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Simple Summary: This article discusses genetic traits (chromosomes, mtDNA) of the Amazon sailfin
catfish. Domesticated fish of this species escaped from aquariums to establish invasive populations
in large areas of North America and Asia. In Brazil, this species is an important fishery resource and
a potential for fish farm management and production. Its karyotype showed 52 chromosomes with a
similar conservative gross morphology to that of related species. The Cytochrome Oxidase I (COI)
gene revealed a low molecular divergence between native and exotic populations.

Abstract: Pterygoplichthys pardalis is an armored catfish native to South America and an important
resource for the ornamental fish industry. Recently, several exotic populations have been introduced
into rivers on five continents. Despite its commercial and environmental importance, P. pardalis is
poorly studied from a genetic perspective. In this study, we analyzed the karyotype of P. pardalis
from the Amazon River and molecular variations in the mitochondrial gene Cytochrome oxidase I
(COI) between native and exotic populations. The karyotype presented diploid number 2n = 52 and
NF = 100 without cytogenetic variation between males and females. Nucleolus organizer regions
(Ag-NOR) in the distal region of the long arm of pair 12 coincided with the 18S hybridization
signal, whereas 5S was syntenic to this chromosome but localized in the short arm. The constitutive
heterochromatin was restricted in the distal regions of pairs 4, 12, 25, and 26. Telomeric probes showed
only distal hybridization signals. The karyotype of P. pardalis diverged from that of its congeners,
and COI molecular variation revealed four haplotypes. The Philippine population revealed the
greatest diversity with three haplotypes, while haplotype H1 was the most abundant and observed
in both native and exotic populations. This new genetic data contributes to species management and
provides useful information from an aquaculture perspective.

Keywords: acari; exotic population; COI; karyotype; ornamental fish

1. Introduction

The Amazon basin is the largest hydrographical province in South America and
supports considerable ichthyofauna with thousands of species. The armored catfish (Family
Loricariidae, Siluriformes) is one of the main fish groups in this region and currently
encompasses 1041 valid species [1].

The Loricariidae family is considered a monophyletic group; however, the system-
atic relationships at the subfamily level are unclear [2–5]. The sailfin plecos of the genus
Pterygoplichthys (Gill, 1858) encompass 15 species [1]. Pterygoplichthys is closely related
to Hypostomus and part of Hemiancistrus, which are nested in the clade–Tribe Hyposto-
mini [2]. While the monophyly of Hypostomini is clear, there are some deviations, such
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as that of the taxonomic status of the “Hemiancistrus”, which was demonstrated to be a
paraphyletic group [5]. The taxonomic issues in the Hypostomini clade also include the
species delimitation in Hypostomus and Pterygoplichthys. For example, a recent integrative
taxonomic study demonstrated that Hypostomus chrysostictus should be properly reclassified
as P. chrysostictus [6].

Eight species of Pterygoplichthys have been recorded in the Amazon basin: P. disjunc-
tivus (Weber 1991), P. gibbiceps (Kner 1854), P. joselimaianus (Weber 1991), P. lituratus (Kner
1854), P. pardalis (Castelnau 1855), P. punctatus (Kner 1854), P. weberi (Armbruster & Page
2006), and P. xinguensis (Weber 1991). Pterygoplichthys pardalis inhabits marginal lagoons
and floodplains along the Amazon River and the confluence zones of its main tributaries [7].
Pterygoplichthys pardalis was possibly introduced into Asia and North America through the
release or escape of animals sold in the aquarium market, that subsequently bioinvaded
various river systems [8,9]. The exotic populations of P. pardalis reportedly caused severe
ecological disturbances to native fish communities in Mexico and Southeast Asia [10,11].

In Brazil, P. pardalis is an important fishery resource that was considered one of the
ten most exploited species in the lower Amazon region [12]. Moroni et al. [13] evaluated
the biological features of P. pardalis for domestication and aquaculture programs. Those
authors highlighted that the limited genetic data on P. pardalis was a constraint for its use
in aquaculture production. Genetic information is necessary to achieve the management
and conservation of commercial fish stocks, either in the wild or in fish farms [14–16].

Recent cytogenetic studies have contributed to the knowledge of fish genomes and
karyotypic evolution. Cytogenetics is usually the first line of genetic information for
taxonomy and evolutionary issues [17]. In addition, chromosomal markers are useful
for aquaculture purposes, such as for polyploidy constructs [18,19], karyotype variation
assessments [20], and hybrid monitoring [21]. Currently, seven species of Pterygoplichthys
have been karyotyped (Table 1). Despite of conservative diploid number of 2n = 52,
variations in chromosome morphology and C-bands were detected among species and
populations (Table 1). The hypothetical ancestral karyotype of Loricariidae is assumed to
have 2n = 54 [22], which implies a reduction of diploid number to 2n = 52 in the common
ancestor of Hypostomini [2,23].

Table 1. Summary of Pterygoplichthys cytogenetic data. Karyotypic formula (KF), C-banding (BC),
Nucleolar organizing regions (NOR), Chromomycin A3 (CMA3), FISH of rDNA probes (18S and
5S), FISH of retrotransposons probes (Rex1, Rex3, Rex6), metacentric (m), submetacentric (sm),
subtelocentric (st), acrocentric (a), not analyzed (-), analyzed (+).

Species Locality KF
(m + sm + st + a) BC NOR CMA3 18S 5S Rex1 Rex3 Rex6 Authors

P. anisitsi rio Tietê 28 + 12 + 8 + 4 - 16 - - - - - - [24]
P. anisitsi rio Miranda 8 + 14 + 14 + 16 - 5 - - - - - - [24]
P. anisitsi rio Iguatemi 14 + 26 + 8 + 4 + 9 9, 10 - - - - - [25]
P. anisitsi rio Preto 16 + 24 + 8 + 4 + 14 - - - - - - [26]
P. ambrosettii rio Paraná 16 + 24 + 8 + 4 - - - 14 14 - - - [23]
P. multiradiatus rio Orinoco 22 + 18 + 12 + 0 - 10 - 10 - - - - [24,27]
P. gibbiceps rio Orinoco 20 + 24 + 8 + 0 - 21 - - - - - - [24]
P. joselimaianus rio Araguaia 28 + 16 + 8 + 0 - 9 - - - - - - [28]
P. pardalis rio Amazonas 18 + 18 + 8 + 8 - 11 - 11 11 + + + [29]

In this study, we introduced new cytogenetic data of P. pardalis from the lower Amazon
River and performed a comparative karyotypic analysis of these with those of congeners
and other Hypostomini taxa. We used the mitochondrial gene COI to explore genetic
relationships between native and exotic populations of P. pardalis.
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2. Materials and Methods
2.1. Sampling and Study Area

This study included 10 females Pterygoplichthys pardalis individuals, 6 males and one
specimen with unidentified sex (n = 17, Supplementary File Table S1). The fish were
captured with gillnets by artisanal local fisherman, transported to the laboratory or field
station for acclimation, and maintained with mitosis stimulation in 50 L plastic tanks
filled with river water and aerated with aquarium pumps. The specimens were weighed,
measured for standard length, and photographed, and muscle samples were collected
for molecular analysis. The sampling sites were situated on the lower Amazon River in
the municipality of Santarém, Pará State, Brazil. Four localities were sampled: (1) Porto
dos Milagres, (2) Arapixuna, (3) Lago Grande, and (4) Lago Pacoval. A distribution map
showing the occurrence of P. pardalis in South America is provided in Figure 1.
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and stained with propidium iodide [33]. Fluorochromes DAPI (4′,6-Diamidine-2′-phenyl-
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Figure 1. Distribution map of Pterygoplichthys pardalis along the South American hydrographic basins,
which are outlined in black. The occurrence records (black circles) were compiled from the Global
Biodiversity Information Facility (www.gbif.org, accessed on 17 April 2022).

