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Testing palaeodrainage hypotheses in south-eastern
Brazil: phylogeography of the sinistral livebearer fish of
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The ‘sinistral Phalloceros group’ consists of three species, P. aspilos, P. leptokeras and P. tupinamba, that belong to
Phalloceros, a genus of freshwater fish endemic to South America. They inhabit the Paraiba do Sul Basin and coastal
drainages in south-eastern Brazil. This group is diagnosed by large hooks in the medial portion of the gonopodial
appendices in males and the sinistral direction of the urogenital papilla in females. We conducted a phylogeographic
analysis of mitochondrial (COI and Cytb) and nuclear (RAG1) haplotypes of 36 individuals sampled from 11 localities
to test the hypothesis that the biogeographic history of sinistral Phalloceros was mediated by connections of coastal
basins caused by lowered sea-levels during the Quaternary. We evaluated the taxonomic status of these nominal taxa
by integrating molecular species delimitation methods and morphological data. Our results suggest that the three
nominal taxa are synonyms, and P. leptokeras is designated as the valid species name. The geographic expansion of
the P. leptokeras lineage began in the coastal region (~2.3 Mya). The phylogeographic relationships among populations
partially corroborate the palaeodrainage model, but also suggest that P. leptokeras colonized the inland Paraiba do
Sul drainage, overcoming the Serra do Mar mountains.

ADDITIONAL KEYWORDS: ABGD — ASAP — BIN - biogeographic history — BPP — coastal river drainages —
GMYC — molecular species delimitation — vicariance.

INTRODUCTION species of Phalloceros have pronounced sexual
dimorphism. Mature males have expanded third,
fourth and fifth anal-fin rays forming a copulatory
organ called a gonopodium.

Phalloceros is diagnosed by: (1) the presence of an
anterior pair of appendices in the tip of the third ray
of the gonopodium (Lucinda, 2008; character state
93-1 in Lucinda & Reis, 2005); (2) the partially open
preopercular canal between pores 8,9 and 10 forming
a deep groove; (3) the elongate pore 11 (sometimes
confluent with the eighth, ninth and tenth grooves);
and (4) the canal between pores 12, U-V closed
(Lucinda, 2008; character state 8-5 in Lucinda & Reis,
2005). Most of the 22 described species differ in the
morphology of the gonopodium. The gonopodium has
a pair of appendages, which may be symmetric or
asymmetric in size and may bear bony processes called
‘hooks’ by Lucinda (2008). Like the observed variation
in male genitalia, females exhibit variable urogenital
papillae. This reproductive structure in females is a
*Corresponding author. E-mail: icass.ufrj@gmail.com. fleshy process located posterior to the anus. The tip

Phalloceros Eigenmann, 1907, is a monophyletic
genus (Lucinda & Reis, 2005) of small livebearing fish
distributed in the freshwaters of south-eastern South
America from the southern portion of the Brazilian
State of Bahia to Uruguay and to the La Plata drainage
in Argentina and Paraguay, and to the Araguaia
drainage in the Tocantins Basin (Lucinda, 2008).
Phalloceros was originally treated as a monotypic
genus, with Phalloceros caudimaculatus (Hensel,
1868) regarded as a single, widely distributed species
for almost a century. However, in 2005, a morphology-
based phylogenetic analysis of Poeciliinae (Poeciliidae
sensu Braganca et al., 2018) led to the recognition of
21 additional Phalloceros species (Lucinda & Reis,
2005), which were formally described three years
later (Lucinda, 2008). Like other poeciliid livebearers,

© The Author(s) 2022. Published by Oxford University Press on behalf of The Linnean Society of London. 1
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

220z Aey 9z uo 1sanb Aq | 581659/0£008|Z/UBaUUIl00Z/S60] "0 | /I0P/3]01B-90UBAPER/UBBUUII00Z/WOD dNo™olWapeoeR//:sdly Woll papeojumod


https://orcid.org/0000-0001-8443-7039
https://orcid.org/0000-0001-7700-8981
https://orcid.org/0000-0002-1156-3226
mailto:icass.ufrj@gmail.com?subject=

2 1.C.A.SOUTO-SANTOS ET AL.

of the papilla is directed caudally (straight) in nine
species of Phalloceros (e.g. P. harpagos Lucinda, 2008),
directed to the right side of the body in ten species (e.g.
P. anisophallos Lucinda, 2008) or to the left in three
nominal species (e.g. P. leptokeras Lucinda, 2008). We
refer to the latter as the group of sinistral species.
These sinistral Phalloceros species include three
nominal species: P. aspilos Lucinda, 2008, P. leptokeras
and P. tupinamba Lucinda, 2008 (Fig. 1). In addition to
the orientation of the urogenital papilla, the ‘sinistral
Phalloceros group’ is diagnosed by a unique gonopodial
morphology: the gonopodial appendices are slender,
and the appendicular hooks are large and located in
the medial portion of the appendices (Fig. 2; Lucinda,
2008). This group is geographically restricted to river
drainages of the Atlantic Rainforest associated with
the Serra do Mar mountains in south-eastern Brazil.
Phalloceros aspilos was described based on specimens
from the Parati-Mirim River, a coastal river that flows
into Ilha Grande Bay. Phalloceros leptokeras was
described based on specimens from the Paquequer
and Piabanha River drainages, two tributaries of the
Paraiba do Sul River. Phalloceros tupinamba has a

disjunct distribution, which includes coastal drainages
in the States of Rio de Janeiro and Sao Paulo, and thus
overlaps the type locality of P. aspilos. The holotype of
P. tupinamba was collected in the Macacu drainage,
a coastal river that flows into Guanabara Bay in the
State of Rio de Janeiro, while most of the paratypes
were collected from the Itamambuca, Indaia and
Grande coastal drainages of the State of Sao Paulo
(Lucinda, 2008). Souto-Santos et al. (2019) recorded
the presence of sinistral Phalloceros in additional
drainages near the type locality of P. aspilos, and in
the middle of the distribution range for P. tupinamba
(Fig. 3). Our morphological examination of these
samples revealed overlap of diagnostic characters of
P. tupinamba and P. leptokeras. Thomaz et al. (2019)
recorded the presence of a presumably undescribed
species of sinistral Phalloceros in a stream near Puruba
Road in the municipality of Ubatuba, a coastal area
in the State of Sdo Paulo. However, these authors did
not name the species due to morphological similarity
with P. tupinamba. In the present work, we test
whether these morphological and genetic differences
correspond to species or population units.

NPT e L 1L X
<« _J" \ rr-”‘t@

S 00

L) “'"

Figure 1. Morphological variation within females and males of the sinistral Phalloceros group (= Phalloceros leptokeras).
A, Paquequer drainage (MNRJ 43596, ¢ 30.4 mm SL, 8 22.5 mm SL). B, Macacu drainage (MNRJ 43600, ¢ 28.1 mm SL, &
17.4 mm SL). C, Saco drainage (MNRJ 51337, @ 27.8 mm SL, & 18.1 mm SL). D, Japuiba drainage (MNRJ 4226, ¢ 32.0 mm
SL, 8 21.2 mm SL). E, Parati-Mirim drainage (MNRJ 43505, @ 31.3 mm SL, 8 20.9 mm SL).
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Figure 2. Genital morphology of sinistral Phalloceros (= Phalloceros leptokeras). Ventral view of female urogenital papilla
(MNRJ 52301, 28.3 mm SL, Pocinhos drainage) and left lateroventral view of male gonopodium tip skeleton, skin removed

(MNRJ 24398, Guandu drainage).

