m

Check for
‘ updates

Received: 11 September 2019 Revised: 1 April 2020 Accepted: 5 April 2020

DOI: 10.1111/jzs.12389

ORIGINAL ARTICLE

—
ZO(;[L)(SJE \'\(IZ/XFSYSTEMAT\CS W l L E Y

*©EVOLUTIONARY RESEARCH

Phylogenetic structure of Neotropical annual fish of the
genus Cynopoecilus (Cyprinodontiformes: Rivulidae), with an
assessment of taxonomic implications

Daiana Kaster Garcez!
Matheus Vieira Volcan?

1Programa de Pés-Graduacio em Biologia
de Ambientes Aquaticos Continentais,
Universidade Federal do Rio Grande, Rio
Grande, Brazil

2Laboratério de Ictiologia, Instituto Pro-
Pampa, Pelotas, Brazil

3Departamento de Ecologia e Evolucdo
(DEE), Centro de Ciéncias Naturais e Exatas
(CCNE), Universidade Federal de Santa
Maria, Santa Maria, Brazil

Correspondence

Lizandra Jaqueline Robe, Programa de
P6s-Graduacao em Biologia de Ambientes
Aquaticos Continentais, Universidade
Federal do Rio Grande, Rio Grande, Rio
Grande do Sul, Brazil.

Email: lizbiogen@gmail.com

Funding information

Fundacéo Grupo Boticéario de Protecao
a Natureza, Grant/Award Number:
1090_20171; Coordenacao de
Aperfeicoamento de Pessoal de Nivel
Superior, Grant/Award Number: Finance
Code 001

1 | INTRODUCTION

| Murilo de Oliveira Fernandes!

| Gabrielli da Rosa Ozério* |

| Lizandra Jaqueline Robe'?

Abstract

The definition of species boundaries constitutes an important challenge in biodiver-
sity studies. Cynopoecilus Regan, 1912 encompasses several endangered species of
annual fish, occurring in temporary ponds in a restricted area of Southern Brazil and
Uruguay. Divergences about the taxonomic status of Cynopoecilus species highlight
the importance of species delimitation studies. Therefore, we address here the phy-
logenetic structure of Cynopoecilus, while assessing its taxonomic implications. For
this, fragments of the mitochondrial COI and nuclear RAG1 genes were character-
ized and analyzed for a set of 275 and 280 specimens, respectively. DNA barcoding
and phylogenetic analyses detected subdivision of these specimens in 8-10 clusters,
which comprise the six previously described species, and suggest one invalid taxon
and at least 3-5 putative new species. The phylogenetic structure also suggests that
the Jacui River and the Patos Lagoon historically acted as effective barriers to gene
flow between populations, although some isolated dispersal events across these
water bodies could be evidenced, especially for C. melanotaenia Regan, 1912. In gen-
eral, the results highlight the need of independent conservation strategies within the
distribution area of each of the endemic allopatric killifish clusters, while questioning

several taxonomic boundaries and distribution data.
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goals (Hebert, Ratnasingham, & Waard, 2003). The efficiency of DNA

barcoding approaches depends on the assumption that the intraspe-

One of the first steps in any biological study encompasses the eval-
uation of existing diversity, in order to identify previously described
species, while detecting and diagnosing new species. The DNA bar-
coding technique proposes the use of a fragment of the cytochrome
c oxidase | mitochondrial gene (COI) as a shortcut to assist in these
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cific genetic diversity found for this gene is lower than the inter-
specific genetic divergence (Meyer & Paulay, 2005), which is largely
dependent on the presence of reciprocal monophyly among species
(Kekkonen & Hebert, 2014; Meyer & Paulay, 2005). Although both
assumptions do not always apply (Funk & Omland, 2003; Meyer &
Paulay, 2005), this technique has been playing an important role in
the discovery of new species in different animal groups (Hebert,
Penton, Burns, Janzen, & Hallwachs, 2004; Kiontke et al., 2011;
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Machado et al., 2017; Witt, Threloff, & Hebert, 2006), including an-
nual fish (Costa & Amorim, 2011; Costa, Amorim, & Aranha, 2014;
Costa, Amorim, & Mattos, 2016). In this way, it presents important
applications on the biology of conservation, contributing in the as-
signment of taxonomic status and distribution areas (Pfeiler, 2018),
while also assisting in the discovery of cryptic diversity (Kekkonen &
Hebert, 2014). Nevertheless, as the reliance on a single marker may
impose multiple limitations to the technique (Moritz & Cicero, 2004;
Packer, Gibbs, Sheffield, & Hanner, 2009; Song, Buhay, Whiting,
& Crandall, 2008), the simultaneous use of a nuclear marker may
be advisable, especially if species subdivision is to be assessed. In
fact, analysis of a single locus may not be robust enough to pro-
pose reliable species hypotheses (Puillandre, Lambert, Brouillet, &
Achaz, 2012).