2.2. Ethical Statements

The fishes were anesthetized and euthanized with clove oil following a humane
procedure approved by the Comitê de Ética em Pesquisa com Animais–CEUA/UFOPA
(No. 1020180043). The voucher specimens were fixed with 10% formalin followed by
preservation in 70% ethanol for deposit in the Fish Collection of the Federal University
of Western Pará, collection numbers UFOPA-I 1393–UFOPA-I 1415. The collections were
authorized by the Brazilian government under SISBIO permission No. 69419-1.

www.gbif.org
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2.3. Chromosome Preparation and Cytogenetic Analysis

The preparation of mitotic chromosomes from the cephalic kidney involved 24 h of
mitosis stimulation with yeast [30], followed by metaphase arrest with 0.0125% colchicine
(0.01 mL/g body mass) for 30–40 min [22]. The tissue fragments were minced and incubated
in hypotonic 0.075 M KCl solution for 20 min at 37 ◦C and fixed with fresh cold methanol-
acetic acid fixative (3:1 v/v).

Air-dried slides were processed with 5% Giemsa conventional staining for kary-
otyping and the nucleolar organizing regions were detected using silver staining (Ag-
NOR) [31]. C-banding was processed with barium hydroxide and 2 × SSC warm solu-
tions [32] and stained with propidium iodide [33]. Fluorochromes DAPI (4′,6-Diamidine-
2′-phenylindole dihydrochloride) and CMA3 (Chromomycin A3) were used to detect
AT- or GC-rich sites [34,35], while FISH experiments were performed to detect telom-
eres and the rDNA cistrons 18S and 5S [36]. The probes were created by PCR using
the following primers: Telomeres F (5′-TTAGGG-3′) and R (5′-CCCTAA-3′) [37]; 5SA (5′-
TACGCCCGATCTCGTCCGATC-3′), 5SB (5′-CAGGCTGGTATGGCCGTAAGC-3′) [38]; 18S
IpF (5′-CCGCTTTGGTGACTCTTGAT-3′), and 18S IpR (5′-CCGAGGACCTCACTAAACCA-
3′) [39]. The PCR was assembled with a final volume of 25 µL as follows: 10.25 µL ultrapure
water, 12.5 µL 2× mastermix (Fermentas), 0.5 µL of each primer (5 µM), 1 µL template
DNA, and 0.25 µL Taq DNA polymerase (5 U/µL). No template was used for the telomere
PCR and the PCR profile was Telomere–94 ◦C/5′, [94 ◦C/1′, 55 ◦C/30′′, 72 ◦C/1′ × 10],
[94 ◦C/1′, 60 ◦C/30′′, 72 ◦C/1′30′′ × 35] 72 ◦C/5′; DNAr5S–94 ◦C/1′, [95 ◦C/1′, 57 ◦C/1′,
72 ◦C/1′30′′ × 35], 72 ◦C/5′; DNAr18S–95 ◦C/1′, [94 ◦C/1′, 56 ◦C/1′, 72 ◦C/1′30′′ × 35],
72 ◦C/5′. The PCR products were inspected using 1% agarose gel stained with GelRed
and positive reactions were labeled with biotin-14-dATP by nick translation using the
Bionick Labeling System (Invitrogen, Waltham, MA, USA) or with digoxigenin using the
DigNick system (Roche, Basel, Switzerland) following the manufacturers’ instructions. De-
tection washes followed with Avidin-FITC or Rodhamine-antidigoxigenin conjugates. The
slides were counterstained with 2 mg/mL DAPI in Vectashield (Vector, Newark, CA, USA)
mounting medium. Digital images were acquired using a Nikon EclipseCsl microscope
(Melville, New York, NY, USA) coupled with a CCD camera and processed with Nikon
NIS-Elements or Adobe Photoshop. All cytogenetic analyses and karyotype determinations
were captured with a minimum of 10 metaphases per experiment.

2.4. Molecular Methods

Genomic DNA of six P. pardalis specimens (PML-27, PML-30, APX-01, APX-02, APX-04,
and APX-05) was extracted following the salting-out protocol [40]. The 5′ region of the
mitochondrial gene Cytochrome oxidase c subunit I (COI) was amplified by PCR using
DNA barcoding with the standard primers FishF1 and FishR1 [41]. The reactions were
assembled to a 25 µL final volume as follows: 15 µL of ultrapure water, 2.5 µL 10× buffer
(200 mM Tris-HCl pH 8.4 + 500 mM KCl), 2.5 µL of 50 mM MgCl2, 2.8 µL of 1.25 mM
DNTPs, 0.5 µL of 5 µM for each primer, 0.2 µL of Taq DNA polymerase (5U/µL), and
1 µL of genomic DNA (50–100 ng/µL). The cycling profile was 95 ◦C/2′, 35 cycles of
94 ◦C/30′′, 54 ◦C/30′′, and 72 ◦C/60′′ followed by a final extension of 72 ◦C/10′. The PCR
products were visualized in 1% agarose gel stained with GelRedTM (Biotium Inc., Fremont,
CA, USA).

Positive reactions were cleaned with 20% PEG 8000 [42] and processed for capillary
sequencing using the ABI PRISM BigDye Terminator V.3 Cycle Sequencing kit (Applied
Biosystems Inc., Foster city, CA, USA) with the genetic analyzer ABI3500, following the
manufacturer’s instructions.

The COI sequences were visually inspected and trimmed with BioEdit v.7.2.5 [43]. We
checked the species taxonomic identity of the sequences using a nucleotideBLAST search
(https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 2 March 2022) and an ID engine
tool (http://boldsystems.org/index.php/IDS_OpenIdEngine, accessed on 3 March 2022).
Supplementary sequences of P. pardalis and other Hypostomini members were downloaded

https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://boldsystems.org/index.php/IDS_OpenIdEngine
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from GenBank (https://www.ncbi.nlm.nih.gov/) (Supplementary File Table S2). For
molecular analysis, we assembled sequences of P. pardalis (n = 80), including specimens
collected from natural populations (Brazil and Colombia) and exotic populations from Asia,
representative of six countries. In addition, P. edentaculatus (n = 5), P. zuliaensis (n = 1), and
Hypostomus cochliodon (n = 1) were used as outgroups. The best model for the data was
that of T92+G (Tamura 3-parameter) and the gamma shape parameter was 0.63. A distance
matrix and neighbor-joining clustering were generated with MEGA X [44]. Statistical
support was evaluated from 1000 bootstrapping iterations. The tree topology/design was
edited with FigTree v.1.4.4 [45].