Two phylogenetic hypotheses have been proposed for
Phalloceros (Fig. 4). One was based on morphological
data (Lucinda, 2008), while the other was based on
restriction site-associated DNA sequencing (RADseq;
Thomaz et al., 2019). These hypotheses produced
conflicting trees, but both support the monophyly of
the group of nominal species with papilla directed to
the left (Fig. 4).

The phylogenetic relationships among species
in the sinistral Phalloceros group are still poorly
supported. The morphological phylogeny in Lucinda
(2008) recovered P. aspilos as the sister-species of
P, leptokeras, but the molecular phylogeny in Thomaz
et al. (2019) did not include topotypes of P. leptokeras
and P. tupinamba.

Here we present an assessment of phylogeographic
relationships among sinistral Phalloceros species and
use the resulting tree to test biogeographic hypotheses
about freshwater fish biogeography in the Serra do
Mar. The Serra do Mar consists of scarps that extend
from the north-eastern coast of the State of Rio de
Janeiro to the coast of the State of Santa Catarina. In
its north-eastern region, a tectonic rift resulted in the
Paraiba do Sul River valley, and the Serra do Mar forms
a mountain range that extends along the coast of the
States of Rio de Janeiro and Sdo Paulo (Oliveira, 2003).
Two hypotheses have been invoked in the literature
to explain the relationships among fish populations in
currently isolated coastal drainages of the Serra do Mar:
(1) temporary river connections during Quaternary sea-
level lowering (Buckup, 2011; Thomaz et al., 2015; Lima
et al., 2016; Thomaz & Knowles, 2018); and (2) tectonic
and erosive events resulting in headwater stream
capture across watersheds (Ribeiro, 2006; Buckup,
2011; Lima et al., 2016, 2017).

Palaeodrainage connections among coastal rivers
in south-eastern Brazil have been proposed since the

beginning of the 20 century to explain similarities
between aquatic organisms across land barriers.
Thering (1927), for example, hypothesized the
existence of a palaeoriver that may have connected
coastal drainages between the Brazilian States of Rio
de Janeiro and Rio Grande do Sul. This hypothetical
stream, dubbed the Ameghino River, would have later
been submerged by the Atlantic Ocean (Ihering, 1927).
Palaeodrainage connections occur when the sea level
is lowered due to climate change. During periods of
low sea-level, exposed palaeodrainages may facilitate
faunal exchanges between adjacent drainages, which
are isolated from each other when sea levels are
high. Thomaz & Knowles (2018) hypothesized that
15 palaeodrainages associated with the Paraiba do
Sul and adjacent coastal drainages were important
drivers of freshwater fish diversification (Fig. 3). These
palaeodrainages reached their maximum exposure
between 19 and 26 thousand years ago during the
Last Glacial Maximum (LGM) of the Pleistocene,
a time when the sea level dropped 125 m below the
current level (Thomaz et al., 2015). This hypothesis
predicts that fish lineages from rivers that shared a
palaeodrainage are more closely related to each other
than to lineages from rivers that were not part of
the same palaeodrainage. Thus, phylogenetic trees
constructed from independent data can be used to test
this and other palaeodrainage hypotheses.

Headwater capture occurs when a stream changes its
course and connects to a different drainage because of a
geomorphological event (Oliveira, 2003; Buckup, 2011).
Headwater capture thus allows the sharing of fauna
between the rivers involved in the capture. A prediction
of this hypothesis is that fish populations from rivers
involved in the capture event are more closely related
to each other than to populations found in other rivers.
The hypothesis is corroborated when lineages from
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Figure 3. Geographic distribution of the sinistral Phalloceros group (= Phalloceros leptokeras) (circles) and its sister-group
Phalloceros sp. ‘Macaé’ (black triangles). White circles correspond to material not associated with DNA sequences. The
colours of solid circles correspond to samples associated with DNA sequences (see Figs 5-7). T = type locality according to
Lucinda (2008). Grey colours indicate the reconstruction of palaeodrainages exposed with the sea level lowering during the
LGM. Palaeodrainege numbers correspond to those established by Thomaz & Knowles (2018).

rivers involved in capture events occur in both rivers
and is rejected when these lineages are absent in one of
the rivers. Headwater capture events among drainages
from the Serra do Mar in south-eastern Brazil are only
known for a few basins (Menezes et al., 2008; Torres

et al.,2008; Torres & Ribeiro, 2009; Zamudio et al., 2009;
Buckup, 2011). Despite this limitation, some authors
have proposed headwater capture events to explain the
distribution of species, even in the absence of geological
evidence (Lima et al., 2016, 2017).
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Figure 4. Morphological (Lucinda, 2008) and molecular (Thomaz et al., 2019) phylogenetic hypotheses proposed for
Phalloceros. Shaded rectangles indicate the lineage of the sinistral Phalloceros (= Phalloceros leptokeras).

Another means of geographic expansion of fish
distributions involves dispersal through coastal
lowlands. Phalloceros species are commonly found in
shallow, temporary, wetland habitats, suggesting that
lowland migration among neighbouring drainages
is a third alternative hypothesis to explain species
distribution patterns between adjacent drainages
connected by lowland areas. These ephemeral
environments are formed during rainy periods and
offer a suitable habitat to small Cyprinodontiformes
(Costa, 2009). One prediction of this hypothesis is
that lineages of fish from rivers that are temporarily
connected by wetlands are more closely related to each
other than to lineages from other rivers. Dispersal
hypotheses are difficult to test, as there are no robust
models to specify how, when and where the dispersal
events occurred. In general, dispersal is a random
phenomenon that can affect each species or lineage
differently from others, making it difficult to establish
common predictions for all species (Tzeng et al., 2006).

Phylogeographic approaches, which investigate
evolutionary relationships among conspecific
populations and closely related species, have been

applied to understand the evolutionary boundaries of
several freshwater fish lineages from south-eastern
Brazil. Examples include lineages of Phalloceros
(Crepaldi, 2015; Oliveira, 2017) and other taxonomic
groups (e.g. Lima et al., 2016, 2021).

Here, we performed a multilocus phylogeographic
analysis based on mitochondrial and nuclear genes
to understand the diversity of sinistral Phalloceros
throughout the geographic distribution of this species
group. One of the genes we employed is the standard
DNA barcode ‘Folmer fragment’ of the mitochondrial
cytochrome ¢ oxidase subunit I (COI) gene (Hebert
et al.,2003a). COI barcodes have enabled many studies
to solve taxonomic questions and identify Neotropical
freshwater fish species boundaries. The effectiveness
of this technique has been widely demonstrated in
the literature (e.g. Hebert et al. 2003a, b), including
Phalloceros (Amaral et al., 2015) and other fish groups
(Pereira et al., 2013; Henriques et al., 2015; Rossini
et al., 2016; Shimabukuro-Dias et al., 2017).

