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Abstract The cachara (Pseudoplatystoma reticulatum)
is a Neotropical freshwater catfish from family Pimelodi-
dae (Siluriformes) native to Brazil. The species is of rela-
tive economic importance for local aquaculture production
and basic biological information is under development to
help boost efforts to domesticate and raise the species in
commercial systems. The complete cachara mitochondrial
genome was obtained by assembling Illumina RNA-seq
data from pooled samples. The full mitogenome was found
to be 16,576 bp in length, showing the same basic structure,
order, and genetic organization observed in other Pimelodi-
dae, with 13 protein-coding genes, 2 rNA genes, 22 trNAs,
and a control region. Observed base composition was
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24.63% T, 28.47% C, 31.45% A, and 15.44% G. With the
exception of NAD6 and eight tRNAs, all of the observed
mitochondrial genes were found to be coded on the H
strand. A total of 107 SNPs were identified in P. reticula-
tum mtDNA, 67 of which were located in coding regions.
Of these SNPs, 10 result in amino acid changes. Analysis
of the obtained sequence with 94 publicly available full
Siluriformes mitogenomes resulted in a phylogenetic tree
that generally agreed with available phylogenetic proposals
for the order. The first report of the complete Pseudoplatys-
toma reticulatum mitochondrial genome sequence revealed
general gene organization, structure, content, and order
similar to most vertebrates. Specific sequence and content
features were observed and may have functional attributes
which are now available for further investigation.

Keywords Mitogenome - Siluriformes - RNA-Seq -
Phylogenetic analysis - Catfish - SNPs

Introduction

Several species of Neotropical freshwater catfish have high
commercial value and are of growing importance for pro-
duction in aquaculture systems. Among these is the cachara
(Pseudoplatystoma reticulatum, Eigenmann & Eigenmann,
1889). The biology of this species is largely unknown,
despite its relative economic importance (Bignotto et al.
2009), and generation of basic biological information and
tools for developing essential knowledge for rearing the
species will greatly facilitate the expansion of commercial
aquaculture operations.

Species of the genus Pseudoplatystoma (family Pimelo-
didae, order Siluriformes) are migratory and are distributed
throughout the main South American drainage basins. P.
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reticulatum has been found exclusively in the Parani-Par-
aguay Basin. However, after a recent taxonomic review, its
occurrence in the Amazon Basin has been under discussion
(Buitrago-Suérez and Burr 2007; Torrico et al. 2009). Pub-
licly available genetic information for the cachara is mostly
restricted to the characterization of genetic diversity of wild
populations with microsatellites (Prado et al. 2014) and
partial mitochondrial and nuclear gene sequences (Bignotto
et al. 2009; Torrico et al. 2009; Carvalho et al. 2011, 2012;
Carvalho-Costa et al. 2011; Prado et al. 2011; Hashimoto
et al. 2013; Pereira et al. 2013).

The generation of extensive genomic information for
the species provided by recent developments in the field
of genomics, and in particular high-throughput sequencing
(NGS), will help the development of solid tools for use in
phylogenetics, phylogeography, and population structure
and diversity studies of wild populations. Moreover, the
incorporation of genomic tools in breeding programs under
development for the species will help accelerate genetic
gains in traits associated with productivity, quality and
profitability (Yafiez et al. 2015).

Mitochondrial DNA (mtDNA) sequence data has been
widely used in studies on phylogenetics, evolution, phy-
logeography, and population and conservation genetics of
different fish species (Avise 1994; Sosa et al. 2012; Borba
et al. 2013a, b; Hahn et al. 2013). Most studies have been
performed with sequencing data from fragments of a com-
bination of mitochondrial genes. More recently, as whole
mtDNA sequences become ever more available, methods to
analyze complete mtDNA sequences have been proposed
and are likely to yield better-supported results (Yu et al.
2007; Powell et al. 2013; Alam et al. 2014).

Thousands of species have already had their mitoge-
nome completely sequenced and made available in public
databases (Hahn et al. 2013). Out of 95 Siluriformes mitog-
enomes published as of October 2015, only four belong to
species from the family Pimelodidae. The current study is
the first to report the complete P. reticulatum mitochondrial
genome sequence, in addition to performing the first phylo-
genetic analysis with previously published complete mito-
chondrial sequences from other Siluriformes.

Materials and methods
Sampling, sample processing, and NGS sequencing

Seven distinct tissues were sampled (white and red muscle,
gills, liver, kidney, pituitary gland, and gonad) from 12 P.
reticulatum captured at different locations within the Para-
guay River Basin (Fig. S1, Supplementary material). Each
individual was tested for species purity with a SNaPshot©
assay (Villela et al. 2017a) developed based on previously
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published species-specific markers (Prado et al. 2011;
Hashimoto et al. 2013).

Tissues were processed for total RNA extraction using
Trizol® (Ambion), following manufacturer’s instructions.
Total RNA samples were combined in equimolar amounts
into eight different pools: one total RNA pool for each of
the seven tissues sampled and a pool containing total RNA
from all sampled tissues.

cDNA libraries were constructed for each of the seven
tissue-specific RNA pools using TruSeq Stranded RNA
Sample Preparation Kits (Illumina, San Diego, CA, USA)
following manufacturer’s protocols. Average size of cDNA
fragments was 250 bp, ranging from 100 to 580 bp. The
seven tissue-specific libraries were sequenced on two lanes
with an Illumina HiSeq 2000 platform with a protocol to
produce 100 bp paired-end reads (SBS Sequencing Kit,
v3). A cDNA library was also constructed with an RNA
pool from all seven tissues and sequenced in a single run
with an Illumina MiSeq platform, with a protocol to pro-
duce 300 bp paired-end reads (SBS Sequencing Kit, v3).
Sequencing and library construction were performed at
the W. M. Keck Center for Comparative and Functional
Genomics at the University of Illinois, Urbana-Champaign
(of Pseudoplatystoma reticulatum RNA samples were
sent to the United States under exportation license No.
15BR0O16615/DF).

RNA-Seq and assembly of P. reticulatum mitochondrial
genome

All obtained sequences were processed with the program
Trimmomatic (Bolger et al. 2014) to identify and remove
adapters and determine quality scores and trim sequences,
removing end bases with quality scores<25. For the
remaining positions, a sliding window with the same mini-
mum quality requirements was applied. The MiSeq paired-
end reads >300 bp were merged to obtain super-reads with
the FLASh program (Magoc and Salzberg 2011).