To explore the molecular variation and microevolutionary relationships within natural
and exotic P. pardalis populations, we created a haplotype network using the median
joining algorithm [46]. Haplotypic data were obtained using DNAsp v.5.10.01 [47] and the
network drawing was processed with Network 10.2.0.0 (Fluxus Technology Ltd., Colchester,
Essex, England).

3. Results
3.1. Cytogenetic Analysis

The karyotype of P. pardalis from the lower Amazon River has 2n = 52 chromosomes
and an FN = 100, a karyotypic formula of 20m + 20sm + 8st + 4a, and no distinction
of differentiated sex chromosomes (Figure 2a). The Ag-NOR staining revealed one pair
of NORs in at the subtelomeric region of the long arm of pair 12 (Figure 2a, inset box).
Constitutive heterochromatin was detected in narrow bands only in four chromosome pairs,
and it was bitelomeric in pair 4 and distal in pairs 12, 25, and 26 (Figure 2b). Ribosomal
gene 5S was detected in the centromeric region of the submetacentric pair 12 (Figure 2c).
This chromosome also showed hybridization of the rDNA 18S probe in the subtelomeric
region of the long arm, where it was coincident with a secondary constriction (Figure 2c,
inset box). The telomere motifs (TTAGGG) were marked only in the chromosome tips, with
no evidence of interstitial telomere sequences (Figure 2d). CMA3-DAPI double staining
revealed brilliant GC-rich sites in two chromosome pairs, of which one was identified as
pair 12, because it showed a conspicuous secondary constriction that was co-localized with
the Ag-NOR, 18S and CMA3 marks in the same position as that of the NOR and rDNA 18S,
while the second pair was the acrocentric pair 26 (Figure 2e–g).

3.2. Molecular Analysis

The COI sequence of fish samples from the lower Amazon River revealed a 100% taxo-
nomic identity with that of P. pardalis reference sequences from GenBank. Our assembled
COI dataset alignment included 80 sequences of 591 bp in length, with the exception of a few
individuals that had shorter sequences. The sequence matched the positions 5581 through
6172 (5′–3′) in the P. pardalis reference mitogenome (Access Number NC_060468.1). G+C
content was 0.421, polymorphic sites were S = 5, and nucleotide diversity was Pi = 0.00071.
The genetic distance within P. pardalis populations was zero (Table 2), which shows an
extensive genetic homogeneity of this species to the COI locus. In contrast, we found clear
discriminations between P. pardalis and P. zuliaensis (0.071 to 0.085) and P. etentaculatus
(0.030 to 0.031). The neighbor-joining distance-clustering tree is shown in Figure 3. In this
study we found four COI haplotypes (h = 4) of P. pardalis (n = 80) that were representative
of indigenous and exotic populations, and the haplotypic diversity was Hd = 0.121. All
COI variants were observed in the Asian populations, whereas the native populations
from Brazil and Colombia had only a single haplotype (H1). This haplotype was the
most frequent and shared by both native (Brazil and Colombia) and exotic populations
(Asia). The haplotype H2 was a singleton recorded from a specimen collected in Thailand,
while H3 and H4 were recorded in specimens from the Philippines. Both H2 and H4
haplotypes diverged from H1 by one mutation, whereas H3 diverged by four mutational
steps (Figure 4).

https://www.ncbi.nlm.nih.gov/
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Table 2. Genetic distances based on COI sequence variations between Pterygoplichthys and Hypostomus
cochliodon, a related taxa. The Tamura 3-parameter model was applied for distance estimates.

1 2 3 4 5 6

1 Hypostomus cochliodon
2 Pterygoplichthys etentaculatus 0.078
3 P. pardalis (Asia) 0.086 0.031
4 P. pardalis (Colombia) 0.084 0.030 0.000
5 P. pardalis (Manaus, Brazil) 0.089 0.030 0.000 0.000
6 P. pardalis (Santarém, Brazil) 0.086 0.031 0.000 0.000 0.000
7 P. zuliaensis 0.127 0.068 0.075 0.071 0.085 0.075
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constriction co-localized with 18S rDNA (green marks) on pair 12 (inset box); (d) karyotype showing
telomere probe hybridization (red marks); (e,f) CMA3-DAPI stained metaphase showing GC rich sites
on chromosomes 12 and 26; (g) image of inverted DAPI metaphase showing a secondary constriction
co-localized with the GC rich site on chromosome 12.
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The mutational steps are indicated by the nucleotide site positions (red numbers on the lines).
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4. Discussion

Pterygoplichthys pardalis specimens from the lower Amazon River (Santarém sector)
showed extensive conservative patterns of karyotype features and chromosome mor-
phologies, as previously observed in the literature [24–29]. However, we found a minor
divergence in chromosomal morphology between this population and that of P. pardalis
from the Manaus section of the Amazon River [29]. This difference was demonstrated by
a modification in the karyotypic formula: 20m + 20sm + 8st + 4a in the population from
Santarém and 18m + 18sm + 8st + 8a in P. pardalis from Manaus [29]. This cytogenetic
variation may have resulted from pericentric inversion rearrangements that transformed
two pairs of bi-armed chromosomes into acrocentrics, or vice versa.

Karyotypic evolution in freshwater fish is linked to species biological traits (e.g., deme
size, migration behavior) and environmental structures that could restrain gene flow be-
tween populations, thereby favoring the fixation of chromosomal rearrangements [48]. De-
spite the dispersion of P. pardalis populations throughout the main channel of the Amazon
River without topographic barriers that promote isolation, this species is a non-migratory
fish that is limited to a local distribution [49]. Moreover, the watercourse in the section of
the Amazon River between the cities of Manaus and Santarém measures approximately
716 km and receives discharge from large tributaries (e.g., Trombetas, Nhamundá, Madeira,
and Negro rivers) that potentially affects the water chemistry in the confluence zones.
This can induce local adaptive demands that hypothetically influence the dispersal of the
population. Therefore, it is plausible that P. pardalis has a karyotypic polymorphism along
its natural geographic range. This mechanism of chromosomal evolution in not uncommon
in the genetic divergence of Amazon fishes. In addition, populations of Peckoltia vittata
(Loricariidae, Hypostominae) from the Xingu River diverged in terms of a variation in
chromosome arms, which was explained by pericentric inversions [50].