Our goals were (1) to sample as many drainages
as possible in order to understand the intraspecific
and interspecific boundaries among populations of
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sinistral Phalloceros, including the type localities for
P. aspilos, P. leptokeras and P. tupinamba; and (2) to
correlate the patterns of genetic variation with past
climatic and geomorphological processes in order
to explain colonization across currently isolated
basins. We explicitly tested hypotheses of river basin
interchanges through sea-level fluctuations based
on the palaeodrainage model proposed by Thomaz
& Knowles (2018) and tested models for headwater
capture and wetlands dispersal.

MATERIAL AND METHODS
SAMPLING

Specimens examined in this study, which included the
type series of Phalloceros aspilos, P. leptokeras and
P. tupinamba, are in the ichthyological collections of
the Museu Nacional, Universidade Federal do Rio de
Janeiro (MNRJ) and Pontificia Universidade Catdlica
do Rio Grande do Sul (MCP) (Supporting Information,
File S1). Our study included samples from the known
distribution of sinistral Phalloceros, including the
Paraiba do Sul River and adjacent coastal drainages
along the Serra do Mar (Fig. 3). The Paraiba do Sul River
Basin is limited by the Mantiqueira, Caparaé and Santo
Eduardo Mountain chains in the north, and the Serra
do Mar in the south. The latter separates the Paraiba do
Sul from various small independent coastal basins that
flow directly into the ocean (SEMADS, 2001).

We included 36 individuals of sinistral Phalloceros
specimens from 11 localities and four outgroup species:
Phalloceros sp. ‘Macaé’, P. ocellatus Lucinda, 2008,
P. mikrommatos Lucinda, 2008 and Poecilia vivipara
Bloch & Schneider, 1801. Samples from each coastal
drainage, and two subdrainages of the Paraiba do Sul,
were treated as isolated populations. DNA sequence
data were obtained from tissue samples collected
by the authors, except for one outgroup (Poecilia
vivipara, GenBank accession number KU684422).
One to six individuals were sampled from each
locality (Supporting Information, Table S1). Choice of
outgroup species was based on Thomaz et al. (2019),
which showed that P. mikrommatos and P. ocellatus
were closely related to the sinistral Phalloceros clade
(Fig. 4). Additionally, we included in the analysis an
undescribed species (Phalloceros sp. ‘Macaé’, straight
urogenital papilla), because it is more closely related to
sinistral Phalloceros than any other species considered
by Thomaz et al. (2019) according to an unpublished
DNA barcode phylogeny that included 20 nominal
species of Phalloceros (Buckup et al., in prep.).

We sequenced segments of two mitochondrial
genes and one nuclear gene. The standard DNA
barcode comprising the Folmer region of cytochrome
¢ oxidase subunit I (COI) and cytochrome b (Cytb)

allow the discrimination of closely related species and
phylogeographic groups of a single species (Avise, 2000;
Hebert et al., 2003a; Pereira et al., 2013; Henriques
et al., 2015; Lima et al., 2016, 2017; Rossini et al.,
2016; Shimabukuro-Dias et al., 2017). The nuclear
recombination activating gene subunit 1 (RAGI) has
resolved species-level relationships and its mutation
rate is lower than the mitochondrial genes, allowing
resolution of older divergences (Bermingham & Martin,
1998; Arroyave & Stiassny, 2011; Arroyave et al. 2013,
Hirschmann et al., 2015). These three markers have
been successfully employed in phylogenetic studies of
poecilid fishes (Reznick et al., 2017).

All sequences and associated data, including
geographic coordinates, chromatograms, sequence data
and primer details, are available in the Barcode of Life
Data Systems (BOLD Systems, http://boldsystems.
org/; Ratnasingham & Hebert, 2007). Sample details
are listed in the Supporting Information, Table S1,
along with GenBank accession numbers. Figure 3
shows the localities of voucher specimens used to
obtain molecular data for this study.

MOLECULAR PROCEDURES AND ANALYSES

We extracted genomic DNA from muscle tissue
using the Qiagen Blood and Tissue kit following the
manufacturer’s instructions, or the salting out method
by Miller et al. (1988). DNA quality was verified
with standard agarose gel electrophoresis, while
DNA concentration was measured using a NanoDrop
ND-2000 spectrophotometer. Partial sequences of
mitochondrial (COI and Cytb) and nuclear (RAGI)
genes were amplified via the polymerase chain reaction
(PCR). The COI primers were previously developed for
Neotropical freshwater fish (Jennings et al., 2019); the
Cytb primers were developed for characiform fishes
but have since worked well for many other South
American fish species, including Poeciliidae (Buckup
et al.,in prep.); and the RAGI primers were developed
in this study specifically for Poeciliidae (Supporting
Information, Table S2).

Amplified products were checked using 2% agarose
gel electrophoresis. PCR products were purified using
Exo-SAP (Handy et al., 2011) or PEG (Lis, 1980;
Jennings, 2017). We sequenced each PCR product in
both directions on an ABI3730x] (Applied Biosystems)
automated sequencer at the Fundacdo Oswaldo Cruz
— FIOCRUZ.

The resulting sequences were aligned to a reference
sequence (GenBank accession numbers NC_011379.1
for COI and Cytb, NC_024336.1 for RAG1) using the
GENEIOUS v.6 software (http://www.geneious.com)
and manually edited to fine-tune base calls and ensure
codon alignment. Aligned sequences of the three
loci were concatenated for joint analyses, resulting
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in concatenated sequences of 2695 bp (no gaps or
missing data) for 42 individuals. Evolutionary models
of nucleotide substitution for each gene were selected
using PARTITION FINDER 2.1.0 software (Lanfear
et al., 2016) via the CIPRES online platform (http:/
www.phylo.org/). The analysis was set to run under a
greedy search, unlinked branch lengths and used the
corrected Akaike information criterion (AIC).

We conducted the phylogenetic analysis using a
Bayesian inference method. A Bayesian Markov chain
Monte Carlo algorithm (MCMC) was applied using
MRBAYES 3.2.7 (Ronquist et al., 2012) with Poecilia
vivipara as the outgroup, using four chains in two
parallel runs of 10 million generations, sampling every
1000 trees and discarding the first 20% of the total
sample trees as the burn-in subset. We considered
that the analysis yielded enough independent samples
when the log-likelihood (InL) values reached a plateau,
and when the effective sample size (ESS) values of each
parameter exceeded 200 in TRACER 1.7.1 (Rambaut
et al.,2018). The posterior probability values, which we
visualized in FIGTREE v.1.4.2 (http://tree.bio.ed.ac.uk/
software/figtree/), were used to evaluate the support
of the branches of the resulting tree. Branches with
posterior probability value greater than 0.95 were
regarded as well-supported clades.