Annual fishes of the family Rivulidae comprise one of the most
diverse clades of Neotropical freshwater fishes and are particularly
affected by the loss and fragmentation of the ephemeral wetlands
they inhabit (Costa, 2002a, 2008; Volcan, Lanés, Goncalves, &
Guadagnin, 2015). This family encompasses about 350 described
species, a third of which occur in Brazilian territories (Costa, 2008;
Loureiro et al., 2018). At least part of this diversity is explained by
the occurrence of geomorphological events that created opportu-
nities for allopatric diversification, through the frequent isolation of
small populations (Reichard, 2015). Among the geomorphological
events that occurred in Uruguay and southern Brazil, the paleocli-
matic alternations of Quaternary caused sea-level variations, open-
ing and closing areas of communication with the Atlantic Ocean. This
built a system called as Multiple Barrier (Villwock & Tomazelli, 2007),
formed by four major depositional events (Barrier 1-1V) that ex-
tended from 400,000 to 5,000 years ago and led to the formation of
the Patos, Mirim, and Mangueira lagoons.

Allopatric speciation in annual fish may have been further en-
hanced by large water bodies and even terrestrial areas acting as
effective barriers to gene flow (Bartadkova, Reichard, Blazek, Polacik,
& Bryja, 2015; Bartakova et al., 2013) and interrupting gene flow
even between recently diverged and geographically close pop-
ulations (Barbosa, Garcez, Volcan, & Robe, 2020). In this way, it
is not rare to find high levels of cryptic diversity within different
species of annual fish, which may actually comprise species com-
plexes (Garcez et al., 2018; Garcia, Gutiérrez, Rios, & de S3a, 2015;
Garcia et al., 2019). Unfortunately, the fact that annual fish usually
encompass small and isolated populations also turns these species
one of the most endangered taxa. This is further complicated by
the straightforward degradation of their habitats (Volcan & Lanés,
2018; Volcan et al., 2015), whether through the landfill of ponds for
agriculture or urbanization, or through the release of pollutants that
decimate entire populations. In fact, annual fish encompass about
30% of the threatened ichthyofauna in Brazil (ICMBio, 2018).

Among Neotropical rivulids, Cynopoecilus Regan, 1912 (de-
scribed in Regan (1912b)) stands out for having internal fertil-
ization and exhibiting elaborated inseminating structures (Costa
et al., 2016). Furthermore, Cynopoecilus may be easily diagnosed by

the unique color pattern occurring in all species, consisting of a dark

reddish-brown to black stripe along the lateral midline of the body
and another between the pectoral-fin base and the posterior end of
the anal-fin base (Costa, 2002; Costa et al., 2016; Ferrer, Wingert,
& Malabarba, 2014). Currently, this genus comprises six endemic
species distributed in the coastal plains of the Patos-Mirim Lagoon
System and Jacui River basin, in southern Brazil and Uruguay (Costa
et al., 2016; Ferrer et al., 2014): C. melanotaenia Regan, 1912 (de-
scribed in Regan (1912a)), C. intimus Costa, 2002 (described in Costa
(2002b)), C. nigrovittatus Costa, 2002 (described in Costa (2002b)),
C. notabilis Ferrer et al., 2014, C. feltrini Costa et al., 2016, and C. ful-
gens Costa, 2002 (described in Costa (2002b)). This number of spe-
cies applies after the taxonomic revision performed by Costa (2016),
which suggested C. multipapillatus Costa, 2002 (described in Costa
(2002b)) as a synonym of C. fulgens. Among the described species,
C. intimus, C. fulgens, and C. nigrovittatus have the status of vulnera-
ble to extinction (SEMA, 2014; Volcan et al., 2015). Although C. no-
tabilis is known only from its type locality, it is not included in the red
list because it occurs within a conservation unit, which is considered
to reduce the immediate likelihood of anthropogenic impacts (Ferrer
etal.,, 2014).