De novo transcriptome assembly was performed using
Trinity (Haas et al. 2013). Three assembled transcripts
derived from the mtDNA were identified within the assem-
bled transcriptome using BLAST searches with the P.
corruscans mtDNA. These three transcripts were further
processed, along with super-reads generated with MiSeq
sequences, using the SSAKE program (Warren et al. 2007)
to generate a final consensus mtDNA sequence.

Quality-trimmed reads were mapped to the P. reticu-
latum complete mitogenome using BWA software (Li
and Durbin 2010) and SNP (Single Nucleotide Polymor-
phism) detection was performed using Freebayes (Garri-
son and Marth 2012). SNPs with minor allele frequencies
(MAF)>0.09 in positions with Read Depth (RD)>522
were considered for further analysis and annotation.
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D-Loop sequencing

Part of the P. reticulatum D-loop (control) region sequence
was obtained by sequencing a 481 bp PCR fragment ampli-
fied from each of the same 12 individual used for RNA
sampling. Amplicons were generated with primers CTC
TTCCTGCACCCTACCAA and ATTGAGGGCATTCTC
ACAGG with the following conditions: 30 ng of genomic
DNA, 1 pmol of each primer, 5.0 pL of Qiagen Multiplex
PCR plus solution, 1.0 pL of QSolution, in a final volume
of 10 pL. Thermalcycling conditions were: 95 °C (15 min),
followed by 35 cycles of 94°C (30 s), 50°C (1 min) and
72°C (1 min), with a final step of 72°C (30 min). PCR
products purified with ExoSAP-IT were sequenced in both
directions with an ABI Prism 3100 automated sequencer
with BigDye Terminator chemistry, following manufac-
turer’s instructions. Obtained sequences were assembled
using Phred and Phrap (Ewing and Green 1998; Ewing
et al. 1998). Individual sequences were aligned using
ClustalW to identify polymorphisms and obtain a consen-
sus sequence that was integrated with the mtDNA sequence
derived from the transcriptome.

mtDNA sequence composition and annotation

The P. reticulatum mtDNA protein-coding genes were first
annotated manually using the obtained sequence in com-
parisons with the P. magdaleniatum (NC_026526.1) and P.
corruscans (NC_026846.1) mitochondrial genomes, using
BLASTx at the NCBI site. tRNA genes and their second-
ary structures were identified with tRNAScan-SE (v1.21)
(Lowe and Eddy 1997) using default parameters. P. reticu-
latum TRNA and tRNASSCD genes were compared with
P. magdaleniatum and P. corruscans mitogenomes. In addi-
tion, automated annotations of the P. reticulatum mitoge-
nome were performed with MitoAnnotator (Iwasaki et al.
2013), DOGMA (Wyman et al. 2004) and MITOS (Bernt
et al. 2013).

Mitochondrial genome organization

Nucleotide composition of mitogenome and protein-
coding genes were determined using BioEdit (v. 7.2.5).
Codon usage and RSCU values were calculated with
MEGA 6.0 software (Tamura et al. 2013). Codon usage
bias (CUB) and its statistical significance were character-
ized by Codon Deviation Coefficients (CDC). CDC, GC
and purine (AG) contents were estimated in 13 protein-
coding genes with the Composition Analysis Toolkit
-CAT (http://cbrc.kaust.edu.sa/CAT), using the algo-
rithm developed by Zhang et al. (2012). Strand asymme-
try (AT and GC skew) was calculated according to Perna
and Kocher (1995). L-strand replication origin (O;) and

H-strand replication origin (Oy) observed in the non-cod-
ing control region (D-Loop) of the P. reticulatum mitoge-
nome were identified through alignments with previously
annotated sequences from P. reticulatum and P. magda-
leniatum. Regulatory elements were identified through
alignments with D-Loop sequences from Tropheus moorii
(Fischer et al. 2013), Petrochromis trewavasae (Fischer
et al. 2013), Macropodus opercularis (Mu et al. 2015),
Oreochromis niloticus (He et al. 2011), Oreochromis
aureus (He et al. 2011) and Danio rerio (Broughton et al.
2001).

Sequence comparisons with mitogenomes
from pimelodidae catfish species

The P. reticulatum mitogenome was compared with mitog-
enomes from four other catfish species from the fam-
ily Pimelodidae: P. magdaleniatum (GenBank acc. #:
NC_026526.1), P. corruscans (NC_026846.1), Pimelo-
dus pictus (NC_015797.1), and Sorubim cuspicaudus
(NC_026211.1), through the alignment of the sequences
usingBioEdit (v. 7.2.5) and MEGA 6.0 (Tamura et al.
2013).

A 460 bp fragment of cytochrome b gene (CYTB) from
55 previously published reference sequences from eight
different Pseudoplatystoma species (Carvalho-Costa et al.
2011; Lundberg et al. 2011; Torrico et al. 2009) was ana-
lyzed along with the obtained P. reticulatum mitochondrial
sequence. The optimal nucleotide substitution model was
identified with JModeltest 2 (Darriba et al. 2012). BEAST
v.1.8.0 (Drummond et al. 2012) was used to run the Yule
speciation model, considering a strict molecular clock,
through 100 million MCMC iterations. Obtained results
were visualized with FigTree v. 1.4.2 (tree.bio.ed.ac.uk/
software/figtree/).

Phylogenetic analysis of siluriformes with complete
mitogenome sequences

The full P. reticulatum mitochondrial obtained sequence
was analyzed with all 94 publicly available Siluriformes
complete mitogenomes, including samples from 29 of 36
described families (Ferraris 2007). The optimal evolution-
ary model selected was GTR + G +1: General Time Revers-
ible with non-uniformity of evolutionary rates among sites
using a discrete Gamma distribution (+G) with 5 rate cat-
egories and by assuming that a certain fraction of sites
are evolutionarily invariable (+I). The phylogenetic tree
was estimated by maximum likelihood bootstrap analysis
(10,000 replications) performed with MEGA v6 (Tamura
et al. 2013).
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Results and discussion

RNA-Seq and assembly of P. reticulatum mitochondrial
genome

Reciprocal interspecific hybrids between P. reticulatum and
P. corruscans (pintado) are commonly produced for com-
mercial rearing in aquaculture operations (Porto-Foresti et al.
2008). Hybrids are fertile (Prado et al. 2012) and can natu-
rally backcross to purebred individuals in the wild or in cap-
tive conditions. Considering that visual evaluation is not fully
precise for identifying hybrids, DNA testing of each indi-
vidual was used to confirm that sampled individuals were all
pure P. reticulatum.

