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A good taxonomic assessment of specimens is an essential task to many biological
studies and DNA data have provided additional sources of information to assist
in the disentanglement of taxonomic problems among living organisms, as has
been the case of some taxa of the megadiverse Neotropical ichthyofauna. Here we
assessed all valid species in the Neotropical freshwater fish genera Anodus, Argonectes,
Bivibranchia and Micromischodus of the family Hemiodontidae to establish molecular
species boundaries among them. All species delimitation methods defined exactly
only one MOTU for Anodus elongatus, Argonectes longiceps, A. robertsi, Bivibranchia
bimaculata, B. notata, B. velox, and Micromischodus sugillatus, resulting in total
congruence between nominal species and MOTUs for these seven taxa. The three
species having discordant results across analyses: Anodus orinocensis, Bivibranchia
fowleri, and Bivibranchia simulata, matched more than one MOTU per species in
some methods, meaning that cryptic diversity may exist within these taxa. Overall,
this great correspondence among morphological and molecular boundaries for
thae species analysed seem to be indicative of a reasonably stable taxonomy within
these Hemiodontidae genera.
Keywords: Biodiversity, Cryptic species, DNA barcoding, Hemiodontidae,
Taxonomy.
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Species delimitation in Hemiodontidae genera

Uma avaliação taxonômica adequada dos espécimes é uma tarefa essencial para
muitos estudos biológicos, e os dados de DNA têm fornecido fontes adicionais de
informações para auxiliar no desemaranhamento de muitos grupos taxonômicos,
como tem sido o caso de alguns táxons da megadiversa ictiofauna Neotropical.
Aqui examinamos todas as espécies válidas dos gêneros de peixes Neotropicais
de água doce Anodus, Argonectes, Bivibranchia e Micromischodus (família
Hemiodontidae) para estabelecer limites moleculares entre elas. Todos os métodos
de delimitação definiram exatamente apenas uma MOTU para Anodus elongatus,
Argonectes longiceps, A. robertsi, Bivibranchia bimaculata, B. notata, B. velox e
Micromischodus sugillatus, resultando em congruência total entre espécies nominais
e MOTUs para estes sete táxons. As três espécies com resultados divergentes entre
as análises, a saber, Anodus orinocensis, Bivibranchia fowleri e Bivibranchia simulata,
corresponderam a mais de um MOTU por espécie em alguns métodos, mostrando
que pode existir uma diversidade críptica dentro desses taxa. No geral, esta grande
correspondência entre os limites morfológicos e moleculares para as espécies
analisadas parece indicar uma taxonomia relativamente estável para esses gêneros
de Hemiodontidae.
Palavras-chave: Biodiversidade,
Hemiodontidae, Taxonomia.
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INTRODUCTION
South America houses the most diverse freshwater fish fauna on Earth, with about
5,160 spp. (Reis et al., 2016; Dagosta, de Pinna, 2019). However, the taxonomy of this
megadiverse ichthyofauna remains unresolved as many species yet wait for description
(Birindelli, Sidlauskas, 2018; Albert et al., 2020), whereas other described species contain
taxonomic uncertainties, such as species complexes and cryptic biodiversity (Pereira et
al., 2013; Guimarães et al., 2018; García-Melo et al., 2019) that hamper proposition of
accurate boundaries among closely related species. Indeed, proper species delimitation
is a crucial prerequisite to many biological disciplines, such as ecology, population
genetics, and conservation, where incorrect identification may lead to a cascade of
errors with negative consequences for scientific progress as well as for biodiversity and
human welfare (Bortolus, 2008). To circumvent these challenges, DNA information
has been used in biodiversity research to take into account the genetic diversity in the
identification and discovery of taxa, especially new species (Godfray, 2007).
The first global molecular identification tool proposed for animals was the DNA
barcoding, which employs DNA sequences of the mitochondrial gene cytochrome c
oxidase I (COI) to create “COI profiles” or barcodes for a particular taxon (Hebert et
al., 2003). In the classical framework, such COI profiles are delineated by a particular
sequence or a tight cluster of very similar sequences visualized in a Neighbour-joining
phenogram constructed under the Kimura 2–parameters model (Hebert et al., 2003;
Ward et al., 2005). DNA barcoding successfully delimits species if their representative