In this study, our aim was to address the phylogenetic structure
across the genus Cynopoecilus, while addressing its taxonomic im-
plications. In this sense, we applied the phylogenetic species con-
cept to address the hypothesis that some species of the genus are
subdivided into cryptic or still unrecognized lineages, deserving fur-
ther descriptions, while others are merged in a unique evolutionary
lineage, deserving synonymizations. As a consequence of allopatric
fragmentation, we believe that species of Cynopoecilus inhabiting
areas in which recent geomorphological events have occurred (as
C. fulgens), or possessing geographic barriers in its current distri-
bution area (as C. nigrovittatus), may be especially prone to present
cryptic diversity. The refinement of these questions is, thus, funda-
mental to assess the conservation status of every Cynopoecilus spe-

cies and to delimit hot spots to the conservation of the genus.

2 | MATERIAL AND METHODS
2.1 | Sampling

This study includes molecular data from a total of 280 individuals
from the six species of Cynopoecilus, 242 of which were collected
between 2014 and 2018 across 34 sampling locations (Table S1),
distributed in the entire known distribution range of the genus
(Costa, 2002b; Costa et al., 2016; Ferrer et al., 2014) (Figure 1).
Additionally, 11 sequences were obtained from GenBank (acces-
sion numbers KT823671.1-KT823674.1, KT823652.1-KT823655.1,
KT823656.1-KT823658.1,and KT590068.1-Table S1) and 27 tissues
were made available by Departamento de Zoologia, Universidade
Federal do Rio Grande do Sul, Porto Alegre (UFRGS). Sequences of
Austrolebias wolterstorffi Ahl, 1924 (accession numbers KY093034.1
and KJ844671.1), Nematolebias whitei Myers, 1942 (accession num-
ber KJ844686.1), and Simpsonichthys igneus Costa, 2000 (accession
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FIGURE 1 Distribution map of the 34 sampling sites of Cynopoecilus, emphasizing differences between traditional species boundaries (a)

and lineages defined after this study (b)

number HQ833482.1) were included in the analyses as out-group
taxa. Voucher material was deposited in the Fish Collection of the
Museu de Ciéncias e Tecnologia of the Pontificia Universidade
Catdlica do Rio Grande do Sul (MCT-PUCRS) (MCP 54235-MCP
54,254-Table S1).

The fishes were collected in temporary ponds with the help of
hand nets, euthanized with an overdose of 3,000 mg/L of eugenol
anesthetic and then fixed in 95% ethanol. All collections were autho-
rized by the Sistema de Autorizacdo e Informacdo em Biodiversidade
(SISBIO) of the Brazilian Ministério do Meio Ambiente (MMA) and by
the Ethics Committee on Animal Use of the Universidade Federal do
Rio Grande (CEUA-FURG).

2.2 | DNA manipulation

Total DNA was extracted from each specimen from approximately
30 mg of muscular tissue, using a phenol/chloroform protocol
(Sambrook, Fritschi, & Maniatis, 1989), or when necessary, using the
DNeasy Blood & Tissue Kit (Qiagen), according to the manufacturer
instructions. A total of 1,182 bp of the mitochondrial cytochrome ¢
oxidase subunit | (COI) gene and 562 bp of the recombination activat-
ing protein 1 (RAG1) gene were amplified from each sample using the
primers LCO1490 (GGTCAACAAATCATAAAGATATTGG) and COlb
(CCAGAGAATAGAGGGAATCAGTG) (Folmer, Black, Hoeh, Lutz, &