De novo assembly of the transcriptome generated 312,766
contigs. Three of these contings, 9069, 3798, and 1692 bp in
length, were observed to be highly homologous to P. corr-
uscans mtDNA sequences (NC_026846.1). Further assembly
of these fragments with merged cDNA sequences produced
a single 16,281 bp sequence. Because sequencing was per-
formed using cDNAs, the complete D-loop region could not
be recovered. Gap filling with Sanger sequencing of PCR
products amplified across the region revealed that only 295 bp
of the P. reticulatum mtDNA had not been sequenced and
assembled. The complete P. reticulatum mtDNA sequence
was observed to have 16,576 bp in length, representing the
first report of the complete mitogenome for the species (Gen-
bank acc. # KU291530).

Sequencing of pooled samples allowed for the identifi-
cation of mitogenome polymorphisms. A total of 77 SNPs
with MAF>0.09 and RD>522, composed of 71 transitions
(92.2%) and 6 transversions (7.8%), were observed (Table 1).
Eight SNPs were observed in the 12 and 16 S ribosomal
genes, two were observed in tRNA genes and the remain-
ing SNPs were observed in protein coding genes, while 30
SNPs were observed in non-coding regions. A total of 13%
(n=10) of SNPs observed in coding regions result in amino
acid changes (Table S1, Supplementary material). MAF and
RD cutoff values were used to eliminate SNPs resulting from
sequencing artifacts, observed especially at 3” ends of reads,
from the final annotated sequence (data not shown).

Complete mitochondrial genomes have been typically
obtained through sequencing of PCR-amplified overlapping
fragments (e.g., He et al. 2011; Hrbek and Farias 2008; Mu
et al. 2014; Wang et al. 2014). The rapid progress observed in
different NGS technologies has greatly increased the number

of complete mtDNA sequences made publicly available for
different fish species, including tropical siluriformes, such as
the trans-andean shovelnose catfish (Sorubim cuspicaudus,
Restrepo-Escobar et al. 2014) and Pseudoplatystoma magda-
leniatum (Rangel-Medrano et al. 2015). However, only two
previous reports of studies using cDNA sequences to gener-
ate complete mitogenome de novo assemblies were observed
(Heidtmann 2014; Mu et al. 2015). The analyzed NGS
sequences were originally generated for characterizing the P.
reticulatum transcriptome (Villela et al. 2017b), and although
the applied strategy to assemble a complete mitogenome for
the species required supplemental sequencing to unveil the
untrasncribed portion of the mtDNA control region, the final
result was highly satisfactory when compared to other pub-
lished complete mitogenome sequences.

mtDNA sequence composition and annotation

Manual and automated annotation of the complete P. reticu-
latum mtDNA obtained with DOGMA (Wyman et al. 2004),
MITOS (Bernt et al. 2013) and the MitoAnnotator database
(Iwasaki et al. 2013) are detailed in Table S2 (Supplemen-
tary material). Comparisons of the obtained results revealed
differences in rRNA gene sizes of up to 23 bp (e.g. 712 and
16 S) and of up to 99 bp in protein-coding genes sizes. Con-
sequently, the initial and/or final positions of these genes
also differed depending on the applied annotation method
(Table S2, Supplementary material).

There were no differences in start/end positions for tRNA
genes annotated manually (with tRNAScan) or automati-
cally with MITOS, DOGMA and MitoAnnotator (Table S2,
Supplementary material). The tRNAS(6CT) gene was not
identified in the manual annotation, and tRNA¢(GA4) anq
tRNAMTG6) genes were only identified with DOGMA.
The tRNASTCA) and (RNADTTT) genes were mislabeled
as tRNAP A and (RNAAPACY) with DOGMA, respec-
tively, but were correctly identified by other methods. Start
and end positions for protein-coding genes were equally
identified with MitoAnnotator and DOGMA, while observed
differences resulted from the omission of Stop codon bases
from the final annotation provided by MitoAnnotator. Con-
sidering all obtained results, the annotation information
obtained with MitoAnnotator was chosen for submission to
Genkank (Table 2; Fig. 1). This annotation was compared
to publicly available mtDNA annotations from four different

Table 1 Substitution types

. Transition Transversion
of 77 SNPs observed in the P.
reticulatum mitogenome GeoA CoT AT CoG AeC TG
N (%) 37 (48.1%) 34 (44.2%) 2 (2.6%) 1(1.3%) 2 (2.6%) 1(1.3%)
Total (%) 71 (92.2%) 6 (7.8%)
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Table 2 Complete automated annotation of the P. reticulatum mitochondrial genome (16,576 bp) generated with MitoAnnotator (Iwasaki et al.

2013)
Gene Strand® Position (bp) Length (bp)*¢ Intergenic Codon Anti-codon
b S nucleotides® :

Initial Final Start Stop
tRNAP"e H 1 69 69 0 GAA
RNA 12§ H 70 1030 (5) 961(5) 0
tRNA Y H 1031 1102 72 0 TAC
RNA 16 S H 1103 2782 1680 0
tRNALe (TA4) H 2783 2857 75 1 TAA
NADI H 2859 3830 972 1 ATG TAA
(RNAZe H 3832 3903 72 -1 GAT
tRNAC" L 3903 3973 71 -1 TTG
tRNAMe! H 3973 4042 70 0 CAT
NAD2 H 4043 5087 (96) 1045 (948) 0 ATG T
tRNATP H 5088 5158 71 18 TCA
tRNAA“ L 5177 5245 69 1 TGC
tRNAA" L 5247 5319 73 0 GTT
or - 5320 5348 29 0
tRNACY L 5349 5415 67 1 GCA
tRNAD" L 5417 5486 70 1 GTA
COX1 H 5488 7038 1551 0 GTG TAA
tRNASer (T4 L 7039 7109 71 4 TGA
tRNAAP H 7114 7186 73 14 GTC
COX2 H 7201 7891 691 0 ATG T
tRNADS H 7892 7965 74 1 TTT
ATP8 H 7967 8134 168 -10 ATG TAA
ATP6 H 8125 8807 683 0 ATG TA
COX3 H 8808 9591 784 0 ATG T
tRNAPY H 9592 9664 73 0 TCC
NAD3 H 9665 (—51) 10,013 349 (51) 0 ATG T
tRNAAE H 10,014 10,084 71 0 TCG
NAD4L H 10,085 10,381 (18) 297 (18) -7 ATG TAA
NAD4 H 10,375 11,752 1378 0 ATG T
tRNAS H 11,753 11,822 70 0 GTG
tRNASe H 11,823 11,889 67 5 GCT
tRNALe" H 11,895 11,967 73 TAG
NADS H 11,968 (—54) 13,794 (42) 1827 (96) —4 ATG TAA
NADG L 13,791 (=3) 14,306 (=3) 516 0 ATG TAA
tRNA™ L 14,307 14,375 69 TTC
CYTB H 14,377 15,514 1138 0 ATG T
tRNAT"" H 15,515 15,586 72 -2 TGT
tRNAFP™ L 15,585 15,654 70 0 TGG
D-Loop - 15,655 16,576 922