sequences have intraspecific distance (among them) lower than interspecific distances
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(among different clusters) (Ratnasingham, Hebert, 2013). For fish and other animals, a
fixed threshold of 2% has been proposed to delimitate species (Ward, 2009), however
modern use of DNA sequences in alpha taxonomy relies on algorithms for de novo
operational taxonomic units (OTU) – picking approaches that cluster sequences into
molecular operational taxonomic units (MOTU) or lineages, which may or may not be
assigned to morphological species or putative new species (Goldstein, DeSalle, 2011).
Some methods are not distance-based, like the DNA barcoding, but theoretically based
on the phylogenetic species concept (PSC) and use phylogenetic trees to yield PSCbased results (Zhang et al., 2013).
In the Neotropical freshwater fish fauna, especially within the order Characiformes,
molecular sequences, particularly DNA barcoding, have provided a valuable source of
information in helping biologists to address many taxonomic questions concerning
cryptic biodiversity and species boundaries (Machado et al., 2017; Melo et al., 2018;
Arruda et al., 2019; Serrano et al., 2019; Ramirez et al., 2020), and integrative analyses
combining molecular and morphological data have been recently used to describe new
species (Agudelo-Zamora et al., 2020; Mateussi et al., 2020). However, in some taxa,
taxonomic uncertainties persist, especially in groups where the taxonomic delimitation
of species has followed the traditional, morphological approach, and has not been
scrutinized by molecular tools, and this can be the case of the characiform family
Hemiodontidae.
Hemiodontids are swift swimmers with fusiform and streamlined bodies that occur
in most rivers and basins of northern South America to the east of the Andes, such
as Amazon, Orinoco, Tocantins and Paraná-Paraguay basins, and in rivers of the
Guiana Shield and Northeastern Brazil (Langeani, 2003). Most of its members can
be distinguished externally from other Characiformes by the possession of a round
(midlateral) spot on the flank, an adipose eyelid well-developed covering the entire eye
with a narrow opening over the pupil; a suprapectoral sulcus or axillary depression; and
nine to 11 branched pelvic-fin rays (Langeani, 1998). Among the five genera in the
family, only Hemiodus Müller, 1842 was investigated with molecular data, providing a
molecular species delineation for 19 of its 23 valid species based on barcoding (COI gene)
sequences (Nogueira et al., 2020). The other four genera, namely Anodus Cuvier, 1829,
Argonectes Böhlke & Myers, 1956, Bivibranchia Eigenmann, 1912, and Micromischodus
Roberts, 1971 lack molecular studies exploring their species boundaries.
Those four genera lacking molecular studies include ten species (two for Anodus
and Argonectes, each, five for Bivibranchia and one for Micromischodus), without any
new species being described in the last twenty years (Fricke et al., 2021). These species
can be well-distinguished from their congeners by traditional morphological characters
(Langeani, 1998). Although the literature seems to indicate little taxonomic problems in
these genera (Langeani, 1996), cryptic species, defined as two or more species lacking
morphological distinguishability between each other but discernible in other traits such
as in genetic, can be hidden even into species without apparent taxonomic problems, as
reported for some species of Hemiodus (Nogueira et al., 2020). Therefore, considering
the aforementioned lack of molecular taxonomic scrutiny for Anodus, Argonectes,
Bivibranchia, and Micromischodus, the aim of the present study is to test the accuracy of
morphospecies in those genera via DNA barcoding of automatic species delimitations
approaches (ABGD, GMYC, and PTP).
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MATERIAL AND METHODS
Sampling and sequencing. To build our data set, we sequenced the cytochrome
c oxidase I (COI) gene for 41 specimens of Anodus, Argonectes, Bivibranchia, and
Micromischodus, our focal genera, and downloaded nine other sequences from GenBank
(Tab. 1). Downloaded sequences included three from our focal species, four from the
related genus Hemiodus and two from other Characiformes families to root the trees (Tab.
1). All voucher specimens sampled in this study are deposited in museum collections.
Institutional abbreviations follow Sabaj (2019), except GEPEMA – Grupo de Estudos
de Peixes do Médio Araguaia, from UFMT – Universidade Federal de Mato Grosso.