Vrijenhoek, 1994 and Murphy, Thomerson, & Collier, 1999, respec-
tively) and L2891_RAG1ex3 (AAGGAGTGYTGYGATGGCATGGG)
and H3405_RAG1lex3 (GCNGAGACTCCTTTGACTCTGTC) (Near
et al., 2012), respectively. PCRs were carried out using 100 ng of
DNA in 25 pl reactions, containing 1 x buffer, 0.3-0.5 pM of each
primer, 0.30 mM of each dNTP, 2.5-3 mM of MgCl,, and 1-1.5 U of
Taq DNA polymerase. PCR conditions for COI consisted of an initial
stage of denaturation at 94°C for 5 min, followed by 35 cycles of
denaturation at 94°C for 40 s, annealing at 55 to 51°C for 40 s and
extension at 72°C for 70 s, and by a final extension stage at 72°C for
10 min; for RAG1, cycling consisted of denaturation at 94°C for 30 s,
annealing at 60°C for 30 s, and extension at 72°C for 30 s. After an
electrophoresis performed to confirm the success of amplification,
amplicons were purified with a solution of 7.5 M ammonium acetate
(C,H,NO,) and directly sequenced by MACROGEN (Seoul, Korea).

2.3 | Matrix construction

First, contigs were assembled and inspected using the Gap4 soft-
ware of the Staden package (Staden, 1996). The sequences were
then aligned using the Clustal W algorithm in MEGA 7.0 software
(Kumar, Stecher, & Tamura, 2016). For RAG1, heterozygous sites
were coded according to the nucleotide degeneracy/redundancy
table and later unphased in DnaSP 5.10 software (Librado &
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Rozas, 2009). This software was also employed to measure the
minimum number of recombination events that best explains the
diploid dataset.

2.4 | Phylogenetic and coalescence analyses

We used different strategies related to the DNA barcoding approach,
employing only COI or RAG1, or even the concatenated dataset, in
order to delimit taxonomic units and evaluate the presence of cryp-
tic diversity. At first, phylogenetic analyses were performed through
Bayesian inferences (Bl) to evaluate questions of reciprocal monophyly,
and to test the validity of the six species of Cynopoecilus proposed
so far. These analyses were performed in MrBayes 3.2.6 (Ronquist
et al., 2012) under the best substitution model suggested by a BIC
(Schwarz, 1978) test performed in jModelTest 2.1.10 (Posada, 2008).
The Markov chain Monte Carlo (MCMC) of the Bl was run for
10,000,000 generations, sampling trees every 1,000 generations, and
burning 25% of the initial results. These analyses were performed with
the use of out-groups, and the phylogenetic trees were further visual-
ized and edited in FigTree 1.4.3 (Rambaut & Drummond, 2009).

The general mixed Yule coalescent (GMYC) (Pons et al., 2006) anal-
ysis was also employed to test species assignments, without a priori
species hypotheses. This approach relies on the detection of transitions
between intra- and interspecific evolutionary processes, that is, between
coalescence and cladogenesis (Pons et al., 2006). This analysis was per-
formed in SPLITs (species limits by threshold statistics; Monaghan
et al., 2009), with RStudio (http://r-forge.r-project.org/ projects/splits),
after reconstruction of three ultra-metric trees under different molec-
ular clock and tree models in BEAST v.1.7.5 (Drummond, Suchard, Xie,
& Rambaut, 2012): (a) Yule model, with a constant speciation rate and
a strict molecular clock; (b) Coalescent model, with constant population
size and a strict molecular clock; and (c) Coalescent model, with constant
population size and a relaxed molecular clock. In all cases, substitution
models were selected under a BIC test, performed in the jModelTest
2.1.10, and the concatenated analysis was performed with unlinked
substitution models. As we just needed simple ultra-metric trees with
relative divergence times, default clock.rates and ucld.mean values
were employed. The three independent runs were carried out with 20
million generations each, sampling every 2,000, and burning 10% of ini-
tial results. Data mixing and effective sample size (ESS) were checked in
Tracer v1.7.1 (Rambaut, Drummond, Xie, Baele, & Suchard, 2018), and
TreeAnnotator was used to summarize the posterior distribution.

Finally, the relationships between haplotypes or alleles were in-
ferred from networks generated by median joining in the Network
v.4.510 software (Bandelt, Forster, & Rohl, 1999). For RAG1, this anal-

ysis was preceded by the deletion of sites with recombination signals.