Furthermore, the chromosomal morphology of P. pardalis diverged from P. multiradia-
tus, P. anisitsi, and P. joselimaianus (see Table 1), which suggests that pericentric inversion
and/or heterochromatic addition rearrangements acted in the karyotypic evolution of the
group. However, the full spectrum of chromosome variation has been biased by visual
interpretations of chromosome morphologies based on arm ratios. Tiny chromosomes and
over condensed metaphases can cause misinterpretations of chromosome morphologies.
A focus in Pterygoplichthys is the number of acrocentrics, which range from zero (P. mul-
tiradiatus, P. gibbiceps, and P. joselimaianus) to 16 (P. anisitsi from the Miranda River) [24].
The literature review showed a clear improvement in terms of chromosome quality in the
most recent studies and the unequivocal discrimination of acrocentric pairs, which has
been improved through the use of banding and FISH markers. Therefore, the acrocentric
threshold counts of zero and 16 are likely due to poor-quality chromosome preparations
and/or limited cytogenetic markers. The smallest chromosome of P. pardalis (pair 26) is
acrocentric and shows a positive C-band subterminal, that is characterized as GC-rich
heterochromatin (Figure 2b,e). This combination of cytogenetic markers is recommended
for further studies on karyotypic evolution in Pterygoplichthys.

Heterochromatin (C-bands) was rare in the P. pardalis specimens from Santarém, which
contrasted with the large number observed in the population from Manaus [29]. Araújo da
Silva et al. (2019) argued that the C-banding pattern may be associated with water pollution
and that P. pardalis shows heterochromatic magnification when exposed to a polluted envi-
ronment. The collection site of P. pardalis from the lower Amazon River in the present study
was assumed to be an unpolluted environment, because it was distant from urban zones
and other potential sources of water pollution, such as large-scale agriculture, mining, and
industry. The heterochromatic C-bands in P. pardalis from Catalão Lake, an unpolluted site
from the Manaus sector, showed marks in the centromeric regions of all chromosomes [29].
Therefore, it appears that P. pardalis has an intrinsic C-banding polymorphism that is not
exclusively associated with genomic adaptation to environmental disturbances. The mech-
anisms involved in the heterochromatin organization of fish genomes are not completely
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understood; however, it is clear that heterochromatin accumulation can play a role in sex
chromosome evolution [51] and speciation [52].

Karyotypes with a single Ag-NOR-bearing chromosome are considered plesiomorphic
in many fish groups, including the primitive Actinopterygii [53]. This pattern is shared by
the Pterygoplichthys species investigated to date and is considered to exist in the ancestral
Loricariidae karyotype [54–56]. Despite the conservatism of the number (two Ag-NORs),
the Pterygoplichthys karyotypes showed a size heteromorphism and a preferential sub-
terminal position in submetacentric (4 sp), metacentric (2 sp), and subtelocentric 1 sp;
P. chrysostictus) pairs.

The Ag-NOR labeling detected by silver nitrate staining was highly associated with
hybridization signals of the 18S rDNA probe [53]. Three species of Pterygoplichthys (P. am-
brosettii, P. multiradiatus, and P. pardalis) showed coincidental Ag-NOR and 18S FISH signals
(see Table 1). Ag-NOR is located subterminally on the long arm of a submetacentric chro-
mosome in P. pardalis and P. ambrosettii, while in P. multiradiatus Ag-NOR is subterminal on
a metacentric chromosome. Homology between these Ag-NOR-bearing chromosomes im-
plies that pericentric inversion shifted the centromere position but preserved Ag-NOR/18S.
The morphology of Ag-NOR-bearing chromosomes changed in P. chrysostictus (subtelocen-
tric) and P. joselimaianus (metacentric), although the subterminal location of Ag-NOR was
preserved. Similarly, 5S rDNA cistrons were detected in synteny with 18S in P. ambrosettii
and P. pardalis (see Table 1). In this study, we evidenced rDNA 5S/18S synteny in P. pardalis
from Santarém, due the observation of a conspicuous secondary constriction subterminal
in 12q, which showed the 5S hybridization mark in the pericentromeric region. Secondary
constriction is correlated with the NOR position in a chromosome and indicates the site of
rDNA 18S. This 5S/18S rDNA syntenic configuration is interpreted as a plesiomorphic trait
in Loricariidae [56]. Pterygoplichthys retain conservative cytogenetic traits (2n = 52, single
Ag-NOR) that are shared with Hemiancistrus [43] and Aphanotorulus emarginatus (Hyposto-
mus emarginatus) [56]. However, Hypostomus is cytogenetically diverse with karyotypes
having diploid numbers ranging from 2n = 64 to 2n = 84 [23]. Therefore, the primitive
status of Pterygoplichthys in the Hypostomini phylogeny is well supported cytogenically.

DNA barcoding (COI) was effective for identifying P. pardalis and revealing its consid-
erable divergence (3–8.5%) from its congeners (P. etentaculatus and P. zuliaensis). Molecular
species delimitation by DNA barcoding has been successfully used for monitoring bio-
diversity and addressing taxonomic ambiguities, especially in commercially exploited
species [57]. Considering that the taxonomy of Pterygoplichthys is controversial and that
the delimitation of some species of the genus is based on morphological characters that are
not very robust, such as the pattern of ventral spots [58], the COI gene can be useful in the
reconstruction phylogenetics of this genus. However, in exotic populations of P. pardalis
and P. disjunctivus, molecular identification by DNA barcoding and morphological pat-
terns is limited due to possible interspecific hybridization [58–61]. The use of cytogenetic
markers associated with DNA barcoding and morphological analysis can be an effective
approach to assist in resolving the taxonomy of the group and investigating the dynamics
of introgression in exotic populations.

Populations of introduced species commonly show distinct losses of genetic diversity
associated with the colonization process, due to the founder effect and genetic drift [62].
However, the process of adapting to a new environment can result in population growth
and dispersion to new areas of the colonized environment [62]. Invasive populations
of P. pardalis have established themselves in Mexico [11] and several Southeast Asian
countries [8]. We found a low genetic variation in P. pardalis COI sequences within the native
range (Brazil), with only a single mitochondrial haplotype (COI) detected in P. pardalis from
the Amazon River (Manaus sector) [29,57]. This same haplotype (H1), annotated as P1 by
Wu et al. (2011) [63], was recorded in the lower Amazon River population in the current
study and is widely dispersed in exotic populations in Mexico and Asia (Bangladesh,
Philippines, India, Indonesia, Japan, and Thailand [58–61]. In Asia, exotic populations of P.
pardalis exhibit high morphological and genetic diversity, which has been suggested to result
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from interspecific hybridization between P. pardalis and P. disjunctivus [59,60]. We observed
three haplotypes in the exotic population of the Philippines, one of which (H1) was shared
with native populations, which indicates that the Philippines may have been the origin of
the colonization in Southeast Asia, or that this genetic variability in the Philippines resulted
from multiple introduction events. The origin of P. pardalis in the Philippines remains
unclear, but it is suspected that the founder individuals were imported from the United
States through international trade in ornamental fish for domestic aquariums [10].

The natural geographic distribution of P. pardalis extends over a wide region of north-
ern South America, including the Amazon and Orinoco River basins. To date, DNA
barcoding has been used in only two locations in this region, the middle (Manaus) and
lower Amazon River (Santarém), which limits or prevents a reliable assessment of the
genetic diversity of the native population. Despite this scarcity of genetic data, P. pardalis is
a heavily exploited fishing resource in the Amazon basin, both for subsistence fishing for
traditional populations and commercial fishing to supply regional urban centers [63,64].
Santarém city is the main fishing port in the lower Amazon region and local fishing statis-
tics reveal high heterogeneity in the composition and contribution of exploited species,
including between different communities of small-scale artisanal fishers [65]. P. pardalis is
considered the most important fishing resource for traditional riverside communities in
the floodplain region of Santarém. In communities where this species is often captured,
a decrease in average body size of the fish has been observed [66,67]. Further studies on
population genetics of P. pardalis from the Amazon basin are recommended to evaluate the
possible effects of overfishing and loss of intraspecific genetic diversity.