Newly generated and downloaded sequences have their GenBank accession numbers at
Tab. 1. Vouchers were morphologically identified following original descriptions and
taxonomic keys (Langeani, 1996) whenever possible.
Total DNA was extracted from tissue samples preserved in 95% ethanol according
to Wizard® Genomic DNA Purification Kit (Promega) manufacturer’s instructions
and partial COI sequences were PCR amplified using the primers FishF1 and FishR1
(Ward et al., 2005). PCR reactions were performed in a total volume of 12.5 μl, putting
1.25 μl buffer (10X), 0.5 μl MgCl2 (50 mM), 0.5 μl dNTP (10 mM), 0.25 μl from each
primer (200 ng / ml), 0.2 μl Taq DNA polymerase enzyme (5 U / μl), 1 μl DNA (200 ng
/ μl) and adding double-distillated water to complete final volume. The amplification
program consisted of an initial denaturation (94 ºC for 5 min) followed by 25 cycles (94
ºC for 45 s, 54 ºC for 45 s and 68 ºC for 1 min) then a final extension of 68 ºC for 7 min.
PCRs products were visualized in 1% agarose gel electrophoresis and after confirmation
purified with ExoSap-IT® following the manufacturer’s instructions. Purified PCRs
proceeded to sequencing reaction with dye terminator nucleotides (BigDyeTM
Terminator v.3.1 Cycle Sequencing Ready Reaction Kit, Applied Biosystems), and
the products purified through EDTA + sodium acetate mix and ethanol precipitation.
We then sequenced dye-tagged samples in an automatic sequencer ABI 3130-Genetic
Analyser (Applied Biosystems®).
Alignment and species delimitation analyses. Forward and reverse strands
of each specimen were assembled and edited to form a single consensus sequence in
Geneious 8.05 (Kearse et al., 2012). The final matrix of 50 sequences were aligned
using the MUSCLE algorithm (Edgar, 2004) in MEGA 7.0 (Kumar et al., 2016) under
default parameters and the alignment inspected by eye to detect possible misalignments,
like internal gaps. We selected the best-fitting nucleotide substitution model in MEGA
7.0 (Kumar et al., 2016). For the single-locus species delimitation we used three
approaches: the Automatic Barcode Gap Discovery – ABGD (Puillandre et al., 2012),
the Generalized Mixed Yule Coalescent method – GMYC (Pons et al., 2006; Fujisawa,
Barraclough, 2013) and the Poisson Tree Processes model – PTP (Zhang et al., 2013).
ABGD was implemented with the MUSCLE aligned matrix as the input file in the
ABGD web server (https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html) adopting
Kimura (k80) model = 2.0, X (relative gap width) = 1.1 and keeping other parameters
as default values (Pmin = 0.001, Pmax = 0.1; Steps 10; Nb bins = 20). For the GMYC
analysis, an ultrametric tree was generated in BEAST v1.8 (Drummond et al., 2012)
running two independent MCMC runs of 40 million generations sampling a tree every
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4,000, assuming Birth-Death Process, uncorrelated relaxed lognormal clock model,
HKY+G+I model (best model selected) and keeping other parameters as default values.
Posterior distributions (ESS > 200) were examined in Tracer v1.6 (Rambaut et al., 2018).
The two runs were combined with LogCombiner v1.8.4 (Rambaut, Drummond,
2016a) and then summarized in TreeAnnotator v1.8.4 (Rambaut, Drummond, 2016b)
with 25% of the trees discarded as burn-in. GMYC was performed in the package
‘SPLITS’ for R program using the single threshold method. For PTP delimitation, we
constructed a maximum likelihood (ML) tree in RAxML v8.2.10 (Stamatakis, 2014)
running 20 ML searches to find the best tree with GTR-GAMMA model and keeping
other parameters as default values. Topological robustness was verified using bootstrap
algorithm (Felsenstein, 1985) through autoMR-based bootstopping criterion, which
stops the searching when enough replicates have been achieved. The bootstrap results
were reconciled with the best ML tree using draw bipartition. The reconciled draw
bipartition tree was used as the input file in the bPTP web server (https://species.hits.org/ptp) to implement 500,000 MCMC generations (thinning = 500) and keeping
other parameters at default values. Additionally, the species in the four genera under
analysis that were put together into exclusive cluster or monophyletic group by the
phylogenetic analyses used had their intraspecific and interspecific genetic distance
calculated and displayed in a pairwise group distance matrix. Genetic distances were
calculated in MEGA 7 (Kumar et al., 2016) and corrected by the best model available,
keeping other parameters at default settings.