#Strand: H=heavy (+); L=light (=)

"Numbers in parentheses indicate differences in initial or final positions relative to the positions found by manual annotation

“Size of protein-coding genes including stop codons

dNumbers in parentheses indicate differences in gene size relative to the sizes obtained by manual annotation

Positive numbers indicate nucleotides separating two adjacent genes. Negative numbers indicate nucleotide overlap

T and TA indicate an incomplete stop codon
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Fig. 1 P. reticulatum mtDNA
map generated with MitoAn-
notator. Protein-coding genes,
tRNAs, rRNAs, and non-coding
regions are shown in different
colors. Genes located within the
outer circle are coded on the
H-strand whereas the remaining
genes are coded on the L-strand

Pimelodidae species. Results can be observed in Table S3
(Supplementary material).

Mitochondrial genome composition and organization

The P. reticulatum mitogenome observed structure is
highly similar to other vertebrate mitogenomes. All 37
mitochondrial structural genes (13 respiratory chain com-
plex protein-coding genes, 2 rRNAs, and 22 tRNAs) in
addition to the control region were observed in the assem-
bled mtDNA sequence (Table 2; Fig. 1). The same Heavy
(H) and Light (L) strand coding pattern previously reported
for most vertebrates was also observed in the P. reticula-
tum mitogenome. Only NADH dehydrogenase subunit 6
(NADG6) and the 8 tRNA genes (tRNACTTO) {RNAAMTGC),
tRNAAm(GTT), tRNACys(GCA)’ tRNAZW(GTA), tRNAS”(TGA),
tRNACHTTO) and t(RNAPTGG)) were observed to be coded
on the L-strand, as the remaining genes are coded on the
H-strand.

An atypical start codon (GTG) was only observed on
COX1I while incomplete stop codons were observed in
several protein-coding genes. The presence of incomplete
stop codons is a common feature of mitochondrial genes
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of several vertebrates, including numerous species of fish
(Kartavtsev et al. 2007; Alam et al. 2014; Jiang et al. 2014;
Mu et al. 2015). Seven genes were observed to have incom-
plete stop codons: NAD2, COX2, COX3, NAD3, NAD4 and
CYTB presented T as stop codon and ATP6 presented TA.
All remaining genes were found to have the same (TAA)
stop codon, which is generated via post-transcriptional pol-
yadenylation of the mRNA 3’ end (Ojala et al. 1981).

Intergenic overlaps of protein-coding regions are com-
mon within vertebrate mitogenomes and have been reported
for several fish species (Broughton et al. 2001; Kim and
Lee 2004; Guo et al. 2008; Hrbek and Farias 2008; Prosdo-
cimi et al. 2011; Fischer et al. 2013; Jiang et al. 2014; Mu
et al. 2015). Overlap lengths between ATP8 and ATP6 (10
nucleotides), NAD4L and NAD4 (seven nucleotides), and
NADS5 and NADG6 (four nucleotides) observed in P. reticu-
latum were within expected sizes. Intergenic spacer regions
were found to be 48 bp in 11 regions (Table 2).

Nucleotide composition of the complete P. reticula-
tum mitochondrial genome (Table 3) was as follows: A:
31.45%; C: 28.47%; T: 24.63%; and G: 15.44%. GC con-
tent (43.92%) was lower than the AT content (56.08%),
confirming the existing bias against G in the nucleotide
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Table 3 Base composition of P. reticulatum mitogenome protein-coding genes, rRNAs, tRNAs, and the control region

Length (bp) % Nucleotide composition % GC % AT AT GC
Content Content Skew Skew
T (U) C A G
Complete 16,576 24.63 28.47 31.45 15.44 43.92 56.08 0.12 -0.30
mitog-
enome
Protein- 11,399 25.36 30.12 30.26 14.26 44.38 55.62 —-0.36 0.09
coding (40.70) (9.30) (13.76) (36.24) (45.54) (54.46) (0.59) (-0.49)
genes*
1st codon 3804 20.59 27.69 26.97 24.75 52.44 47.56 —-0.06 0.13
position (33.14) (8.72) (12.79) (45.35) (54.07) (45.93) (0.68) (—0.44)
2nd codon 3798 40.52 27.44 19.15 12.88 40.32 59.68 -0.36 —-0.36
position (45.93) (16.28) (12.21) (25.58) (41.86) (58.14) 0.22) (—0.58)
3rd codon 3797 14.96 35.24 44.68 5.12 40.36 59.64 -0.75 0.50
position (43.02) (2.91) (16.28) (37.79) (40.70) (59.30) (0.86) (—=0.45)
tRNAs 1562 27.21 21.45 28.94 22.41 43.85 56.15 0.02 0.03
(0.02) (0.03)
rRNAs 2641 20.94 25.03 19.99 20.94 45.02 54.98 —0.09 -0.02
(—=0.09) (—=0.02)
Control 922 33.51 21.69 31.45 13.23 34.92 64.97 -0.24 -0.03
Region (=0.24) (—0.03)

*Based on the 12 protein-coding genes located on the H-strand. Base composition for NAD6 (L-strand) is shown in parentheses

composition of most vertebrate mitogenomes (Broughton
et al. 2001; Guo et al. 2008; Fischer et al. 2013). Heavy
(H) and Light (L) strand compositional asymmetries have
been reported for vertebrate mitochondrial DNA, where
the major coding strand (H) has been observed to be
relatively rich in A and C in comparison to the L strand
(Perna and Kocher 1995; Min and Hickey 2007). Simi-
lar trends of strand compositional bias were observed in
P. reticulatum mtDNA (Table 3), where the AT and GC
skews (Perna and Kocher 1995) were 0.12 and —0.30;
representing an excess of A over T and a shortage of G
over C in the H strand, respectively.