Construction of genetic databases are mandatory to subsidize technological packages
for domestication and aquaculture programs. The sailfin catfish (P. pardalis) is a recognized
aquaculture candidate species; however, the lack of genetic data is a main limiting factor
and a high priority for research aimed at the domestication of this species for cultivation in
aquaculture systems [13]. This new data on the karyotypic patterns and DNA barcoding
(COI) sequences of P. pardalis from the wild population contribute to advances in the
debate on Loricariidae taxonomy, the management of invasive species, and considerations
regarding fishery pressures, stock conservation, and food security in the context of the
sustainability of traditional Amazon riverside communities.

5. Conclusions

The Pterygoplichthys pardalis from the lower Amazon region retain the diploid number
2n = 52 but differ from congeners due to variations in the karyotypic formula. Pericentric
inversion-type rearrangements may explain the changes in chromosomal morphology
observed in the group. COI gene variation revealed that native and exotic populations of
P. pardalis are highly homogeneous and linked by a single shared haplotype.
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www.mdpi.com/article/10.3390/ani13091533/s1, Table S1: Data of Pterygoplichthys pardalis (Castelnau
1855) collected from the lower Amazon River included in this study; Table S2: COI sequence metadata
for Pterygoplichthys and Hypostomus cochliodon included in this study.

Author Contributions: All authors contributed equally in this research. L.R.R.R. and A.d.S.G.
conceived and designed the study; A.d.S.G.; L.A.M.M. and M.F.B.d.S. conducted experiments and
fieldwork; L.R.R.R. provided resources and funding; L.R.R.R., L.A.M.M. and A.d.S.G. wrote and
revised the drafts. All authors have read and agreed to the published version of the manuscript.

Funding: ASG received a master scholarship from Coordenação de Aperfeiçoamento de Pessoal de
Nível Superior (CAPES). A partial grant to LRRR was received from INCT ADAPTA II, funded by
the CNPq–Brazilian National Research Council (465540/2014-7), FAPEAM–Amazonas State Research
Foundation (062.1187/2017), and CAPES/PRO-AMAZÔNIA–AUXPE 3318/2013.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Comitê de Ética em Pesquisa com Animais–CEUA/UFOPA (No. 1020180043, 19/08/2022).

https://www.mdpi.com/article/10.3390/ani13091533/s1
https://www.mdpi.com/article/10.3390/ani13091533/s1


Animals 2023, 13, 1533 11 of 13

Informed Consent Statement: Not applicable.

Data Availability Statement: Supporting Data are included in the article manuscript and
Supplementary Files.

Acknowledgments: The authors thank LGBio -UFOPA staff and local fishers that aided in the field
collections. PPGRNA supported this research through the coverage of field trip expenses.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fricke, R.; Eschmeyer, W.N.; van der Laan, R. Eschmeyer’s Catalog of Fishes: Genera, Species, References. Available online:

http://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp (accessed on 4 March 2022).
2. Lujan, N.K.; Armbruster, J.W.; Lovejoy, N.R.; López-Fernández, H. Multilocus Molecular Phylogeny of the Suckermouth Armored

Catfishes (Siluriformes: Loricariidae) with a Focus on Subfamily Hypostominae. Mol. Phylogenetics Evol. 2015, 82, 269–288.
[CrossRef] [PubMed]

3. Reis, R.E.; Britski, H.A.; Britto, M.R.; Buckup, P.A.; Calegari, B.B.; Camelier, P.; Delapieve, M.L.S.; Langeani, F.; Lehmann, P.A.;
Lucinda, P.H.F.; et al. Poor Taxonomic Sampling Undermines Nomenclatural Stability: A Reply to Roxo et al. Zootaxa 2019, 4701,
497–500. [CrossRef] [PubMed]

4. Roxo, F.F.; Ochoa, L.E.; Sabaj, M.H.; Lujan, N.K.; Covain, R.; Silva, G.S.C.; Melo, B.F.; Albert, J.S.; Chang, J.; Foresti, F.; et al.
Phylogenomic Reappraisal of the Neotropical Catfish Family Loricariidae (Teleostei: Siluriformes) Using Ultraconserved Elements.
Mol. Phylogenetics Evol. 2019, 135, 148–165. [CrossRef] [PubMed]

5. Jardim de Queiroz, L.; Cardoso, Y.; Jacot-des-Combes, C.; Bahechar, I.A.; Lucena, C.A.; Rapp Py-Daniel, L.; Sarmento Soares,
L.M.; Nylinder, S.; Oliveira, C.; Parente, T.E.; et al. Evolutionary Units Delimitation and Continental Multilocus Phylogeny of the
Hyperdiverse Catfish Genus Hypostomus. Mol. Phylogenetics Evol. 2020, 145, 106711. [CrossRef] [PubMed]

6. Anjos, M.S.; Bitencourt, J.A.; Nunes, L.A.; Sarmento-Soares, L.M.; Carvalho, D.C.; Armbruster, J.W.; Affonso, P.R.A.M. Species
Delimitation Based on Integrative Approach Suggests Reallocation of Genus in Hypostomini Catfish (Siluriformes, Loricariidae).
Hydrobiologia 2019, 847, 563–578. [CrossRef]

7. Reis, R.E. Check List of the Freshwater Fishes of South and Central America; Edipucrs: Porto Alegre, Brazil, 2003.
8. Orfinger, A.B.; Douglas Goodding, D. The Global Invasion of the Suckermouth Armored Catfish Genus Pterygoplichthys (Siluri-

formes: Loricariidae): Annotated List of Species, Distributional Summary, and Assessment of Impacts. Zool Stud. 2018, 57, e7.
[CrossRef]

9. Page, L.M.; Robins, R.H. Identification of Sailfin Catfishes (Teleostei: Loricariidae) in Southeastern Asia. Raffles Bull. Zool. 2006,
54, 455–457.

10. Chavez, J.M.; De La Paz, R.M.; Manohar, S.K.; Pagulayan, R.C.; Vi, J.R.C. New Philippine Record of South American Sailfin
Catfishes (Pisces: Loricariidae). Zootaxa 2006, 1109, 57. [CrossRef]

11. Lozano-Vilano, M.; García-Ramirez, M.; Mendoza, R.; Koleff, P. Peces Invasores En El Noreste de México. In Especies Acuáticas
Invasoras en México; Comisión Nacional para el Conocimiento y Uso de la Biodiversidad: Tlalpan, Mexico, 2014; pp. 401–412.

12. Ruffino, M.; Soares, E.; Silva, C.; Barthem, R.; Batista, V.; Estupiñan, G.; Pinto, W. Estatística Pesqueira Do Amazonas e Pará; IBAMA:
Manaus, Brazil, 2006.