TABLE 1 | Geographic and catalogue museum information of the voucher specimens utilized in this study. *Downloaded from GenBank;
Approximate coordinates.

**

Vouchers

Locality

Collection site

Anodus elongatus*

Species

LBP 2006–14235

Brazil, Acre River

10°03’0.6”S 67°50’51.4”W

MT948959

Anodus elongatus

LBP 22551–87826

Brazil, Solimões River

04°19’28”S 69°57’36.7'”W

MW377177
MW377178

Anodus elongatus

GenBank number

MCP 52228

Brazil, Amazonas River

02º14’7.2”S 54º48’13”W

Anodus orinocensis*

GEPEMA 5216

Brazil, Araguaia Basin

15°53’24”S 52°14’25.1”W**

KF568969

Anodus orinocensis

LBP 2210–15615

Venezuela, Orinoco River

07º30’50.9”N 66º09’19.8”W

MW377179

Anodus orinocensis

INPA–ICT 050194–P22861

Brazil, Trombetas River

01°26’26”S 56°46’31”W

MW377180

Anodus orinocensis

INPA–ICT 049168–P28384

Brazil, Japurá River

01°43’24”S 69°08’24”W

MW377181

Argonectes longiceps

LBP 15040–61672

Brazil, Tapajós River

04°42’55.1”S 56°26’25.3”W

MW377182

Argonectes longiceps

LBP 16124–66840

Brazil, Tapajós River

04°33’09.7”S 56°17’59.6”W

MW377183

Argonectes longiceps

LBP 20500–80631

Brazil, Jari River

00°42’57”S 52°29’42.2”W

MW377184

Argonectes longiceps

MZUEL 10215–82

Brazil, Uatumã River

00°53’16”S 59°34’28.4”W

MW377185

Argonectes longiceps

MZUEL 14988–A1127

Brazil, Negro River

02°46’45.3”S 60°46’57.2”W

MW377186

Argonectes robertsi

ANSP 198706–t3087

Brazil, Xingu Basin

03°49’10.2”S 52°40’31.6”W

MW377187

Argonectes robertsi

LBP 1804–13167

Brazil, Araguaia River

15°32’00”S 52°12’00”W

MW377188

Argonectes robertsi

LBP 15818–64896

Brazil, Xingu Basin

12°31’55.7”S 52°20’29.8”W

MW377189

Argonectes robertsi

LBP 19043–75540

Brazil, Tocantins Basin

12°37'31.9”S 47°52’59.8”W

MW377190

Argonectes robertsi

MZUSP 96605–3510

Brazil, Teles Pires River

10°13’14”S 54°58’02”W

MW377191

Bivibranchia bimaculata

ANSP 189149–6861

03º19’31”N 54º03’48”W

MW377192

Bivibranchia bimaculata

MHNG 2716.1 SU08–795
MHNG 2757.097
GFSU14e–1559

Suriname, Lawa River
Suriname, Tapanahony
River
French Guiana, Maroni
River

03°21’57.6”N 55°25’55.6”W

MW377193

02°51’30.9”N 53°58’38.2”W

MW377194

Bivibranchia bimaculata

ni.bio.br | scielo.br/ni
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TABLE 1 | (Continued)
Species

Vouchers

Bivibranchia fowleri

LBP 6893–33235

Locality
Suriname, Marowijne
River
Suriname, Marowijne
River
Suriname, Marowijne
River
Brazil, Negro River