The observed nucleotide composition in P. reticula-
tum mitochondrial protein-coding genes (Table 3) was
A: 30.26%, C: 30.12%, T: 25.36%, G: 14.26%. AT con-
tent was greater than GC content. Average AT and GC
skew values of the 12 protein-coding genes were 0.09
and —0.36, while for NAD6 (L-encoded) values were
—0.49 and 0.59, respectively. Protein-coding genes also
showed overall anti-G bias (14.26% of G). In the third
codon position, the anti-G bias was larger (5.12% of
sites were G), which has been similarly reported in other
vertebrate species (Clayton 1991; Meyer 1993; Fonseca
et al. 2008). Anti-G biases in third codon positions of
mitochondrial protein-coding genes have been reported
for Danio rerio (Broughton et al. 2001), where 7% of
sites were G; Arapaima gigas (Hrbek and Farias 2008),
with anti-G bias of 3.8% G in the third position of the
12 heavy-strand encoded genes; Macropodus opercularis
(Mu et al. 2015), which presented 14.8% G in the third

codon position; and Oreochromis niloticus and O. aureus
(He et al. 2011).

Min and Hickey (2007) showed the impact nucleo-
tide skews have on amino acid composition of mitochon-
drial proteins. Mitogenomes with negative GC and posi-
tive AT skews encode proteins highly enriched in amino
acids encoded by CA-rich codons. The most frequently
used amino acids observed in P. reticulatum mitochon-
drial genome are leucine, threonine, proline and isoleucine
(Table 4; Fig. 2). Threonine and proline are amino acids
encoded by CA-rich codons and account for 16.57% of
encoded amino acids.

Preferred codons for each amino acid in protein-cod-
ing gene sequences were identified with the highest esti-
mated RSCU values and were matched to all 22 identified
tRNAs (Table 4), with the exception of methionine, alanine
and threonine. The CUA codon (leucine, RSCU=2.39)
was the most frequently used, followed by AAC (lysine,
RSCU=142), AAU (asparagine, RSCU=1.17) and
AUC (isoleucine, RSCU=1.01). GCG codon (alanine,
RSCU=0.16) was the least frequently used (Table 4).

Considering only amino acids with fourfold degenerate
third positions (valine, serine, proline, threonine, alanine,
arginine and glycine), codons complementary to the tRNAs
ending in A were the most frequently observed in the P.
reticulatum mitogenome. Among the twofold amino acids,
C was the most frequently used nucleotide in the third
codon position (Table 4). These results were consistent
with the anti-G bias identified in the P. reticulatum mitog-
enome, since the G nucleotide was the least frequent in the
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Table 4 Pattern of codon usage in the P. reticulatum mitogenome

Amino acid Codon Number® Frequency (%) RSCU®  Amino acid Codon Number® Frequency (%) RSCU
Phenylalanine (Phe/F) UUU 81 1.47 0.76 Tyrosine (Tyr/Y) UAU 102 1.85 0.94
uuc* 132 2.39 1.24 UAC* 114 2.06 1.06
Leucine (Leu/L) UUA* 113 2.05 1 Stop UAA 86 1.56 1.54
uuG 39 0.71 0.35 UAG 52 0.94 0.93
CuuU 107 1.94 0.95 Histidine (His/H) CAU 67 1.21 0.64
CUuC 93 1.68 0.83 CAC* 143 2.59 1.36
CUA* 269 4.87 2.39 Glutamine (GIn/Q) CAA* 131 2.37 1.43
CUG 54 0.98 0.48 CAG 52 0.94 0.57
Isoleucine (Ile/I) AUU 156 2.82 0.99 Asparagine (Asn/N) AAU 113 2.05 0.83
AUC* 158 2.86 1.01 AAC* 160 2.90 1.17
Methionine (Met/M)  AUA 141 2.55 1.39 Lysine (Lys/K) AAA* 179 3.24 1.42
AUG* 62 1.12 0.61 AAG 74 1.34 0.58
Valine (Val/V) GUU 46 0.83 0.83 Aspartic Acid (Asp/D) GAU 44 0.80 0.68
GUC 45 0.81 0.81 GAC* 86 1.56 1.32
GUA* 99 1.79 1.78 Glutamic Acid (GIw/E) GAA* 94 1.70 1.31
GUG 32 0.58 0.58 GAG 50 0.91 0.69
Serine (Ser/S) ucu 67 1.21 0.9 Cysteine (Cys/C) UuGU 34 0.62 0.89
UCC 96 1.74 1.29 UGC* 42 0.76 1.11
UCA* 106 1.92 1.42 Tryptophan (Trp/W)  UGA* 96 1.74 1.44
ucG 21 0.38 0.28 UGG 37 0.67 0.56
Proline (Pro/P) CcCu 122 221 1.11 Arginine (Arg/R) CGU 23 0.42 0.66
CCC 141 2.55 1.28 CGC 41 0.74 1.18
CCA* 142 2.57 1.29 CGA* 60 1.09 1.73
CCG 34 0.62 0.31 CGG 15 0.27 0.43
Threonine (Thr/T) ACU 132 2.39 1.11 Serine (Ser/S) AGU 45 0.81 0.6
ACC 153 271 1.29 AGC* 113 2.05 1.51
ACA* 150 2.72 1.26 Stop AGA 38 0.69 0.68
ACG 41 0.74 0.34 AGG 48 0.87 0.86
Alanine (Ala/A) GCU 58 1.05 0.76 Glycine (Gly/G) GGU 40 0.72 0.64
GCC 123 2.23 1.62 GGC 76 1.38 1.22
GCA* 111 2.01 1.46 GGA* 86 1.56 1.38
GCG 12 0.22 0.16 GGG 47 0.85 0.76

RSCU relative synonymous codon usage
*Codons that are complementary to the tRNA genes

Number of codons

third codon position. This pattern was similarly reported
for Danio rerio (Broughton et al. 2001) and is observed in
most vertebrates.