13. Moroni, F.T.; Moroni, R.B.; Mayag, B.; de Jesus, R.S.; Lessi, E. Limitations in Decision Context for Selection of Amazonian
Armoured Catfish Acari-Bod (Pterygoplichthys Pardalis) as Candidate Species for Aquaculture. Int. J. Fish. Aquac. 2015, 7,
142–150.

14. Ghigliotti, L.; Mazzei, F.; Ozouf-Costaz, C.; Christiansen, J.S.; Fevolden, S.-E.; Pisano, E. First Cytogenetic Characterization of the
Sub-Arctic Marine Fish Mallotus villosus (Müller, 1776), Osmeriformes, Osmeridae. Genet. Mol. Biol. 2008, 31 (Suppl. S1), 180–187.
[CrossRef]

15. Vitorino, C.A.; Oliveira, R.C.C.; Margarido, V.P.; Venere, P.C. Genetic Diversity of Arapaima gigas (Schinz, 1822) (Osteoglossiformes:
Arapaimidae) in the Araguaia-Tocantins Basin Estimated by ISSR Marker. Neotrop. Ichthyol. 2015, 13, 557–568. [CrossRef]

16. Hilsdorf, A.R.; Marques, D. Genética e Conservação de Estoques Pesqueiros de Águas Continentais No Brasil: Situação Atual e Perspectivas;
Embrapa: Brasilia, Brazil, 2006.

17. Majtánová, Z.; Moy, K.G.; Unmack, P.J.; Ráb, P.; Ezaz, T. Characterization of the Karyotype and Accumulation of Repetitive
Sequences in Australian Darling Hardyhead Craterocephalus amniculus (Atheriniformes, Teleostei). PeerJ 2019, 7, e7347. [CrossRef]
[PubMed]

18. Arai, K. Genetic Improvement of Aquaculture Finfish Species by Chromosome Manipulation Techniques in Japan. Reprod.
Biotechnol. Finfish Aquac. 2001, 205–228. [CrossRef]

19. Bertolini, R.M.; Lopez, L.S.; do Nascimento, N.F.; Arashiro, D.R.; de Siqueira Silva, D.H.; dos Santos, S.C.A.; Senhorini, J.A.;
Yasui, G.S. Strategies for Aquaculture and Conservation of Neotropical Catfishes Based on the Production of Triploid Pimelodus
maculatus. Aquac. Int. 2019, 28, 127–137. [CrossRef]

20. Colihueque, N.; Corrales, O.; Parraguez, M. Karyotype and Nuclear DNA Content of Trichomycterus areolatus (Siluriformes,
Trichomycteridae). Genet. Mol. Biol. 2006, 29, 278–282. [CrossRef]

http://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp
https://doi.org/10.1016/j.ympev.2014.08.020
https://www.ncbi.nlm.nih.gov/pubmed/25193609
https://doi.org/10.11646/zootaxa.4701.5.10
https://www.ncbi.nlm.nih.gov/pubmed/32229933
https://doi.org/10.1016/j.ympev.2019.02.017
https://www.ncbi.nlm.nih.gov/pubmed/30802595
https://doi.org/10.1016/j.ympev.2019.106711
https://www.ncbi.nlm.nih.gov/pubmed/31857199
https://doi.org/10.1007/s10750-019-04121-z
https://doi.org/10.6620/ZS.2018.57-07
https://doi.org/10.11646/zootaxa.1109.1.6
https://doi.org/10.1590/S1415-47572008000200003
https://doi.org/10.1590/1982-0224-20150037
https://doi.org/10.7717/peerj.7347
https://www.ncbi.nlm.nih.gov/pubmed/31392095
https://doi.org/10.1016/b978-0-444-50913-0.50013-8
https://doi.org/10.1007/s10499-019-00449-4
https://doi.org/10.1590/S1415-47572006000200014


Animals 2023, 13, 1533 12 of 13

21. Porto-Foresti, F.; Hashimoto, D.T.; Alves, A.L.; Almeida, R.B.C.; Senhorini, J.A.; Bortolozzi, J.; Foresti, F. Cytogenetic Markers as
Diagnoses in the Identification of the Hybrid between Piauçu (Leporinus macrocephalus) and Piapara (Leporinus elongatus). Genet.
Mol. Biol. 2008, 31 (Suppl. S1), 195–202. [CrossRef]

22. Artoni, R.F.; Bertollo, L.A.C. Cytogenetic Studies on Hypostominae (Pisces, Siluriformes, Loricariidae). Considerations on
Karyotype Evolution in the Genus Hypostomus. Caryologia 1996, 49, 81–90. [CrossRef]

23. Bueno, V.; Konerat, J.T.; Zawadzki, C.H.; Venere, P.C.; Blanco, D.R.; Margarido, V.P. Divergent Chromosome Evolution in
Hypostominae Tribes (Siluriformes: Loricariidae): Correlation of Chromosomal Data with Morphological and Molecular
Phylogenies. Zebrafish 2018, 15, 492–503. [CrossRef]

24. Alves, A.L.; Oliveira, C.; Nirchio, M.; Granado, Á.; Foresti, F. Karyotypic Relationships among the Tribes of Hypostominae
(Siluriformes: Loricariidae) with Description of XO Sex Chromosome System in a Neotropical Fish Species. Genetica 2006, 128,
1–9. [CrossRef]

25. Fernandes, C.A.; Alves, D.S.; Guterres, Z.d.R.; Martins-Santos, I.C. Cytogenetic Analysis of Two Locariid Species (Teleostei,
Siluriformes) from Iguatemi River (Parana River Drainage) in Brazil. Comp. Cytogenet. 2015, 9, 67–78. [CrossRef]

26. Artoni, R.F.; Molina, W.F.; Bertollo, L.A.C.; Galetti Junior, P.M. Heterochromatin analysis in the fish species Liposarcus anisitsi
(siluriformes) and Leporinus elongatus (characiformes). Genet. Mol. Biol. 1999, 22, 39–44. [CrossRef]

27. Alves, A.L.; de Borba, R.S.; Pozzobon, A.P.B.; Oliveira, C.; Nirchio, M.; Granado, A.; Foresti, F. Localization of 18S Ribosomal
Genes in Suckermouth Armoured Catfishes Loricariidae (Teleostei, Siluriformes) with Discussion on the Ag-NOR Evolution.
Comp. Cytogenet. 2012, 6, 315–321. [CrossRef] [PubMed]

28. Oliveira, R.R.d.; Souza, I.L.; Venere, P.C. Karyotype Description of Three Species of Loricariidae (Siluriformes) and Occurrence of
the ZZ/ZW Sexual System in Hemiancistrus spilomma Cardoso & Lucinda, 2003. Neotrop. Ichthyol. 2006, 4, 93–97. [CrossRef]