Bivibranchia fowleri

LBP 15937–65648

Brazil, Xingu Basin

Bivibranchia bimaculata

ROM 097907–T18687

Bivibranchia bimaculata

ROM 097924–T18736

Bivibranchia bimaculata

ROM 100867–T19949

Collection site

GenBank number

04°59’26.8”N 54°26’25”W

MW377195

04°39’13.9”N 54°25’54.3”W

MW377196

05°03’42.6”N 54°25’13.8”W

MW377197

00°08’09.4”S 67°05’03.4”W

MW377198

13°29’41.8”S 53°04’57.7”W

MW377199
MW377200

Bivibranchia fowleri

MCP 46116

Brazil, Jauaperi River

00°52’27”N 59°39’49”W

Bivibranchia fowleri*

MCP 51634

Brazil. Tapajós River

02°53’27.2”S 55°10’31.1”W

MT948960

Bivibranchia fowleri

ROM 094314–T09446

Venezuela, Orinoco River

04°04’43.3”N 66°51’30.6”W

MW377201

Bivibranchia fowleri

ROM 097421–T20350

Guyana, Mazaruni River

06°13’20.3”N 60°09’03.5”W

MW377202

Bivibranchia notata

LBP 24822–89219

Brazil, Teles Pires River

08°22’02.2”S 57°40’10.2”W

MW377203

Bivibranchia notata

LBP 24822–89222

Brazil, Teles Pires River

08°22’02.2”S 57°40’10.2”W

MW377204

Bivibranchia notata

LBP 24822–89224
MHNG 2753.099 GFSU14–
1117
ROM 098760–T19383

Bivibranchia simulata

Brazil, Teles Pires River

08°22’02.3”S 57°40’10.2”W

MW377205

04°51’07.5”N 56°47’12.1”W

MW377206

04°55’20.1”N 55°07’37.8”W

MW377207

15°54’18.1”S 52°19’24.2”W

MW377208

Bivibranchia velox

LBP 1582–11727

Suriname, Nickerie River
Suriname, Brokopondo
River
Brazil, Araguaia River

Bivibranchia velox

LBP 5757–28123

Brazil, Araguaia River

15°53’31.5”S 52°15’02”W

MW377209

Bivibranchia simulata

Bivibranchia velox

LBP 19134–77160

Brazil, Tocantins Basin

12°37’31.9”S 47°52’59.8”W

MW377210

Hemiodus bimaculatus*

LBP 8016–37708

Brazil, Arinos River

14°08’21.6”S 56°04’19.5”W

MT948986

Hemiodus huraulti*

LBP 15048–61700

Brazil, Tapajós River

04°37’28”S 56°23’18”W

MT948993

Hemiodus semitaeniatus*

LBP 26860–65654

Brazil, Culuene River

13°29’41.8”S 53°04’57.7”W

MT949028

Hemiodus unimaculatus*

LBP 2314–15858

Venezuela, Rio Orinoco

05°53’29.9”N 67°24’14.1”W

MT949066

Micromischodus sugillatus

DEPRJ 8696–2

Brazil, Oriximiná city

01°29’29.2”S 56°20’05.9”W

MW377211

Micromischodus sugillatus

DEPRJ 8698–1

Brazil, Oriximiná city

01°29’29.2”S 56°20’5.9”W

MW377212

Micromischodus sugillatus

DEPRJ 8698–3

Brazil, Oriximiná city

01°29’29.2”S 56°20’05.9”W

MW377213

Micromischodus sugillatus

INPA 37204–P17919

Brazil, Jatapu River

02°10’31.4”S 58°10’26”W

Micromischodus sugillatus

LBP 12867–53427

Brazil, Tapajós River

05°05’10”S 56°52’02.7”W

MW377214
MW377215

Micromischodus sugillatus

LBP 13852–57320

Brazil, Tapajós River

05°06’10.4”S 56°51’31.4”W

MW377216

Micromischodus sugillatus

MCP 52467

Brazil, Arapiuns River

02º31’22”S 55º12’51.5”W

MW377217

Parodon nasus*

LBP 20440

–

–

GU701588

Serrasalmus maculatus*

LBP 26723

–

–

GU701512

RESULTS
We obtained partial COI sequences for all valid species into the four analysed genera,
resulting in a total of 44 sequences, of which three represent Anodus elongatus Agassiz,
1829; four Anodus orinocensis (Steindachner, 1887); five Argonectes longiceps (Kner,
1858); five Argonectes robertsi Langeani, 1999; six Bivibranchia bimaculata Vari, 1985;
six B. fowleri (Steindachner, 1908); three B. notata Vari & Goulding, 1985; two B.
simulata Géry, Planquette & Le Bail, 1991; three B. velox (Eigenmann & Myers, 1927);
and seven Micromischodus sugillatus Roberts, 1971. Collection sites for the specimens
analysed herein are shown in Fig. 1. The alignment of 50 COI sequences (ingroup plus
outgroups) yielded a total of 650 positions in the final matrix with 228 variable sites
and 203 parsimony informative sites. Nucleotide frequency was 23.3% adenine, 28.4%
cytosine, 18.5% guanine and 29.8% thymine. Average values of intra- and interspecific
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genetic distance for the ten species analysed are shown in Tab. 2. Genetic distances