2.5 | Distance analyses

The levels of genetic differentiation among species or lineages were
measured by the fixation index (FST) in Arlequin 3.5 (Excoffier &

Lischer, 2010) using pairwise differences with 10,000 random per-
mutations. Furthermore, mean pairwise distances between lineages
were measured in MEGA 6 using the Kimura 2-Parameters (K2P)
(Kimura, 1980) evolutionary model.

We also employed the Automatic Barcode Gap Discovery (ABGD)
(Puillandre et al., 2012) algorithm to test species assignments under
distance approaches, without a priori species hypothesis. For this
analysis, the aligned sequences of each matrix were uploaded to
the Web site http://wwwabi.snv.jussieu.fr/public/abgd/ and then
evaluated under K2P distances in order to detect significant differ-
ences between intra- and interspecific variations (barcoding gaps)

(Zimmermann, Campos-Filho, Depra, & Araujo, 2015).

2.6 | Migration analysis

Indirect measures of migration rates within the major structure
suggested by the phylogenetic analysis were obtained in LAMARC
2.1.10 (Kuhner, 2006) using COI sequences. Runs consisted of two
simultaneous likelihood searches, each with 10 initial and four final
chains, with a minimum of 1,000 and 10,000 recorded parameter
sets, respectively, sampling every 20 generations after a burn-in of

1,000 genealogies.

3 | RESULTS

The present study characterized 264 new partial mitochondrial COI
sequences of 982 bp (120 from C. melanotaenia, 14 from C. intimus,
68 from C. nigrovittatus, three from C. notabilis, six from C. feltrini,
and 53 from C. fulgens) and 280 new partial nuclear RAG1 sequences
of 432 bp (119 from C. melanotaenia, 14 from C. intimus, 72 from
C. nigrovittatus, eight from C. notabilis, 11 from C. feltrini, and 56
from C. fulgens), from a total of 34 populations (Figure 1). As 11 se-
quences of COI (four from C. melanotaenia, one from C. notabilis, and
six from C. fulgens) were downloaded from GenBank, our analyses
totaled 275 and 280 specimens of Cynopoecilus for COI and RAG1,
respectively (Alignments S1 and S2). All sequences generated in this
study were deposited in GenBank (COI, MK836466-MK836725 and
MN326791-MN326794; RAG1, MK836726-MK837005) (Table S1).

3.1 | Phylogenetic, coalescence, and
migration analyses

Bayesian phylogenetic analyses produced trees with congruent
topologies for both COI considered individually (Figure 2a) or in
combination with RAG1 (Figure 2c). In both cases, only C. intimus,
C. notabilis, and C. feltrini revealed reciprocally monophyletic. In
fact, C. melanotaenia revealed paraphyletic with regard to some
individuals of C. fulgens, whereas C. fulgens and C. nigrovittatus re-
vealed polyphyletic. Moreover, as individuals from the type local-
ity of C. fulgens (S3o José do Norte, locality 3—RS, Costa, 2002b)
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FIGURE 2 Tree topology generated by Bayesian Inference of COI (a, b) and COI + RAG1 (c, d) sequences of Cynopoecilus emphasizing
differences between traditional species boundaries (a, c) and lineages defined after this study (b, d). Numbers above branches refer to
the Bayesian posterior probability of each clade. The asterisks indicate location of the type specimens. Colors are in accordance with

distribution patterns presented in Figure 1

appeared intermingled among individuals of C. melanotaenia, we
hereafter question the taxonomic validity of C. fulgens and call other
populations of this species as Cynopoecilus sp. (Figure 2b,d).
Without a priori species assignments and employing only the
COIl matrix or the concatenated dataset, GMYC supported the

subdivision of Cynopoecilus in 10 clusters, which were considered as
independent taxonomic units in further analyses: (1) C. melanotaenia,
which includes all populations of C. melanotaenia plus all individuals
previously assigned to C. fulgens (i.e., ex C. fulgens) collected in Sao

José do Norte locality 3 and some individuals collected in Sdo José
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do Norte locality 4; (2) C. intimus from Santa Maria; (3) C. affinis 1
nigrovittatus from the population of Eldorado do Sul; (4) C. affinis 2
nigrovittatus from the population of Arroio dos Ratos; (5) C. nigrovit-
tatus from the population of Montenegro, the type locality of the
species; (6) C. notabilis from the type locality, Aguas Claras; (7) C. fel-
trini from the type locality, Laguna; (8) Cynopoecilus sp. 1 ex C. ful-
gens from Torres; (9) Cynopoecilus sp. 2 ex C. fulgens from Xangri-1a
and Osorio; and (10) Cynopoecilus sp. with seven populations of
ex C. fulgens [including some individuals of Sdo José do Norte lo-
cality 4] and two populations from Viamao previously identified as
C. nigrovittatus.