29. Araújo da Silva, F.; Feldberg, E.; Moura Carvalho, N.D.; Hernández Rangel, S.M.; Schneider, C.H.; Carvalho-Zilse, G.A.; Fonsêca
da Silva, V.; Gross, M.C. Effects of Environmental Pollution on the RDNAomics of Amazonian Fish. Environ. Pollut. 2019, 252,
180–187. [CrossRef] [PubMed]

30. Oliveira, C.; Toledo, L.F.A.; Foresti, F.; Toledo, S.A. Supernumerary Chromosomes, Robertsonian Rearrangement and Multiple
NORs In Corydoras aeneus (Pisces, Siluriformes, Callichthyidae). Caryologia 1988, 41, 227–236. [CrossRef]

31. Howell, W.M.; Black, D.A. Controlled Silver-Staining of Nucleolus Organizer Regions with a Protective Colloidal Developer: A
1-Step Method. Experientia 1980, 36, 1014–1015. [CrossRef] [PubMed]

32. Sumner, A.T. A Simple Technique for Demonstrating Centromeric Heterochromatin. Exp. Cell Res. 1972, 75, 304–306. [CrossRef]
33. Lui, R.; Blanco, D.; Moreira-Filho, O.; Margarido, V. Propidium Iodide for Making Heterochromatin More Evident in the

C-Banding Technique. Biotech. Histochem. 2012, 87, 433–438. [CrossRef]
34. Donlon, T.A.; Magenis, R.E. Methyl Green Is a Substitute for Distamycin A in the Formation of Distamycin A/DAPI C-Bands.

Hum. Genet. 1983, 65, 144–146. [CrossRef]
35. Schweizer, D. Reverse Fluorescent Chromosome Banding with Chromomycin and DAPI. Chromosoma 1976, 58, 307–324. [CrossRef]
36. Pinkel, D.; Straume, T.; Gray, J.W. Cytogenetic Analysis Using Quantitative, High-Sensitivity, Fluorescence Hybridization. Proc.

Natl. Acad. Sci. USA 1986, 83, 2934–2938. [CrossRef] [PubMed]
37. Ijdo, J.W.; Wells, R.A.; Baldini, A.; Reeders, S.T. Improved Telomere Detection Using a Telomere Repeat Probe (TTAGGG)n

Generated by PCR. Nucleic Acids Res. 1991, 19, 4780. [CrossRef] [PubMed]
38. Komiya, H.; Takemura, S. Nucleotide Sequence of 5S Ribosomal RNA from Rainbow Trout (Salmo gairdnerii) Liver1. J. Biochem.

1979, 86, 1067–1080. [CrossRef]
39. Guerra, M. Citogenética Molecular: Protocolos Comentados. In Sociedade Brasileira de Genética, Ribeirão Preto; Sociedade Brasileira

de Genética: Ribeirao Preto, Brazil, 2012.
40. Aljanabi, S.; Martinez, I. Universal and Rapid Salt-Extraction of High-Quality Genomic DNA for PCR- Based Techniques. Nucleic

Acids Res. 1997, 25, 4692–4693. [CrossRef] [PubMed]
41. Ward, R.D.; Zemlak, T.S.; Innes, B.H.; Last, P.R.; Hebert, P.D.N. DNA Barcoding Australia’s Fish Species. Philos. Trans. R. Soc.

Lond. B Biol. Sci. 2005, 360, 1847–1857. [CrossRef]
42. Dunn, I.S.; Blattner, F.R. Charons 36 to 40: Multi Enzyme, High Capacity, Recombination Deficient Replacement Vectors with

Polylinkers and Polystuffers. Nucleic Acids Res. 1987, 15, 2677–2698. [CrossRef]
43. Hall, T.A. BioEdit: A User-Friendly Biological Sequence Alignment Editor and Analysis Program for Windows 95/98/NT. In

Nucleic Acids Symposium Series; Information Retrieval Ltd.: London. UK, 1999; Volume 41, pp. 95–98.
44. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across Computing

Platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef]
45. Rambaut, A. FigTree v1. 3.1; Institute of Evolutionary Biology, University of Edinburgh: Edinburgh, UK, 2010.
46. Bandelt, H.J.; Forster, P.; Rohl, A. Median-Joining Networks for Inferring Intraspecific Phylogenies. Mol. Biol. Evol. 1999, 16,

37–48. [CrossRef]
47. Librado, P.; Rozas, J. DnaSP v5: A Software for Comprehensive Analysis of DNA Polymorphism Data. Bioinformatics 2009, 25,

1451–1452. [CrossRef]
48. Nirchio, M.; Rossi, A.R.; Foresti, F.; Oliveira, C. Chromosome Evolution in Fishes: A New Challenging Proposal from Neotropical

Species. Neotrop. Ichthyol. 2014, 12, 761–770. [CrossRef]

https://doi.org/10.1590/S1415-47572008000200005
https://doi.org/10.1080/00087114.1996.10797353
https://doi.org/10.1089/zeb.2018.1612
https://doi.org/10.1007/s10709-005-0715-1
https://doi.org/10.3897/CompCytogen.v9i1.8804
https://doi.org/10.1590/S1415-47571999000100009
https://doi.org/10.3897/compcytogen.v6i3.2667
https://www.ncbi.nlm.nih.gov/pubmed/24260671
https://doi.org/10.1590/s1679-62252006000100010
https://doi.org/10.1016/j.envpol.2019.05.112
https://www.ncbi.nlm.nih.gov/pubmed/31146233
https://doi.org/10.1080/00087114.1988.10797863
https://doi.org/10.1007/BF01953855
https://www.ncbi.nlm.nih.gov/pubmed/6160049
https://doi.org/10.1016/0014-4827(72)90558-7
https://doi.org/10.3109/10520295.2012.696700
https://doi.org/10.1007/BF00286651
https://doi.org/10.1007/BF00292840
https://doi.org/10.1073/pnas.83.9.2934
https://www.ncbi.nlm.nih.gov/pubmed/3458254
https://doi.org/10.1093/nar/19.17.4780
https://www.ncbi.nlm.nih.gov/pubmed/1891373
https://doi.org/10.1093/oxfordjournals.jbchem.a132601
https://doi.org/10.1093/nar/25.22.4692
https://www.ncbi.nlm.nih.gov/pubmed/9358185
https://doi.org/10.1098/rstb.2005.1716
https://doi.org/10.1093/nar/15.6.2677
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/oxfordjournals.molbev.a026036
https://doi.org/10.1093/bioinformatics/btp187
https://doi.org/10.1590/1982-0224-20130008


Animals 2023, 13, 1533 13 of 13

49. Neves, A.M.; Ruffino, M.L. Aspectos reprodutivos do acarí-bodó Liposarcus pardalis (Pisces, Siluriformes, Loricariidae) (Castelnau,
1855) do Médio Amazonas. Bol. Do Mus. Para. Emílio Goeldi Série. Zool. 1998, 14, 77–94.