A Bayesian analysis was also conducted in the
software BEAST 2.6.3 (Bouckaert et al., 2014) to
produce an ultrametric tree for estimating divergence
times using the COI, Cytb and RAG1 genes together,
but with each gene submitted in its own FASTA
file. The StarBeast package was used to estimate
divergence times, employing a calibrated Yule
model, with 42 million years of divergence between
Phalloceros and Poecilia (Reznick et al., 2017) as the
prior. We also specified 0.5 as the gene ploidy value for
the mitochondrial genes, and 2.0 for the nuclear gene
(Drummond & Bouckaert, 2015). Two independent
MCMC runs were conducted with different random
seeds following the same criteria described above for
the MRBAYES analyses. Trees and parameters of the
two runs were combined through LOGCOMBINER 2.6.3
(Rambaut & Drummond, 2007) and the parameters
were then checked in TRACER following the same
criteria as used in the previous analysis. A maximum
clade credibility tree was obtained through
TREEANNOTATOR 2.6.3 (Bouckaert et al., 2014).

Single nucleotide polymorphisms (SNPs) were
checked to detect synapomorphic and autapomorphic
mutations using MEGA X software (Kumar et al.,
2018). The SNPs of the sinistral Phalloceros were
then mapped on the tree using the sequence of
Phalloceros sp. Macaé’ as the outgroup to polarize the
character transformations. The SNPs were numbered
sequentially according to their position in the
concatenated matrix of genes, in the following order:

COlI, Cytb and RAGI1. A haplotype network for each
gene was inferred using the TCS method (Templeton
et al., 1992) on PopART (Leigh & Bryant, 2015), and
each mutation represented in the haplotype network
was also identified by the SNP sequential number.

To investigate the best threshold for discrimination
of species of sinistral Phalloceros we estimated
evolutionary distances among COI sequences following
Rossini et al. (2016) in the usage of pairwise Kimura-
2-parameter (K2P) distances in Mega X (Kumar et al.,
2018). This analysis compared these distances with
distances among well-delimited non-sister species
of Phalloceros. We also compared the results of five
automated methods of lineage partitioning: automatic
barcode gap discovery (ABGD, Puillandre et al., 2012),
assemble species by automatic partitioning (ASAP;
Puillandre et al., 2020), barcode index number (BIN;
Ratnasingham & Hebert, 2013), general mixed Yule
coalescent model (GMYC; Pons et al., 2006) and
Bayesian phylogenetics and phylogeography (BPP;
Zhang et al., 2011). These analyses were based on
the COI dataset, except for BPP, which was based on
all three genetic markers. The ABGD analysis was
performed on the website https://bioinfo.mnhn.fr/abi/
public/abgd/, with parameters used by Rossini et al.
(2016) (K2P substitution model, relative value gap
X =0.1, Pmin = 0.005 and Pmax = 0.1) (Supporting
Information, File S2). The ASAP analysis was
conducted on the website https://bioinfo.mnhn.fr/abi/
public/asap/asapweb.html, with a K2P substitution
model and default parameter values (Supporting
Information, File S3). The BIN analysis was performed
using the BOLD-systems (http://www.boldsystems.
org), which also include sequences submitted by other
researchers. For the GMYC, an ultrametric tree was
generated in BEAST, as described above, except for
the usage of the Yule speciation model and rooting
in Phalloceros sp. ‘Macaé’. The GMYC analysis was
implemented on the website http://species.h-its.org/
gmyc/ with the ‘single threshold’ (sGMYC; Supporting
Information, File S4) and ‘multi threshold’ (mGMYC,
Supporting Information, File S5) options. Only unique
haplotypes were used in GMYC, as recommended by
Rossini et al. (2016). In the BPP analysis, we used the
phylogenetic hypothesis of Figure 5 as a guide tree. As
BPP does not allow for polytomies, we were unable to
test all populations. Instead, based on the topotypes
of P. aspilos, P. leptokeras and P. tupinamba, and the
phylogenetic relationships of all sinistral Phalloceros
(Fig. 5), we used as input the hypothesis that the
sinistral Phalloceros includes four species, comprising:
(1) populations of the Paquequer and Pocinhos Rivers;
(2) populations of the Macacu, Mazomba, Quiririm,
Puruba and Japuiba Rivers; (3) populations of the
Grande, Indaid and Itamambuca Rivers; and (4)
the population found in the Parati-Mirim River.
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Figure 5. Phylogenetic relationships showing two main clades (A, B) within the sinistral Phalloceros group (= Phalloceros
leptokeras) according to Bayesian inference (BI) based on concatenated sequences (CS) from the mitochondrial COI and
Cytb regions and the nuclear RAG1 gene. Values at nodes represent posterior probabilities. Samples from Parati-Mirim,
Paquequer and Macacu are topotypes of Phalloceros aspilos, P. leptokeras and P. tupinamba, respectively. Vertical black
bars show the results of species delimitation analyses (see details in Supporting Information, Files S2—-S6). Vertical red bar
shows our taxonomic decision. Frequencies in the size of the lateral spot are indicated above the drawings and the number
of individuals examined (N) are below (see details in Supporting Information, Table S3).

We specified heredity = 1 to indicate independent
partitions (Yang, 2015) and seed = -1 to start the
analysis with a random seed. The other parameters
were default values.

To test the palaeogeographic drainage hypotheses,
we used the shapefiles made available by Thomaz
& Knowles (2018), plotted with QUANTUM GIS

software (QGIS Development Team, 2017) (Fig. 3). The
vector representations of current rivers were drawn
from Google Earth satellite images. The elevation
shapefile was extracted from the digital elevation
model GEBCO_2020 at 15 arc-second resolution
(http://www.gebco.net/) with the Slope Special Analyst
tool in ARCGIS PRO software.
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RESULTS
SPECIES DELINEATION

A total of 4403 specimens of sinistral Phalloceros from
14 isolated drainages were examined, including type
material of P. aspilos, P. leptokeras and P. tupinamba
(Supporting Information, File S1). Morphological
characters supported the hypothesis of group
monophyly. In mature males, the tip of the gonopodium
is symmetrical with slender appendices and a large
hook in the medial portion of each appendix. Mature
females have the urogenital papilla turned to the left
side of the body.

Our morphological examination failed to recognize
unambiguous diagnostic characters supporting the
validity of nominal species. Specimens without a
black lateral spot did not form a group (Fig. 5), despite
Lucinda’s (2008) reliance on this character as a
diagnostic feature for P. aspilos. The black lateral spot
in 464 sexually mature males and females was absent
or covered by one, one-and-a-half or two scales in
the midlateral series (Supporting Information, Table
S3). The absence of the lateral spot is modal in the
Parati-Mirim material (Supporting Information, Table
S3). Our examination of lateral spot pigmentation
revealed only three (of 44) specimens with the lateral
spot present in the Parati-Mirim drainage (Supporting
Information, Table S3). One of these specimens
was included in our phylogenetic analysis (MNLM
6701) and was genetically identical to others collected
in the same basin (Fig. 5). Nine specimens without
pigmentation in the lateral spot were found in the
drainages of the Quiririm and Puruba (Supporting
Information, Table S3), small coastal drainages
located approximately 33 km (in a straight line) west
of the Parati-Mirim River. However, the samples from
Quiririm and Puruba were not nested with those from
Parati-Mirim. Instead, they belong to a distinct lineage
according to our phylogenetic analysis (Fig. 5).

The position of the lateral spot on the flank and the
shape of the urogenital papilla of females were not
useful to differentiate species of sinistral Phalloceros.
We observed that both holotypes of Phalloceros
tupinamba and P. leptokeras have the black lateral
spot on the 15" scale of the midlateral series. Among
female paratypes of P. tupinamba, 11 possessed
flattened urogenital papilla and four had the papilla
not flattened.