were calculated by the Tamura Nei (TN93) model, the second best ranked because
HKY is not available for computing genetic distance in MEGA. Average intraspecific
genetic distance (bold number) ranged from 0.001 within Bivibranchia bimaculata, B.
notata, B. velox and Micromischodus sugillatus to 0.039 within B. fowleri. For interspecific
distance, the lowest average value was 0.055 between the two species of Argonectes and
the highest was 0.215 between Bivibranchia fowleri and Micromischodus sugillatus.

FIGURE 1 | Map of northern South America showing collection sites of Hemiodontidae specimens analysed in this study, per species.

TABLE 2 | Matrix of pairwise TN93 genetic distance among species of Hemiodontidae with interspecific distances below the diagonal of
bold numbers, the standard error estimates of interspecific distances above this diagonal and bold numbers representing intraspecific
genetic distance.
1

2

3

4

5

6

7

8

9

10

1

Anodus elongatus

0.003

0.018

0.020

0.020

0.021

0.020

0.021

0.023

0.022

0.017

2

Anodus orinocensis

0.154

0.038

0.017

0.018

0.017

0.020

0.020

0.018

0.019

0.016

3

Argonectes longiceps

0.168

0.148

0.003

0.010

0.018

0.022

0.017

0.019

0.020

0.018

4

Argonectes robertsi

0.171

0.160

0.055

0.007

0.017

0.020

0.017

0.019

0.019

0.019

5

Bivibranchia bimaculata

0.183

0.144

0.140

0.135

0.001

0.020

0.017

0.015

0.018

0.020

6

Bivibranchia fowleri

0.188

0.192

0.202

0.181

0.162

0.039

0.020

0.017

0.016

0.022

7

Bivibranchia notata

0.202

0.190

0.158

0.162

0.151

0.184

0.001

0.018

0.019

0.020

8

Bivibranchia simulata

0.202

0.166

0.165

0.164

0.124

0.163

0.150

0.032

0.016

0.020

9

Bivibranchia velox

0.194

0.186

0.172

0.167

0.147

0.155

0.173

0.138

0.001

0.022

10

Micromischodus sugillatus

0.142

0.143

0.155

0.162

0.183

0.215

0.180

0.173

0.211

0.001
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In the molecular delimitation analyses, the maximum clade credibility tree generated
by the Bayesian inference was used to display the results in Fig. 2. The ABGD method
resulted in nine partitions ranging from 9 to 18 groups or MOTUs for the ten species.
The most frequent result was the number of 12 MOTUs, found in three partitions (Pmax
range = 0.0046 to 0.0129). This result is also realistic and conservative considering the
total number of valid species. The maximum likelihood (ML) result of GMYC delimited
14 ML entities that are all delimited lineages including single specimen MOTUs. The
likelihood of the GMYC model (= 299.9232) is higher than the likelihood of the null
model (= 267.2621), indicating that GMYC results are reliable. The ML solution of the
PTP delineated 14 MOTUs. All delimitation results described above do not include the
outgroups.
GMYC and PTP defined the same MOTUs, meaning total congruence between both
tree-based methods, indeed the trees used as inputs for these methods, which are ML
and Bayesian trees, are very similar in topology. Species matched by just one MOTU
in all delimitation strategies were Anodus elongatus, Argonectes longiceps, Argonectes
robertsi, Bivibranchia bimaculata, B. notata, B. velox, and Micromischodus sugillatus. About
divergence across methods, only ABGD established one MOTU for Anodus orinocensis
whereas PTP and GMYC defined the sole specimen from the Orinoco River (LBP
15615), the type locality of the species, as one MOTU and the other three specimens,
coming from the Amazon (INPA) and Araguaia-Tocantins (GEPEMA) basins, as
another MOTU. The two samples of Bivibranchia simulata constituted a single MOTU in
the ABGD results but were divided in two by the tree-based methods, constituting two
single specimen MOTUs, distributed into two geographically close but independent
water bodies, the Brokopondo and Nickerie Rivers.