Codon usage bias (CUB) has been widely observed in
different organisms (Ikemura 1985; Bulmer 1991; Hersh-
berg and Petrov 2008) and is stronger in highly expressed
genes used for production of large amounts of protein (Bul-
mer 1991; Hershberg and Petrov 2008; Zhang et al. 2012;
Ma et al. 2014). Codon composition has been reported to
have an important role in the regulation of gene expression
(Paul et al. 2014), as genes that use codons recognized by
more abundant tRNAs may be translated more efficiently

@ Springer

(Bulmer 1991; Zhang et al. 2012; Ma et al. 2014). There-
fore, accurate quantification of CUBs in protein-coding
genes may be important for unrevealing mechanisms
involved in gene evolution, function and expression regu-
lation. Several methods have been proposed for estimating
CUB. Codon deviation coefficient (CDC) estimates account
for both GC and purine (AG) contents, addressing hetero-
geneous background nucleotide composition (BNC) in all
three codon positions, and is considered to be a better esti-
mate to support hypothesis of evolutionary pressures on
gene function, independently of underlying reference data
sets (Zhang et al. 2012; Paul et al. 2014). Obtained CDC
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estimates ranged from 0.18 to 0.37. NAD4L was the gene
with the highest significant CDC value (0.37, P=0.00),
which supports its function as a highly expressed respira-
tory chain Complex I gene (Ma et al. 2014). Conversely,
COX2, which is part of the cytochrome c oxidase com-
plex also with a key role in the mitochondrial function,
was the gene with the lowest significant CDC value (0.18,
P=0.00). In addition, estimated CUB for ATP8 (0.31), the
shortest gene analyzed (153 pb), was not significant, which
is consistent with simulations reported by Zhang et al.
(2012), showing that short sequences tend to generate unre-

liable CUB estimates (Table 5).

Fig. 2 P. reticulatum predicted mitochondrial amino acid usage pat-

tern

Table 5 Estimates of codon ID Length CDC Pvalue GC AG GC, AG, GC, AG,

usage bias (CUB) for 13

reticulatum mitogenome

GC; AG,
protein-coding genes of P NADI 945 027  0.00 045 044 055 052 040 027 040 053
NAD2 1011 034  0.00 046 045 055 055 045 025 039 054
CoX1 1500 020  0.00 045 045 055 057 039 031 041 048
CoX2 675 0.18  0.00 043 047 059 056 032 037 038 048
ATP8 153 031 040 041 046 043 059 035 031 043 047
ATP6 669 026  0.00 043 043 056 053 038 025 036 052
CoX3 750 026  0.00 047 043 058 050 040 035 042 046
NAD3 336 028  0.00 045 039 058 045 035 027 043 046
NAD4L 291 037  0.00 052 041 061 046 048 026 047 049
NAD4 1338 021  0.00 043 045 051 052 041 030 038 053
NAD5 1788 026  0.00 043 044 049 057 038 031 043 045
NAD6 507 036  0.00 046 050 055 059 041 037 041 053
CYTB 1101 031  0.00 046 042 055 050 035 031 047 044

CDC codon deviation coefficients

TAS
AAATCCCACATCTATTACTCCTGTATGGTATAGTACATAATATGTATATGGTCTAGTACATAATATGTATTATATT
ACATTATGGTTTAGTACATGATACTCATATTATTACATGTGAGCTACCTCATATAATGTGATGCCTTATTTAATTAAAT
AAATTACTATTAAGATTGATATCGACATTCGATTCATACACTCATATGAACTCATTTCGACAAGAAGACAGTCTGAGT
CSB-F
ACTCCATCTTAAACCTCTTTGTCTAATATTTTCTTGTGTTATTAGACACATATTGAATAAGAACATATTACCCAGTAA
GGGGG-box
GAACCGACCAACTAAATATTCTAATACATAGCTTGATTGAAGGGTCAGGGACAAAAATCTT[GGGGGII TTCACAACTT
GCACTATTACTGGCATTTGGTTCTTAGTTCAGGGCCACACATTTATTGATCCCCACTCTTCCCATCAGITTGGCATGAA
CSB-E Ox
TGATTGGTGTAACAAATAATTAGCACAAACCCCCCATGCAAAGCGTTCTTTCAAGTGTATGGGGTITITTCTTITTICG
GGTCACTTTCACTTTACACTCTTCCTGCACCCTACCAATGATTAATGTAGGTAGTCCATTACACCTTGCTTACACCA
CSB-1
ATTATTATGTAATGACTTAATGACATAGACATAGACTTAAACATTGCATAATACTTGTACCGTACATACACTCTATT
CSB-2
TACTTCTCCTCATATTCCTACTACTAATTCCCCCCCCGTGACTCCAAAAATTATCCACATTAAACCCCCCTACCCCCT
CSB-3
TAAACGAGTCCTCATTGTCCTGTCAAACCCCTAAACCAGGCTAGGGGCTCGATTAGTATKATCAGCGATCAAAATTT
TTACTGATATACATTATTAAAAAACTGAATTTTTATTCTAACAGCTAGGAAAACTCAGGTATTTATACA

Fig. 3 Variable regions and conserved blocks in the non-conding region (D-Loop) of P. reticulatum mitochondrial genome
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Table 6 Similarity of P. reticulatum control region regulatory elements with the others species

Regulatory Tropheus Petrochromis Macropodus Oreochromis O. aureus Danio rerio

elements moorii trewavasae opercularis niloticus (GU370125) (KM244705.1)
(NC_018815.1) (NC_018814.1) (KM588227) (GU370126)

TAS 0.57 0.52 0.67 0.63 0.54 0.60

CSB-F 0.72 0.72 - 0.72 0.72 -

CSB-E 0.71 0.71 0.75 0.71 0.71 -

CSB-1 0.71 0.44 0.55 0.68 0.68 0.60

CSB-2 0.88 0.53 0.94 0.88 0.88 0.88

CSB-3 0.59 0.70 0.56 0.59 0.59 1.00

Table 7 Size and structure of the complete mitogenomes of P. reticulatum and four previously published catfish species from family Pimelodi-

dae
Species NCBI Author Length  Sequence Protein- rRNA genes tRNA genes D-loop
GenBank ID (bp) identity (%) coding genes* (bp) (bp) (bp)
(bp)

P. reticulatum This study 16,576 - 11,399 2641 1562 922

P. corruscans NC_026846.1 Perini et al. (unpub- 16,123 95 11,400 2193 1561 912
lished data)

P. magdaleniatum NC_026526.1  Rangel-Medrano 16,568 93 11,401 2647 1559 912
et al. (2015)

Pimelodus pictus NC_015797.1 Nakatani et al. 16,575 87 11,402 2588 1614 923
(2011)

Sorubim cuspicaudus NC_026211.1 Restrepo-Escobar 16,544 88 11,403 2630 1558 909

etal. (2014)

*Stop codon included in the sequences

rRNA and tRNA genes

All P. reticulatum mitochondrial tRNA genes were
observed to have anticodons matching the vertebrate
mitochondrial genetic code. The two possible codons
for serine (TGA and GCT) and leucine (TAA and
TAG) were observed, following the pattern reported
for most vertebrates. Sequence overlaps were observed
for tRNA™ and tRNAS™ (1 bp), tRNAS™ and tRNAM
(1 bp), and tRNA™ and tRNAP™ (2 bp). With the excep-
tion of tRNASGCD a]] of the tRNA genes were pre-
dicted to fold into classic cloverleaf secondary structures
(Table S4, Supplementary material). Amino acid arm
and anticodon loop are commonly 7 bp in length, while
TWYC and anticodon arms are 5 bp in length and the DHU
arm is 4 bp in length (Broughton et al. 2001; Kim and
Lee 2004; Hrbek and Farias 2008). However, variations
in the size, position, nucleotide composition, and sev-
eral non-complementary pairings were identified in most
of predicted P. reticulatum tRNA secondary structures
(Table S4, Supplementary material).