We generated 42 COI sequences, which included 12
distinct COI haplotypes of Phalloceros and Poecilia
vivipara. Eight haplotypes occur in the sinistral
Phalloceros group (Supporting Information, Tables
S4, S5). The pairwise K2P distances among sinistral
Phalloceros (Hap COI 1-8) varied from 0.15 to 1.23%.
Among the haplotypes of topotypes of the three nominal
species, the average pairwise distances were 0.15%

(P. leptokeras vs. P. tupinamba), 0.77% (P. aspilos vs.
P. tupinamba) and 0.92% (P. aspilos vs. P. leptokeras).
The distance from the sinistral Phalloceros group
(Hap COI 1-8) to the closest outgroup, Phalloceros sp.
‘Macaé’ (Hap COI 9), varied from 6.4 to 7.32%.

The delimitation analyses of COI sequences of the
sinistral Phalloceros yielded contradictory results
(Fig. 5). The ABGD analysis grouped all sinistral
Phalloceros in a single unit (Supporting Information,
File S2). In contrast, the ASAP analysis produced
four clustering options (Supporting Information, File
S3). The option with the highest ASAP score divided
sinistral Phalloceros into two operational taxonomic
units (OTUs): (1) the population from the Parati-
Mirim River and (2) a group containing the remaining
sinistral Phalloceros. The BIN analyses grouped all
sinistral Phalloceros in BOLD:AAB5571 as a single
unit. Both GMYC delimitation analyses (sGMYC and
mGMYC) were congruent with the ABGD and BIN
analyses and grouped all sinistral Phalloceros into a
single OTU (Supporting Information, Files S4, S5). The
BPP analyses corroborated the partition of the sinistral
Phalloceros into four groups with 0.993560 posterior
probability (Supporting Information, File S6).

PHYLOGENETIC RELATIONSHIPS

The concatenated sequences (CS) comprised 2695 bp
(656 for COI, 484 for Cytb and 1555 for RAGI) and
included 29 variable sites among sinistral Phalloceros.
The best evolutionary models found for COI, Cytb and
RAG1 were HKY+G, TVM+G and K80, respectively.
The best log-likelihood score for the Bayesian inference
(BD) analysis was —Inl 6179.148.

Among the sinistral Phalloceros we recovered
14 CSs (concatenated sequences of COI, Cytb and
RAG1), grouped into two main clades (Clades A and
B) with well-supported branch values (Fig. 5). Clade
A (seven distinct CSs) is widely distributed, grouping
a total of eight localities of the Paraiba do Sul River
and coastal drainages from the Macacu to the Puruba
drainages. The topotypes of P. aspilos, P. leptokeras
and P. tupinamba nested in Clade A (Fig. 5). Clade
A is supported by three mitochondrial molecular
synapomorphies (Fig. 6). Each locality grouped in
Clade A has a unique and exclusive CS, except for the
Quiririm and Puruba Basins, which share a CS. The
Parati-Mirim lineage (CS 6) was recovered as sister-
group of the other species of Clade A. The Parati-Mirim
samples formed the longest branch of the phylogeny
(Fig. 5) due to six mitochondrial autapomorphies
(Fig. 6). Despite samples from Batumirim Bay (CS
7) sharing the same palaeodrainage with those from
Ubatuba Bay (CS 8-14, Clade B), they unexpectedly
grouped in Clade A (Figs 3, 6).
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Figure 6. Phylogenetic relationships among the 14 sinistral Phalloceros (= Phalloceros leptokeras) with nucleotide
substitutions mapped. Letter codes within circles indicate clade names as listed in the main text. Substitutions are
identified according to the concatenated (CS) alignment of genes (COI: 1-656, Cytb: 657-1121, RAG1: 1122-2695), polarized
based on Phalloceros sp. ‘Macaé’ as outgroup. The concatenated sequence alignment has 2695 sites, 29 of which are
informative among sinistral Phalloceros. The underlined substitution of Genotype 5 from Japuiba represents a reversal
to the ancestral character state of Clade A. This topological relationship was extracted from Figure 5. Palaeodrainage (P)
numbers correspond to those proposed by Thomaz & Knowles (2018). According to those authors, the Paraiba do Sul River
belonged to palaeodrainage 121 during the LGM, but currently its mouth is related to palaeodrainage 120.

We recovered a monophyletic group consisting of
individuals sampled in the Paraiba do Sul drainage
and the coastal drainages of Guanabara Bay (Fig. 3).
Samples from Paraiba do Sul were found to be closely
related to samples from the Macacu coastal drainage.
The material from the subdrainage of the Paquequer
River formed a polytomy with the material from
Cérrego dos Pocinhos and Macacu. The sister-group
of the Paraiba do Sul + Macacu lineage is the lineage
of the Mazomba River, a small coastal drainage that
flows into Sepetiba Bay (Figs 3, 6).

Clade B (seven distinct CSs) is restricted to the
Palaeodrainage 132, occurring in the Itamambuca,

Indaia and Grande River drainages at the south-western
end of the sinistral Phalloceros group distribution (Figs
3, 6). Clade B is supported by three mitochondrial
synapomorphies and one nuclear synapomorphy (Fig. 6).
Unlike Clade A, Clade B includes samples from localities
that have more than one CS (Figs 4, 5). The samples from
Grande River possess three CSs (CS 12-14), forming
paraphyletic lineages at the base of Clade B. The two
CSs of Indaia (CS 10-11) are also paraphyletic. The two
CSs from Itamambuca (CS 8-9) form a monophyletic
group, sister to CS 10 from Indaia (Fig. 5).

As expected, the mitochondrial DNA sequences (COI
and Cytb) were more variable than the nuclear (RAGI)
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sequences (Fig. 7). We detected eight haplotypes of
COlI, 11 of Cytb and three of RAGI. The structures of
the COI and Cytb haplotypes networks are congruent
with the phylogenetic analysis. Haplotype 1 of RAG1
is present in all sampled localities, which suggests
that this is the ancestral haplotype, retained in all
populations. All three nuclear haplotypes occur in the
Grande River, but the mitochondrial haplotypes are
unique to this drainage.

The geographic expansion of the sinistral Phalloceros
group began approximately 2.3 million years ago (Mya)
(Supporting Information, Fig. S1). This divergence-
time estimate corresponds to the boundary between the
Late Pliocene and Early Pleistocene in the Quaternary
period (http://quaternary.stratigraphy.org/major-
divisions). The diversification of Clade A began about
1.7 Mya, while clade B diverged about 0.5 Mya. The
age of the clade that unites the sinistral Phalloceros
group with its sister-group is estimated to be 11.1 Mya
(6—15 Mya) (Supporting Information, Fig. S1).