All these 10 clusters were recovered as reciprocally monophy-
letic by the Bl trees reconstructed individually with COI or simul-
taneously for COI + RAG1, with support values higher than 0.99
(Figure 2b,d). The sole difference between these trees was that the
polytomy recovered for C. aff. 1 nigrovittatus and C. aff. 2 nigrovitta-
tus by COI (Figure 2b) resolved as a single clade by the concatenated
dataset (Figure 2d), raising the possibility that these two clusters
may encompass a single lineage. Moreover, each of the 10 clusters
was recovered as independent haplogroups in the COI network
(Figure 3a-b). These were interconnected by one to 65 step-muta-
tions, without a single case of haplotype sharing. Conversely, RAG1
network (Figure 3c-d) recovered only two clusters as independent
haplogroups (C. notabilis and C. sp. 1), with straightforward haplo-
type sharing among the other eight clusters and a general star-like
pattern.

Notably, in the phylogenetic trees (Figure 2b,d), cluster 6 (C. no-
tabilis) constituted the early offshoot within the genus, followed by
the branching of cluster 2 (C. intimus). Interestingly, the other eight

(c) (d)

well-supported clusters branched out to divide into two main clades
encompassing populations inhabiting drainages located at the west-
ern and/or south (cluster of C. melanotaenia, C. aff. 1 nigrovittatus,
and C. aff. 2 nigrovittatus) and eastern and/or north (C. nigrovittatus,
C. feltrini, Cynopoecilus sp. 1, Cynopoecilus sp. 2, and Cynopoecilus sp.)
margins of the Patos Lagoon and the Jacui River, respectively, agree-
ing with their allopatric distribution (Figure 1). The exception to this
pattern is provided by the eastern populations of C. melanotaenia, ex
C. fulgens, collected in the eastern margin of the Patos Lagoon, in Sao
José do Norte localities 3 and 4.

The pattern of a preferential migration from localities located at
the western and/or south of the inferred barriers into those located
at the eastern and/or north was supported by the indirect measures
of gene flow provided by Lamarc. In fact, whereas migration rates in
this direction were on the order of 25.07, rates in the inverse direc-
tion were only about 0.01. It is important to emphasize that migra-
tion rates in Lamarc are given as a function of M = m/mu, where m
is the chance for a lineage to migrate per generation, and mu is the
mutation rate per site per generation. So, this analysis revealed that
migration constitutes an important source of genetic variability only

in the eastern and/or northern populations.

3.2 | Distance analyses

Using GMYC subdivision in 10 cluster, all pairwise comparisons re-
covered for COI showed significant genetic structure and the FST
values varied from 0.72 (in the comparison between C. sp. 2 and C.

sp.) to 1.00 (in the comparison between C. aff. 2 nigrovittatus and

FIGURE 3 Haplotype network
constructed with COI (a, b) and RAGI (c,
d) sequences of Cynopoecilus emphasizing
differences between traditional species
boundaries (a, c) and lineages defined
after this study (b, d). Number of step-
mutations higher than one is in brackets.
The size of each circle is proportional to
haplotype frequencies, and colors refer to
clusters, in accordance with distribution
patterns presented in Figure 1



GARCEZ ET AL.