@ Springer

Non-coding sequences

Two major non-coding regions were observed. A short
region with a length of 29 bp (5-CTT TCC CCG CCG
CCT TAA AAA GGC GGG GA-3'), which corresponds to
the L-strand replication origin (O; ), was observed between
tRNAA" and tRNA®Y. In addition, one large non-cod-
ing region (922 bp), corresponding to the control region
(D-Loop) was observed between tRNAF™ and tRNAP
Base composition analysis revealed the control region is
richer in AT (64.97%, Table 3) than the remaining of the
mitogenome (56.08%), as previously reported (Mu et al.
2014, 2015).

Important regulatory elements for the replication
and expression of the mitogenome were found in three
domains of the D-Loop (Fig. 3), showing high iden-
tity in most sequence comparisons with other species
(Table 6). The conserved GGGGG-box, which func-
tions as the origin of the H- strand replication (Oy), was
observed in the central domain of the D-Loop region.
The highly conserved central domains (CSB-E and
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termination of newly synthesized H-strands during rep-
lication (Sbisa et al. 1997; Broughton et al. 2001). CSB-
1, CSB-2 and CSB-3 contain the origin of the H-strand
replication (Oy) and two promoters for transcription of

951£65N9 “ds osebunz

a fragment from Cytochrome

b (CYTB) using a Yule model
sequence. Zungaro and Brachy-
platystoma sequences were used
as outgroup. Numbers above
the branches indicate posterior
probabilities. Colored bars in

in BEAST. Branch length
fitted a strict molecular clock.

Fig. 4 Phylogenetic relation-
ship of Pseudoplatystoma
based on bayesian analysis of
P reticulatum highlighted in
red indicates the generated

the genealogy represent South
American river basins marked

on the map

CSB-F) were observed to be flanked by Termination

Associated Sequences (TAS) and the conserved sequence
respectively. TAS has been reported to be associated with

blocks (CSB-1, CSB-2 and CSB-3), at the 5’ and 3’ ends,
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Pareuchiloglanis gracilicaudata, NC021603
Pareuchiloglanis sinensis, NC024434
Pareuchiloglanis yunnanensis, NC021604
Oreoglanis macropterus, NC021607 : .
Euchiloglanis kishinouyei, NC021598 Slsorldae
Creteuchiloglanis kamengensis, NC021599
Glaridoglanis andersonii, NC021600
Glyptosternon maculatum, NC021597
Exostoma labiatum, NC021601
Pseudecheneis sulcata, NC021605 E h
Hara jerdoni, AP012012 ——— iti
Bagarius yarrelli, NC021606 reSt Itldae
Bagarius bagarius, KJ204285
Gagata dolichonema, NC021596 . .
Glyptothorax trilineatus, NC021608 Sisoridae
Glyptothorax fokiensis, JQ917224
100 ™ Glyptothorax sinensis, NC024672
Liobagrus mediadiposalis, NC027167
Liobagrus reinii, AP012015
Liobagrus anguillicauda, NC021602
Liobagrus obesus, NC008232
Liobagrus kingi, NC020337
Liobagrus marginatus, KC757128
Liobagrus marginatoides, NC021122
100" Liobagrus nigricauda, KC316116
100 | Hemibagrus nemurus, KM454860
Hemibagrus wyckioides, NC024278
Hemibagrus spilopterus, NC023222
Sperata seenghala, AB907556
Mystus rhegma, NC023223
Hemibagrus guttatus, NC023976
Hemibagrus macropterus, JF834542
Pseudobagrus trilineatus, NC022705
Pseudobagrus brevicorpus, HM355585
Pseudobagrus tokiensis, AB054127
Pseudobagrus ondon, NC022725 i
Pelteobagrus fulvidraco, NC015888 Bag ridae
1001 Tachysurus fulvidraco, KC287172
Pelteobagrus eupogon, NC018768
Pelteobagrus vachellii, HM746660
100y Pseudobagrus emarginatus, NC024279 . . .
Pseudobagrus truncatus, NC021395 Siluroidei
Tachysurus nitidus, KC822643
Pseudobagrus ussuriensis, NC020344
Pelteobagrus nitidus, HM746659
Pseudobagrus brevicaudatus, NC021393
74\ , Pseudobagrus albomarginatus, KF514425
100|, L eiocassis crassilabris, NC021394
66\ |_eiocassis longirostris, NC014586
Silurus asotus, JN116720
Silurus soldatovi, AB860299
Silurus lanzhouensis, KP255959
Silurus meridionalis, HQ907992
Silurus glanis, AM398435
Wallago attu, KJ410746
Pterocryptis cochinchinensis, NC027107

Amblydoras gonzalezi, NC015745 .
Platydoras armatulus, NC025585 I Doradldae

Centromochlus perugiae, AP012024 . .
Tetranematichthys quadrifilis, NCO15743 I Auchenipteridae

100 Clarias batrachus, NC023923 I .
100 Clarias fuscus, KM029965 Claridae .
Heteropneustes fossilis, NC015827——» Hete ropneustldae
Rita rita, NC023376 P i
Pseudoplatystoma corruscans, NC026846 Ba g r d ae
Pseudoplatystoma reticulatum
Pseudoplatystoma magdaleniatum, NC026526 H H
Sorubim cuspicaudus, NC026211 PImeIOd Idae
Pimelodus pictus, NC015797 ) i
Lophiosilurus alexandri, NC026845 ———————— Pseudoplmelod|dae
Chrysichthys sp., AP012009 >
Pareutropius debauwi, NC015837 Claroteidae
Auchenoglanis occidentalis, NC015809 »>
Synodontis schoutedeni, AP012023 ———— 3 NMochokidae
Sciades seemanni, AP012003 —> Ariidae
Cranoglanis bouderius, AY898626 —— Cranogland|dae
Ictalurus punctatus, AF482987 ——————p T
Pangasius larnaudii, NC015839 |Cta|Ur|dae
Pangasius pangasius, NC023924
Pangasianodon hypophthalmus, NC021752
Eutropiichthys vacha, AB919123
100 Pangasianodon gigas, AY762971 e
Amphilius sp., NCo15746 —» Amphiliidae .
Malapterurus electricus, NCO1 5833—>Ma|apteru rldae