DISCUSSION
As all delimitation approaches showed absolutely concordance in delimiting Anodus
elongatus, Argonectes longiceps, Argonectes robertsi, Bivibranchia bimaculata, B. notata, B.
velox, and Micromischodus sugillatus, with total correspondence between nominal species
and MOTUs, these delimitation results should probably be correct (Dellicour, Flot,
2018). The conservativeness of the AGBD and the similarity between GMYC and PTP
obtained herein were also observed in the species delimitation of other characiform fishes,
like in the subfamily Stevardiinae (genera Bryconamericus Eigenmann, 1907, Hemibrycon
Günther, 1864, Knodus Eigenmann, 1911, and Eretmobrycon Fink, 1976), where ABGD
yields a more conservative delimitation, close to the number of morphological species,
while GMYC and PTP yield more splits and similar number of MOTUs (García-Melo
et al., 2019); and in the genus Megaleporinus Ramirez, Birindelli & Galetti, 2017, where
the same 18 MOTUs were obtained by GMYC and PTP, whereas ABGD recovered,
in six partitions, from 16 to 27 MOTUs (Ramirez et al., 2017). On the other hand, is
noteworthy that the three individuals of Bivibranchia notata, a species occurring in the
rivers Tapajós, Trombetas and Tocantins, from an unique place in the Teles Pires River
(a Tapajós tributary) could cause biases in the delimitation process since intraspecific
genetic variation tends to increase with increases in geographical scale (Bergsten et al.,
2012), but congruence among results across different strategies are good indicative that
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FIGURE 2 | Bayesian tree of the specimens showing the MOTUs delimited by ABGD, PTP, and GMYC methods. Congruence across methods
is represented by black rectangles and discordance between them is represented by grey rectangles.
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main assumptions of them were not violated, reducing the potential bias of the present
result (Carstens et al., 2013). A similar situation of limited geographical sampling is the
case of Bivibranchia velox, which occurs in the Xingu and Araguaia-Tocantins basins,
but was sampled only in the Araguaia River.
The four samples of Anodus orinocensis were scattered over a huge area in South
America with collection sites spanning large distances from each other but encompassing
the three basins in which the species occurs, Amazon, Orinoco and Araguaia-Tocantins
(see Fig. 1). This sparse geographical sampling can negatively impact the effectiveness
of the delimitation methods because intermediated populations may not be considered,
violating the assumption that geographic sampling is comprehensive with most or all
populations, biogeographic regions, and contact zones being represented (Mason et al.,
2020). Violated assumptions may lead to errors in delimitation outcomes that we can
notice in discordant results across different delimitation methods (Carstens et al., 2013).
The prominent type of error in ABGD is overlumping, whereas the main type of error
in tree-based approaches is oversplitting (Dellicour, Flot, 2018). Those arguments seem
to meet what we found in Anodus orinocensis with possible overlumping in ABGD or
oversplitting in GMYC and PTP. In such cases of uncertainties, a conservative inference
is preferable, for in most context it is better to fail to delimit species than to falsely
delimit entities that do not represent true independent lineages (Carstens et al., 2013).
Therefore we suggest Anodus orinocensis having two structured populations, as GMYC
has been criticized for assuming that species comprise a single unstructured population
and can mistakenly delimit isolated population as separate species, especially if linking
populations have not been sampled (Fujisawa, Barraclough, 2013).
Bivibranchia fowleri was the most split species with three MOTUs delimited in all
outcomes. Its sampling scenario encompasses most of its geographical distribution (see
Langeani, 2003) with representatives lacking only from the Tocantins and Madeira
Rivers. Broad sampling is especially good for widespread species, like Bivibranchia
fowleri, because it would maximize the chance of including intermediate (population)
diversity and thus generating more accurate results (Mason et al., 2020). Also, species
sampled throughout its geographical range will reveal greater genetic variation than if
the variation was estimated from a single smaller region (Bergsten et al., 2012), which
can explain the greatest intraspecific genetic distance found in Bivibranchia fowleri,