DISCUSSION
SPECIES DELIMITATION

Previous knowledge concerning phylogenetic
relationships within the sinistral Phalloceros group

col Cyth
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Hp6 pS

92,120, 161,
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Hp7, Hp 8

1082

690, 942
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is restricted to interpretations from morphological
data (Lucinda, 2008) and a partial analysis based on
molecular data of 12 specimens identified as P. aspilos,
P. tupinamba and an unidentified species (Thomaz
etal.,2019). In the present study, we covered the entire
known distribution of the sinistral Phalloceros group,
including the type locality of P. leptokeras, to produce
a comprehensive reinterpretation of the phylogenetic
diversity of this group. As discussed below, we conclude
that P. aspilos, P. tupinamba and P. leptokeras
constitute a single species.

Phalloceros aspilos was originally diagnosed by a
unique autapomorphic trait of the caudal skeleton,
which has been described as ‘hypural plate almost
bipartite, with very large aperture’ (character state
131-3 in: Lucinda & Reis, 2005; Lucinda 2008).
However, Souto-Santos et al. (2019) examined the
caudal skeleton of 32 specimens and concluded that the
configuration of the hypural plate varies in samples
from the Parati-Mirim drainage. The character state
described by Lucinda & Reis (2005) was observed in
only two males in the sample of the Parati-Mirim River
examined by Souto-Santos et al. (2019). The remaining
specimens exhibited a condition in which the hypural
aperture is longer, almost eliminating the distal bony
bridge connecting the two portions of the hypural plate
[described as ‘hypural plate partially fused with an

RAG1
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T %2 Pocinhos paraiba do sul)
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Figure 7. Haplotype (Hp) network of sinistral Phalloceros group (= Phalloceros leptokeras). Mutations are identified
according to the concatenated alignment of genes (COI: 1-656, Cytb: 657-1121, RAG1: 1122-2695), non-exclusive nucleotide
substitutions are underlined. Samples from Parati-Mirim, Paquequer and Macacu are topotypes of Phalloceros aspilos,

P. leptokeras and P. tupinamba, respectively.
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elongate aperture’ character state 131-1 in Lucinda &
Reis (2005)].

The absence of the lateral spot was the only
remaining character diagnosing P. aspilos as a valid
species (Souto-Santos et al., 2019), but this character
was found to be variable in the present study.
Specimens of sinistral Phalloceros without lateral
spots were observed in the Parati-Mirim, Quiririm
and Puruba drainages. All specimens from the other
basins have a black spot on the flank. The lateral
spot size is variable, and the spot can cover one, one-
and-a-half or two scales on the midlateral series
(Figs 1, 5; Table S3). According to Lucinda (2008),
P. leptokeras has a densely pigmented rectangular
spot covering two or three scales (positioned between
scales 14 and 16), while P. tupinamba has a narrow,
vertically elongate, dark lateral spot covering one
scale horizontally (positioned between scales 16 and
19). None of the specimens examined have the lateral
spot covering three scales, and our examination of
the type series showed the ineffectiveness of the
lateral spot position for the differentiation of these
species.

Lucinda (2008) also stated that P. leptokeras can
be distinguished from P. tupinamba by the flattened
urogenital papilla in females (vs. not flattened in
P. tupinamba). This character varies even in the
type series of P. tupinamba (MCP 20585). Among
the female paratypes of P. tupinamba, 11 possess
flattened urogenital papilla and four have the papilla
not flattened.

Analyses of genetic delimitation of species show the
great similarity among sinistral Phalloceros,including
topotypes of Phalloceros aspilos, P. leptokeras and
P. tupinamba. The results of the ABGD, BIN, sGMYC
and mGMYC analyses proposed that all 11 populations
(drainages) of sinistral Phalloceros belong to the same
species. GMYC analysis is one of the most popular
species-delimitation tools (Puillandre et al., 2020),
largely applied in studies of freshwater fish (e.g.
Rossini et al., 2016). ABGD, BIN and ASAP analyses
are exploratory delimitation methods that do not
require prior relationship hypotheses (Puillandre
et al., 2020). The other analyses (ASAP, BPP) divided
the group into two and four groups, respectively (Fig.
5). According to the ASAP analysis, the Parati-Mirim
River samples belong to a species distinct from the
other sinistral Phalloceros. However, recognition of
the Parati-Mirim lineage as a valid species renders
the remaining group of populations paraphyletic.
The results of the BPP analysis are useful to confirm
the genetic structure of lineages but cannot be used
to assert that these lineages represent species.
This is because multispecies coalescent methods
delimit genetic structure, not species (Sukumaran &
Knowles, 2017).

Molecular species-delineation methods must be
applied in taxonomy in an integrative way (Puillandre
et al., 2020). The Parati-Mirim material revealed
four autapomorphies in the Folmer region of the
COI gene, more than the other sampled localities
(Fig. 5). ASAP analysis is a method based on genetic
distance and, therefore, produces groups based on
phenetic similarity without considering phylogenetic
relationships. Although most individuals from Parati-
Mirim lack a lateral spot (Supporting Information,
Table S3), the ASAP result is not congruent with our
hypothesis of phylogenetic relationships (Fig. 5). We
follow Nixon & Wheeler’s (1990) species concept, also
adopted by Lucinda (2008): species are diagnosable
groups of organisms representing lineages within
a phylogenetic hypothesis. The results of the ASAP
analysis are, therefore, not accepted because they
violate the principle of monophyly implied by the
results of our phylogenetic analyses. Instead, the
results of the ABGD, BIN and GMYC analyses are
accepted because they agree with the phylogenetic
results.

Fish specimens with COI genetic distances less
than 2% K2P distance are usually conspecific (Ward
et al., 2009; Pereira et al., 2013). The highest pairwise
divergence value among sinistral Phalloceros species
was 1.23%, which was found between the samples from
Parati-Mirim and Indaia drainages. In contrast, the
distance between the sinistral Phalloceros and their
sister-group exceeded 6% (Supporting Information,
Table S5). Accordingly, the BIN analysis supports
the hypothesis that the sinistral Phalloceros are
conspecific, as all our samples have been clustered
within the same barcode index number, as estimated
by the OTU designation through refined single linkage
(RESL) analysis (Ratnasingham & Hebert, 2013).

As originally described, P. tupinamba comprised
populations from the Macacu River and the Ubatuba
Bay drainages (Lucinda, 2008). However, there is no
morphological or molecular evidence supporting the
monophyly of these disjunct populations. Samples
associated with the type localities of the three nominal
species of sinistral Phalloceros were nested in Clade
A (Fig. 5). Topotypes of P. tupinamba (from Macacu)
are more related to topotypes of P. leptokeras (from
Paquequer) than to other sinistral Phalloceros from the
Ubatuba Bay drainage (Clade B) where P. tupinamba
paratypes were collected (Itamambuca, Indaid and
Grande).

Considering the combined molecular and
morphological evidence, we propose synonymizing the
names P. aspilos, P. leptokeras and P. tupinamba. The
three nominal species were described at the same time
(Lucinda, 2008) and as first reviewers (ICZN Article 24.2,
https://www.iczn.org/the-code/the-international-code-of-
zoological-nomenclature/the-code-online/) here we give
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precedence to P, leptokeras as the valid name for sinistral
Phalloceros. We chose the name P. leptokeras because
it alludes to the slender gonopodial appendix (Fig. 3)
shared by all sinistral Phalloceros (Lucinda, 2008).