100

100

95 Ny
Chaca bankanensis, AP012008 ————p
100, 99 Plotosus japonicus, AP012020 ChaCIdae P|otosidae
Bunocephalus coracoideus, NCO15811—>Aspredinidae
94 ~ Cetopsidium sp., AP012007 .
83 99 Helogenes marmoratus, AP012014 CetOPSIdae
oo Corydoras rabau, AB0S4128 —— Callichthyidae Trich terid
richomycterus areolatus, 6 > . - .
86 Astroblepus sp., AP012004 — Astrobledidae richomycteriaae Loricarioidei
93\| Hypostomus plecostomus, KM576100 . ..
100 TPterygoplichthys disjunctivus, AP012021| Loricariidae . .
Diplomystes nahuelbutaensis, NC015823 Di plomyst|dae
—

Fig. 5 Phylogeny of Siluriformes families based on the P. reticula-
tum obtained sequence (in red) and 94 publicly available full mitog-

enome sequences. The tree was obtained by Maximum likelihood Loricarioidei and Siluroidei are highlighted
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analysis and branch support was estimated after 10,000 bootstrap runs
(values above 50% are shown). Main lineages from Diplomystidae,
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the Light (L-) and H-strands (LSP and HSP, respectively)
(Walberg and Clayton 1981; Clayton 1991; Saccone et al.
1991; Taberlet 1996; Jemt et al. 2015).

Sequence comparisons with mitogenomes
from Pimelodidae Catfish species

The structure, content, and order of the mitochondrial
structural genes were observed to be similar in all five
mitogenomes analyzed (Table S3, Supplementary mate-
rial). Overall sequence identities between P. reticulatum
and P. corruscans, P. magdaleniatum, Sorubim cuspi-
caudus and Pimelodus pictus were 95, 93, 88 and 87%,
respectively (Table 7). Sequence length varied from
16,544 bp to 16,576 bp, with the exception of P. corrus-
cans (NC_026846.1, 16,123 bp), which has a smaller /12 §
rRNA (515 bp), when compared to the average of other spe-
cies (959 bp). An alternative P. corruscans 12 S published
sequence (Lundberg et al. 2011) is 944 bp in length, indi-
cating therefore that the complete P.corruscans mitogenome
sequence (NC_026846.1) is likely to be misassembled.
Analysis of a cytochrome b fragment (CYTB) derived
from the full P. reticulatum mitochondrial consensus
sequence, along with previously published CYTB sequences
from eight different Pseudoplatystoma species, placed the
samples within the generated P. reticulatum group (Fig. 4),
confirming that all sampled specimens were from this spe-
cies. P. reticulatum is part of the P. fasciatum species com-
plex, which has been recently separated into eight species
based on their morphological characteristics and geographic
distribution (Buitrago-Suarez and Burr 2007). Available
molecular data based on nuclear e partial mtDNA sequences
(Torrico et al. 2009; Carvalho-Costa et al. 2011) do not
fully corroborate the proposed classification, but are not
enough to fully support alternative phylogenetic proposals
for the Pseudoplatystoma clade. Analysis of the complete
mitochondrial genome of all species in the clade will help
stablish the most solid phylogenetic proposal for the group.

Phylogenetic analysis of siluriformes with complete
mitogenome sequences

A total of 14,652 bp of the complete P. reticulatum
mitogenome sequence, analyzed along with 94 publicly
available Siluriformes complete mitogenomes from 29
families, revealed 8,573 variable sites (1,288 singletons
and 7,285 parsimony informative). Thirteen of all ana-
lyzed families had two or more represented species, and
10 of these were placed in monophyletic groups (Fig. 5).
The Bagridae group was observed to be monophyletic
with the exception of Rita rita, which was closer to Clari-
dae and Heteropneustidae, with low statistical support.

Schilbidae appears to be monophyletic only when species
of African (e.g. Claroteidae, without statistical support)
and Asian (Panagasidae, with high statistical support) ori-
gin were considered. In the Claroteidae family, a single
species of each of the two main subfamilies (Claroteinae
and Auchenoglanidinae) was sampled and a high similar-
ity with the African group Schilbidae was observed.

When the Diplomytidae family was considered as the
basal group, the expected division between the two major
groups Loricarioidei and Siluroidei was observed, con-
firming previous phylogeny proposals based on sequence
analysis from nuclear gene fragments (Sullivan et al.
2006) and morphological data (Diogo 2007). Within
Loricarioidei, Callichthydae was the most differentiated
group rather than Trichomycteridae, based on only one
species of each family. The group termed Big Asia, con-
taining Bagridae (except Rita rita), Sisoridae, Eresthidae
and Ampblyciptidae (Sullivan et al. 2006), was observed
to have the largest statistical support in the phylogenetic
tree among the main groups, which can be better sup-
ported by the larger number of representative species
analyzed within each family.

Close analysis of the groups from South America
showed that families contained in Pimeloidoidea (Pimelo-
didae and Pseudopimelodidae) were highly supported for
their respective monophylies, while genus Pseudoplatys-
toma was also monophyletic within Pimelodidae. There-
fore, most of the observed results are in agreement with
other studies (Sullivan et al. 2006; Jondeung et al. 2007)
and reinforce the importance of periodical revisions of
molecular phylogenies as additional data are generated
and made publicly available. Further analysis consider-
ing multiple molecular clocks (Drummond and Suchard
2010) and especially including full mtDNA sequences
from additional Pseudoplatystoma sp. will contribute to
refine the proposed Siluriformes phylogeny.

Conclusions

The first report of the complete Pseudoplatystoma reticula-
tum mitochondrial genome sequence revealed general gene
organization, structure, content, and order similar to most
vertebrates and other published Pimelodidae mitogenomes.
Specific sequence and content differences were observed
and may have functional attributes, for further investiga-
tion. Additional phylogenetic analysis considering multiple
molecular clocks should be considered for improving the
current phylogenetic proposal for the Pseudoplatystoma
clade.
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