50. Pety, A.M.; Cardoso, A.L.; Nagamachi, C.Y.; Pieczarka, J.C.; de Sousa, L.M.; Noronha, R.C.R. In Situ Localization of Ribosomal
Sites in Peckoltia and Ancistomus (Loricariidae: Hypostominae) from the Amazon Basin. Zebrafish 2018, 15, 263–269. [CrossRef]
[PubMed]

51. de Oliveira, L.C.; Ribeiro, M.O.; Costa, G. de M.; Zawadzki, C.H.; Prizon-Nakajima, A.C.; Borin-Carvalho, L.A.; Martins-Santos,
I.C.; Portela-Castro, A.L. de B. Cytogenetic Characterization of Hypostomus soniae Hollanda-Carvalho & Weber, 2004 from the
Teles Pires River, Southern Amazon Basin: Evidence of an Early Stage of an XX/XY Sex Chromosome System. Comp. Cytogenet.
2019, 13, 411–422. [CrossRef]

52. Traldi, J.B.; Vicari, M.R.; Blanco, D.R.; Martinez, J.d.F.; Artoni, R.F.; Moreira-Filho, O. First Karyotype Description of Hypostomus
iheringii (Regan, 1908): A Case of Heterochromatic Polymorphism. Comp. Cytogenet. 2012, 6, 115–125. [CrossRef] [PubMed]

53. Gornung, E. Twenty Years of Physical Mapping of Major Ribosomal RNA Genes across the Teleosts: A Review of Research.
Cytogenet. Genome Res. 2013, 141, 90–102. [CrossRef] [PubMed]

54. Oliveira, C.; Gosztonyi, A.E. A Cytogenetic Study of Diplotnystes mesembrinus (Teleostei, Siluriformes, Diplomystidae) with a
Discussion of Chromosome Evolution in Siluriforms. Caryologia 2000, 53, 31–37. [CrossRef]

55. Ziemniczak, K.; Barros, A.V.; Rosa, K.O.; Nogaroto, V.; Almeida, M.C.; Cestari, M.M.; Moreira-Filho, O.; Artoni, R.F.; Vicari, M.R.
Comparative Cytogenetics of Loricariidae (Actinopterygii: Siluriformes): Emphasis in Neoplecostominae and Hypoptopomatinae.
Ital. J. Zool. 2012, 79, 492–501. [CrossRef]

56. Artoni, R.F.; Carlos Bertollo, L.A. Trends in the Karyotype Evolution of Loricariidae Fish (Siluriformes). Hereditas 2004, 134,
201–210. [CrossRef]

57. Ardura, A.; Linde, A.R.; Moreira, J.C.; Garcia-Vazquez, E. DNA Barcoding for Conservation and Management of Amazonian
Commercial Fish. Biol. Conserv. 2010, 143, 1438–1443. [CrossRef]

58. Vargas-Rivas, A.G.; Barba-Macias, E.; Sánchez, A.J.; Castellanos-Morales, G. Lack of MtDNA Genetic Diversity despite Phenotypic
Variation and Environmental Heterogeneity in the Exotic Suckermouth Armored Catfish (Pterygoplichthys pardalis). Biol. Invasions
2022, 25, 1035–1056. [CrossRef]

59. Jumawan, J.C.; Vallejo, B.M.; Herrera, A.A.; Buerano, C.C.; Fontanilla, I.K.C. DNA Barcodes of the Suckermouth Sailfin Catfish
Pterygoplichthys (Siluriformes: Loricariidae) in the Marikina River System, Philippines: Molecular Perspective of an Invasive
Alien Fish Species. Philipp. Sci. Lett. 2011, 4, 103–113.

60. Yu, S.C.S.; Quilang, J.P. Molecular Phylogeny of Catfishes (Teleostei: Siluriformes) in the Philippines Using the Mitochondrial
Genes COI, Cyt b, 16S RRNA, and the Nuclear Genes Rag1 and Rag2. Philipp. J. Sci. 2014, 143, 187–198.

61. Yonekura, R.; Kawamura, K.; Uchii, K.A. Peculiar Relationship between Genetic Diversity and Adaptability in Invasive Exotic
Species: Bluegill Sunfish as a Model Species. Ecol. Res. 2007, 22, 911–919. [CrossRef]

62. Sakai, A.K.; Allendorf, F.W.; Holt, J.S.; Lodge, D.M.; Molofsky, J.; With, K.A.; Baughman, S.; Cabin, R.J.; Cohen, J.E.; Ellstrand,
N.C.; et al. The Population Biology of Invasive Species. Annu. Rev. Ecol. Syst. 2001, 32, 305–332. [CrossRef]

63. Wu, L.W.; Liu, C.C.; Lin, S.-M. Identification of Exotic Sailfin Catfish Species (Pterygoplichthys, Loricariidae) in Taiwan Based on
Morphology and MtDNA Sequences. Zool. Stud. 2011, 50, 235–246.

64. Tomé-Souza, M.J.F.; Raseira, M.B.; Ruffino, M.L.; Silva, C.O.; Batista, V.S.; Barthem, R.B.; Amaral, E.S. Estatística Pesqueira do
Amazonas e Pará—2004; Ibama/ProVárzea: Manaus, Brazil, 2007.

65. Castello, L.; McGrath, D.G.; Arantes, C.C.; Almeida, O.T. Accounting for Heterogeneity in Small-Scale Fisheries Management:
The Amazon Case. Mar. Policy 2013, 38, 557–565. [CrossRef]

66. Castello, L.; McGrath, D.G.; Beck, P.S.A. Resource Sustainability in Small-Scale Fisheries in the Lower Amazon Floodplains. Fish.
Res. 2011, 110, 356–364. [CrossRef]

67. Marinho Lima, E.M.; Brasil Santos, P.R.; Porto Braga, T.M.; Gibbs McGrath, D. A pesca de acari (Pterygoplichthys pardalis) na
várzea do Baixo Amazonas, Pará, Brasil: Aspectos estruturais e socioeconômicos. Gaia Sci. 2019, 13, 1268–1981. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1089/zeb.2017.1523
https://www.ncbi.nlm.nih.gov/pubmed/29420137
https://doi.org/10.3897/CompCytogen.v13i4.36205
https://doi.org/10.3897/compcytogen.v6i2.2595
https://www.ncbi.nlm.nih.gov/pubmed/24260656
https://doi.org/10.1159/000354832
https://www.ncbi.nlm.nih.gov/pubmed/24080951
https://doi.org/10.1080/00087114.2000.10589178
https://doi.org/10.1080/11250003.2012.676677
https://doi.org/10.1111/j.1601-5223.2001.00201.x
https://doi.org/10.1016/j.biocon.2010.03.019
https://doi.org/10.1007/s10530-022-02961-w
https://doi.org/10.1007/s11284-007-0357-0
https://doi.org/10.1146/annurev.ecolsys.32.081501.114037
https://doi.org/10.1016/j.marpol.2012.09.001
https://doi.org/10.1016/j.fishres.2011.05.002
https://doi.org/10.22478/ufpb.1981-1268.2019v13n4.48781

	Introduction 
	Materials and Methods 
	Sampling and Study Area 
	Ethical Statements 
	Chromosome Preparation and Cytogenetic Analysis 
	Molecular Methods 

	Results 
	Cytogenetic Analysis 
	Molecular Analysis 

	Discussion 
	Conclusions 
	References