Thomaz et al. (2019) proposed a lineage composed of
Phalloceros elachistos, P. mikrommatos and P. ocellatus
as the sister-group of P. leptokeras (= all sinistral
Phalloceros). Here, samples of P. mikrommatos
and P. ocellatus were included in the phylogenetic
analysis. We also added in the analysis an undescribed
species of Phalloceros that occurs in the drainages
of Macaé, Sdo Jodao and Cabiinas on the east coast
of the State of Rio de Janeiro. Phalloceros leptokeras
is more closely related to this undescribed species
informally named here Phalloceros sp. ‘Macaé’ than
to P. mikrommatos and P. ocellatus. Phalloceros sp.
‘Macaé’ can be distinguished from P. leptokeras by the
straight urogenital papilla (vs. turned to the left in
P. leptokeras). Phalloceros sp. ‘Macaé’ belongs to the
P. harpagos species complex (Lucinda, 2008) and is
being described elsewhere.

PHYLOGEOGRAPHIC PATTERNS

The correlation among the geographic distribution of
the haplotypes and their phylogenetic relationships is
remarkable. The vicarious isolation of lineages A and
B (Fig. 5) corresponds to the water divide separating
the drainages of the Puruba and Itamambuca (Fig. 3).
All drainages to the north-east of this limit belong to
Clade A and the drainages to the south-west belong to
Clade B.

A phylogeographic approach was used to evaluate the
origin and relationships among Phalloceros leptokeras
(= all sinistral Phalloceros) populations. The lineages
of Clade B and the basal lineages of Clade A inhabit the
coastal side of the Serra do Mar, as well as Phalloceros
sp. ‘Macaé’, the sister-species of P. leptokeras (Figs 3, 5).
This phylogenetic pattern suggests that the species has
a coastal origin and later invaded the drainage of the
Paraiba do Sul River on the northern slope of the Serra
do Mar. The coastal origin of Phalloceros leptokeras and
the beginning of the species diversification (2.3 Mya)
pre-dates the LGM (0.26-0.19 Mya; Thomaz et al.,
2015), corroborating the hypothesis that ancestors of
P. [eptokeras inhabited exposed palaeochannels during
periods of low sea-level during the Pleistocene period.
The Phalloceros leptokeras clade groups samples
from ten isolated drainages associated with four
palaeodrainages (Figs 3, 6). Clade A is associated with
all these palaeodrainages (i.e. Palaeodrainages 121,
128, 130 and 132) and Clade B is only associated with
Palaeodrainage 132 (Table 1; Fig. 6).

Palaeodrainage 121 (or 120, see Fig. 3) is associated
with the drainage of the Paraiba do Sul River,
represented in our phylogeny by concatenated

Table 1. Result of the palaeodrainage hypothesis test.
Clades restricted to the same palaeodrainage (sensu
Thomaz & Knowles, 2018) are marked in palaeodrainage
dispersal. Clades with geographic distribution in different
palaeodrainages are indicated in the inter palaeodrainage
dispersal. Node ages are indicated in Mya

Clade from  Node Palaeodrainage Inter
Figure 6 age dispersal palaeodrainage
dispersal

Sinistral 2.3 X
Phalloceros

A 1.7 X

Al 1.1 X

A2 0.5 X

A3 0.4 X

B 0.5 X

sequences (CS) 1 and 2 (Fig. 5). These CSs are related
to CS 3 of the coastal drainage of the Macacu River that
belongs to Palaeodrainage 128. There is no evidence of
past relationships between the mouth of the Paraiba do
Sul and the mouth of the Macacu Rivers, thus leading
to the rejection of the palaeodrainages hypothesis as an
explanation for the evolutionary relationship among
lineages represented by CS 1-3. There are seven
palaeodrainages between Palaeodrainage 121 and
Palaeodrainage 128 (Fig. 3) and Phalloceros leptokeras
has never been recorded in basins that flow into those
palaeodrainages. There are also no records of sinistral
Phalloceros in the lower portions of the Paraiba do
Sul Basin. In contrast, the drainages of the Piabanha
River (tributary of Paraiba do Sul) and the Macacu are
adjacent and flow in opposite directions, isolated by
the Serra dos Orgéos, an extension of the Serra do Mar.
The relationships among the samples from the Paraiba
do Sul and the Macacu suggest that Phalloceros
leptokeras colonized the Paraiba do Sul drainage,
overcoming the Serra dos Orgéos geographical barrier.
Another possible scenario is lowland dispersal followed
by local extinction in Palaeodrainages 122—-127 region.
The Serra dos Orgéos has a rugged relief of crystalline
rocks and its maximum elevation can exceed 2000 m
(Melo, 2001). The rocks that form the Serra dos
Orgéos date from the Precambrian period and thus it
would be more plausible to consider that Phalloceros
leptokeras overcame this barrier through stretches
of lower elevation in the Serra do Mar further west.
The disjunct distribution of species isolated by the
topography in the Serra do Mar is often associated
with headwater capture events, when the hypothesis
of dispersal through Pleistocene palaeodrainages is
rejected (e.g. Lima et al., 2016). However, there is no
geological evidence in the literature corroborating
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headwater capture events in the Serra dos Orgéos.
Geological studies in this stretch of the Serra do Mar
are necessary to detect evidence of headwater capture
events that may explain the presence of P. leptokeras
in the Paraiba do Sul Basin. Additionally, the great
genetic similarity between the samples from the
Paraiba do Sul and Macacu Rivers might be explained
by human-mediated dispersal.

Palaeodrainage 130 is the largest in the study area.
According to Thomaz & Knowles (2018), in the LGM
this palaeodrainage connected all coastal drainages
from Ilha Grande Bay and Sepetiba Bay, including
the sampled drainages from Piraqué, Guandu,
Mazomba, Muriqui, Saco, Japuiba and Parati-Mirim
(Fig. 3). The Mazomba CS (CS 4, Palaeodrainage
130) is more related to the Paraiba do Sul CSs (CS
1-2, Palaeodrainage 121) and Macacu CS (CS 3,
Palaeodrainage 128) than to the CSs sampled from the
Japuiba (CS 5, Palaeodrainage 130) and Parati-Mirim
(CS 6, Palaeodrainage 130) (Fig. 6). Despite sharing
Palaeodrainage 130, the Japuiba and Parati-Mirim
CSs do not form a monophyletic group. Therefore, the
relationship of CS 4-6 (Fig. 6) cannot be explained by
the palaeodrainage model.

The phylogenetic positioning of the Mazomba River
CS suggests that sinistral Phalloceros dispersed along
adjacent drainages, from the coastal basins of Sepetiba
Bay (Palaeodrainage 130) towards the drainages
of Guanabara Bay (Palaeodrainage 128) (Figs 3, 6).
The large lowland area (Baixada Fluminense region)
that stretches between the drainages of Sepetiba Bay
and Guanabara Bay is a possible route of dispersal.
These lowlands are occupied by extensive wetlands,
which provide suitable habitats for small species of
fish such as Phalloceros. Additionally, intense summer
floods are frequent in the area and further support the
hypothesis of lowland dispersal.