3.9%, probably because more linking populations were sampled. After checked the
vouchers, we did not find morphological differences that justify the description of new
species, and we propose that Bivibranchia fowleri may contain cryptic species, regarding
COI sequences, or structured population, similar to what was proposed for Pygocentrus
nattereri Kner, 1858 (Mateussi et al., 2019). Such cryptic speciation may have evolved
by recent divergence in which cryptic species are sister taxa or members of a species
complex with short divergence times and morphological traits evolving slowly under
neutral evolution or might be constrained by stabilizing selection and represent early
stages of morphological stasis (Fišer et al., 2018; Struck et al., 2018).
Bivibranchia simulata is the least sampling taxon or the rarest species with only
two individuals sampled, but it is among the hemiodontids with one of the smallest
distribution range (Langeani, 2003) and DNA barcoding delimit more accurately
species with smaller geographical scale (Bergsten et al., 2012). Unfortunately this
scenario for Bivibranchia simulata is the reality of many DNA studies in biodiversity
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where rarity and small geographical ranges for many species are due to logistics of
fieldwork (Ahrens et al., 2016). Comparing the delineation strategies, ABGD is known
for performing slightly worse than tree-based methods on simulated data sets using
a sampling scheme with a few abundant species and many rare ones (Dellicour, Flot,
2018), the case found here for Bivibranchia simulata. Indeed, rarely sampled species are
not problematic per se for GMYC and PTP approaches (Ahrens et al., 2016; Dellicour,
Flot, 2018). A solution to compensate or overcome the limitations of low sample size
(rare species and singletons) is adding closely related species or clades (“clade-wise
addition”) to the rare taxon (Ahrens et al., 2016), and Bivibranchia simulata meets this
solution because it is surrounded by all their closely related clades, that are all other
valid species within Bivibranchia. Nevertheless, in face of the conflicting results and
low sampling we tend to the conservative way, likewise that for Anodus orinocensis,
and propose that the two single specimen MOTUs delimited in Bivibranchia simulata
by the tree-based approaches most likely constitute genetically-structured lineages
like has been proposed in the characiforms genera Brycon Müller & Troschel, 1844
(Arruda et al., 2019) and Pygocentrus Müller & Troschel, 1844 (Mateussi et al., 2019). It is
worthy to mention that Géry et al. (1991) have already noticed morphological variation
among some other subsets of B. simulata populations, which were described by them as
distinct subspecies: B. s. simulata from French Guyana, in the Oyapoque River, and B. s.
surinamensis from Suriname, in the Coppename, Nickerie, and Suriname Rivers. These
two subspecies were later considered synonyms by Langeani (2003), taking the same
conservative decision as ours here.
Unlike the results of Nogueira et al. (2020) that strongly suggested cryptic and
undescribed species for Hemiodus, the three species herein that matched more than one
MOTUs per nominal species did not have congruent results across all methods and
most probably be cases of recent divergence in which MOTUs are exhibiting different
degrees of genetic divergence, but not high enough to be detected by all methods.
Nevertheless, those MOTUs hidden into the three taxa could be better highlighted by
using other data sets and analyses, maybe multi-locus analyses (Piggott et al., 2011),
or by adding more individuals from distant localities (Mason et al., 2020). Despite
those limitations, the present survey is the broadest molecular study ever done for
Hemiodontidae including all valid species in the focal genera without any singleton
(i.e., MOTUs represented by just one individual) while the study of Nogueira et al.
(2020) did not include all valid Hemiodus species and three species were represented
by singletons. Also, the results obtained here reveal a broad and strong congruence
between current valid species and MOTUs, with seven of ten species being matched
by exactly one MOTU, equally delimited by all strategies. This correspondence of 70%
between nominal species and mitochondrial lineages may highlight a relatively stable
taxonomy for these four genera of Hemiodontidae.
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