for 233 SSRs loci. Functional 
annotation by BLASTx identified 224 microsatellites with 
gene identity, of which 100 SSRs were chosen for validation. 
After genotyping, 14 microsatellites demonstrated polymor-
phism (GenBank accession number KY379103–KY379116). 
The average number of alleles was four, the Ho ranged from 
0.09 to 0.73, and He ranged from 0.09 to 0.85. The mean 
values of Ho and He were of 0.46 and 0.51, respectively 
(Table 3).

After the Bonferroni correction for multiple loci 
(p = 0.0011), all the loci were in Hardy–Weinberg Equilib-
rium. We found LD between the primers c3843 and c1842 
(p = 0.0002). No LD was detected between the microsatel-
lites of the WGS and RNA-seq dataset. We found nf in two 
loci (c3818 and c3843) (nf > 0.1) (Table 3).

Discussion

To date, three previous studies were conducted to isolate 
and characterize 41 microsatellite loci in C. macropomum 
[8–10]. Here, using a cost-effective strategy by NGS, we 
increased the number of microsatellites to be used in genetic 
management and improvement programs of this species. 
Most of the motifs found in both WGS and RNA-seq data 
set were dinucleotides (about 80%), which has been fre-
quently reported in several fish species for anonymous or 
gene-associated SSRs [35–38]. The levels of polymorphism 
(allele numbers and heterozygosity) from microsatellites 
previously described in others studies [8–10] were similar 

Fig. 1   Gene ontology categories of Colossoma macropomum sequences from the RNA-seq data
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to those found in the WGS dataset of the present study. How-
ever, the anonymous markers from WGS presented higher 
rates of polymorphism (31 out of 100 were polymorphic 
markers), PIC value, allele number, and mean heterozygo-
sity in comparison to the microsatellites from the RNA-seq 
data (14 polymorphic) (Table 4). In fact, gene-associated 
microsatellites are more susceptible to selective pressure, 
which might explain the lower levels of polymorphism in 
this dataset [39].

Although less polymorphic, transcriptome-derived 
markers might be used as functional markers in the iden-
tification of genes that play important roles in produc-
tive traits. For instance, studies of characterization and 
description of gene-associated microsatellites conducted 
on barramundi (Lates calcarifer), tilapia (Oreochromis 
sp.), common carp (Cyprinus carpio), Atlantic salmon 
(Salmo salar) and Atlantic cod (Gadus morhua) [40–44] 
had already demonstrated the usefulness of these mark-
ers in the detection of economically important quantita-
tive traits and its applicability to breeding studies. In the 
gilthead sea bream (Sparus aurata) [45], a dinucleotide 
microsatellite (alleles 250 and 254) located at the growth 
hormone (GH) gene was observed in association with 
fish groups of higher body weight, suggesting that this 
microsatellite in the promoter region of GH might be 
considered as a candidate genetic marker for broodstock 
management and growth selection programs of Sparus 
aurata.

In the present study, we identified different genes 
related to the immune system, as the GTPase IMAP 
(c4296), which is involved in inflammatory responses 
caused by the increase of weight and by the consumption 
of feed containing vegetable products in zebrafish (Danio 
rerio) and Atlantic salmon (Salmo salar) [46, 47], respec-
tively; and the Calnexin precursor (c2311) gene, which 
is described as a component of the innate and adaptive 
immune systems in bony fish [48]. Therefore, future stud-
ies concerning these loci could improve our knowledge 
about the association of microsatellites with productive 
traits. Finally, our study describes 45 novel polymorphic 
SSRs loci, of which 41 (four were in deviations from 
HWE) are potentially useful for genetic studies of natural 
and cultivated stocks of C. macropomum.

Conclusion

The strategy of NGS allowed the discovery of a high num-
ber of microsatellite markers, making available thousands 
of SSRs for validation in C. macropomum. These new 
microsatellites, added to those already described, will 
provide important molecular tools to genetic breeding Lo
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programs of C. macropomum. In future, these markers 
could be incorporated in genetic maps to be applied in 
MAS.
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