On the other hand, the three drainages in Ubatuba
Bay that flow into Palaeodrainage 132 (Itamambuca,
Indaia and Grande) are grouped in Clade B (Figs
3, 6). The evolutionary origin of Clade B dates back
to 0.5 Mya (Supporting Information, Fig. S1) and
corroborates the hypothesis of faunal interchange
through palaeodrainages exposed during Pleistocene
marine regressions (Thomaz & Knowles, 2018).
The lowering of sea level would have temporarily
allowed the connection of these three rivers, prior to
the isolation of the current drainages that promoted
population differentiation.

The basins of Batumirim Bay (Puruba and
Quiririm) flow into the east border of Palaeodrainage
132 (Figs 3, 6). However, the CS shared by Puruba and
Quiririm (CS 7) is more closely related to the CSs of
Clade A than to the CSs of other drainages associated
with Palaeodrainage 132 (Fig. 5). The phylogenetic
positioning of CS 7 suggests that the Clade A lineage

colonized Palaeodrainage 132 after the establishment
of Clade B lineage in that region. Serra do Parati, a
stretch of Serra do Mar, is the main watershed divide
between the drainages of Batumirim Bay and the
drainages grouped by Clade A. Lima et al. (2016)
hypothesized that there was a headwater capture
event in the Serra do Parati between the Parati-Mirim
and Camburi drainages to explain the colonization of
the coastal basins of this southern slope of the Serra
do Mar by the catfish Trichogenes longipinnis Britski
& Ortega, 1983. However, Lima et al. (2016) did not
specify the geological evidence for the proposed stream
capture event nor its location. There are no records of
Phalloceros leptokeras in the Camburi River, and it is
equally plausible to explain the presence of lineage
A in the basins of Batumirim Bay by dispersal instead
of headwater capture. There is no geological, ecological
or anthropic evidence to explain the dispersal of
Clade A to Palaeodrainage 132. The drainages of the
Quiririm and Puruba do not share a watershed divide
with the Parati-Mirim. The Puruba headwaters share
a watershed divide with the Perequé-Acu drainage, a
basin adjacent to Parati-Mirim. However, the species
of Phalloceros found in the Perequé-A¢u drainage are
not related to P. leptokeras (Souto-Santos et al., 2019).
The area of occurrence of Clade A is dominated by
mountain ranges, valleys, islands and bays (Fig. 3).
This geographical complexity may have produced the
complex faunal relationships that encompass various
palaeodrainages. The area of occurrence of Clade B
is more isolated and restricted to a narrow strip of
high-gradient slope of the Serra do Mar (Fig. 3), thus
confining the resident lineage to Palaeodrainage 132.

CONCLUSIONS

The group of sinistral Phalloceros corresponds to
a single species. Here we propose P. aspilos and
P. tupinamba as junior synonyms of P. leptokeras.
The diversification of the P. leptokeras lineage started
in the coastal region through a process of vicarious
speciation. The watershed divide between the Puruba
and Itamambuca River drainages isolates Clade
A with a distribution to the north-east from Clade B to
the south-west. The test of the palaeodrainage model
proposed by Thomaz & Knowles (2018) explains only
the evolution of Clade B, restricted to Palaeodrainage
132. Phalloceros leptokeras from Clade A dispersed
along the coastal basins of Ilha Grande, Sepetiba
and Guanabara Bays, and colonized the Paraiba
do Sul Basin, thereby overcoming the geographical
barrier of Serra dos Orgéos. There were at least three
dispersal events between different palaeodrainages:
(1) Palaeodrainage 130 to 132, (2) Palaeodrainage 130
to 128, and (3) Palaeodrainage 128 to 121.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article at the publisher’s web-site.

File S1. Material examined. Species are listed in alphabetical order and river drainages are listed from north to
south.

File S2. ABGD results following parameters recommended by Rossini et al. (2016). All sinistral Phalloceros were
grouped together. Details of the 36 COI samples are in Table S4.

File S3. ASAP results following default parameters of Puillandre et al. (2020). The partition with the best ASAP
score (3.50) divided the sinistral Phalloceros into two groups. Details of the 36 COI samples are given in Table S4.
File S4. GMYC single threshold result. A single sequence was selected to represent each COI haplotype (see
details in the methodology and Table S4). Black colour represents distinct OTU’s and red represents the same
OTU. Sinistral Phalloceros are nested in a unique OTU.

File S5. GMYC multi threshold results. A single sequence was selected to represent each COI haplotype (see
details in the methodology and Table S4). Black colour represents distinct OTU’s and red represents the same
OTU. Sinistral Phalloceros are nested in a unique OTU.

File S6. BPP results. The partition with the highest probability is indicated in yellow. Number 1 in model represents
lineages (nodes) of distinct partitions. Number O represents lineages that grouped in the same partition.

Figure S1. Estimates of gene divergence time for the sinistral Phalloceros group based on Bayesian inference
for the mitochondrial COI and Cytb region, and the nuclear RAG1 region, calibrated with the age of 42 Mys
attributed to the divergence between Phalloceros and Poecilia (Reznick et al., 2017). Scale bar in millions of
years before present. The 95% credibility intervals for node ages are shown with horizonal blue bars. Values at
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nodes represent posterior probabilities. Samples from Parati-Mirim, Paquequer and Macacu represent topotypes
of Phalloceros aspilos, P. leptokeras, and P. tupinamba, respectively.

Table S1. List of specimens used to obtain molecular data. Sample ID refers to the DNA Extract Collection of the
Laboratoério de Pesquisa em Biodiversidade Molecular, Museu Nacional (MNLM) (http://www.boldsystems.org/).
Voucher code refers to the whole-organism catalog numbers deposited in the ichthyological collection of the Museu
Nacional (MNRJ), Specimen/tissue code refers to tissue catalog number from the collection of fish tissues of the
Museu Nacional (MNTI).

Table S2. Primers and PCR profiles used in the study.

Table S3. Size of the lateral spot in adults of sinistral Phalloceros group (sensu Lucinda, 2008). Holotypes
were examined on their left (L), and right (R) sides; other specimens were examined on the left side. Drainages
associated with DNA sequencing samples are indicated with an asterisk. Bold voucher numbers indicate
paratypes. Drainages 1 to 4 flow to the Rio Paraiba do Sul, and drainages 5 to 17 flow directly into the Atlantic
Ocean. Palaeodrainage numbers correspond to those proposed by Thomaz & Knowles (2018). According to those
authors, the Rio Paraiba do Sul belonged to palaeodrainage 121 during the LGM, but currently its mouth is
related to palaeodrainage 120.

Table S4. COI haplotypes associated with sinistral Phalloceros group. Haplotypes nine to 14 correspond to
samples used as outgroup in the phylogenetic analyses. Locality codes correspond to the way each drainage
was identified in the ABGD, ASAP and GMYC analyses (Supplementary Files S2-S5). Palaeodrainage numbers
correspond to those proposed by Thomaz & Knowles (2018). According to those authors, the Rio Paraiba do Sul
belonged to palaeodrainage 121 during the LGM, but currently its mouth is related to palaeodrainage 120.
Haplotypes of the outgroup are shaded.

Table S5. Pairwise estimates of evolutionary sequence divergence (K2P genetic distance) between samples.
Haplotypes correspond to those listed in Table S4. Values given as percent. Haplotypes of the outgroup are shaded.
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