C. notabilis, C. aff. 2 nigrovittatus, and C. feltrini and between C. no-
tabilis and C. feltrini) (Table 1—values above the diagonal). The COI
intraspecific mean K2P pairwise distances (Table 1—values on the
diagonal) ranged between 0% in C. aff. 2 nigrovittatus, C. notabilis,
and C. feltrini and 0.9% in Cynopoecilus sp. 1. Conversely, mean in-
terspecific pairwise distances (Table 1—values below the diagonal)
ranged from 1.2% (as detected between C. aff. 1 nigrovittatus and
C. aff. 2 nigrovittatus) to values greater than 19.6% (as observed be-
tween C. notabilis and all other clusters). Considering the presence
of a barcoding gap, maximum pairwise intraspecific distances were
recovered for Cynopoecilus sp. (values of 2.3%) and the minimum
pairwise interspecific distances were presented between C. aff. 1 ni-
grovittatus and C. aff. 2 nigrovittatus (values of 1%). Although strictly
speaking, this analysis revealed the absence of a strict barcoding gap
between GMYC lineages, it is important to highlight that C. aff. 1
nigrovittatus and C. aff. 2 nigrovittatus may be just different popula-
tions of the same species.

Concerning RAG1, all pairwise comparisons between clusters
showed significant genetic structure and FST values varied from
0.12 (in the comparison between C. intimus and C. aff. 1 nigrovitta-
tus) to 0.955 (in the comparison between C. notabilis and C. feltrini)
(Table 2). As for this marker, there were several cases of haplo-
type sharing, mean K2P intra- and interspecific distances were not
evaluated.

For ABGD, the number of clusters varied from 13 (for COI) to
11 (for the concatenated dataset) when the recursive partition re-
covered with a prior of 0.0028 is reported. For COI, this analysis
resulted in further subdivision of clade 3 (C. affinis 1 nigrovittatus),
clade 5 (C. nigrovittatus), and clade 8 (Cynopoecilus sp. 1), whereas
for the concatenated dataset, only clade 3 (C. affinis 1 nigrovittatus)
was further subdivided. When the same prior was evaluated under
the initial partition, COI recovered 12 clusters, subdividing clusters
3 and 8, whereas the concatenated dataset supported subdivision in
eight clusters, joining together clusters 1, 3, and 4 (C. melanotaenia,

C. affinis 1 nigrovittatus and C. affinis 2 nigrovittatus). Although the
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subdivision of individual populations seems little likely, the grouping
of the three closely related and spatially adjacent clusters encom-

passes an alternative hypothesis for species boundaries.

4 | DISCUSSION

The 275 specimens of Cynopoecilus analyzed in the present study
encompass 8-10 clusters, very likely corresponding to 8-10 distinct
species. This study greatly enhances the currently known fauna of
annual fish in the region, not only increasing the number of species
of Cynopoecilus from six (Costa, 2002b, 2016; Costa et al., 2016;
Ferrer et al., 2014) to 8-10, but revealing several cases of previously
unrecognized diversity and questioning several taxonomic bounda-
ries. In fact, from the previously known species, only C. intimus,
C. notabilis, and C. feltrini revealed reciprocally monophyletic and
were validated by this study. Cynopoecilus fulgens and C. nigrovitta-
tus revealed polyphyletic and were each subdivided into three inde-
pendent lineages. Furthermore, as individuals of C. fulgens from the
type locality (Costa, 2002b) nested within C. melanotaenia, this study
also questioned the taxonomic validity of C. fulgens and expanded
the distribution of C. melanotaenia. In this line of reasoning, our re-
sults also revealed several cases where the taxonomic identity of
individual populations should be revised. This is especially important
because most species of Cynopoecilus compose a morphologically
homogeneous group of killifish (Costa et al., 2016). This is the case,
for example, of population of Sdo José do Norte, locality 3, whose
individuals were assigned to C. melanotaenia, and not C. fulgens; and,
individuals from two populations of Viamao previously identified as
C. nigrovittatus, but grouped here with Cynopoecilus sp.

Concerning COlI, although one of the assumptions of successful
application of barcoding approaches [the presence of a barcoding
gap between COI intra- and interspecific distance ranges (Meyer
& Paulay, 2005)] could not be here detected when the 10 clus-

ters are considered, the straightforward application of the second

TABLE 1 COI K2P mean intra-cluster (on the diagonal, in bold) and mean inter-lineages distances (below the diagonal), added to pairwise
fixation indices (FST) (above the diagonal) between lineages of Cynopoecilus

1 2 3 4
1 C. melanotaenia 0.002 0.948* 0.889* 0.857*
2 C. intimus 0.040 0.001 0.966* 0.971*
C.aff. 1 0.021 0.030 0.002 0.948*
nigrovittatus
4 C. aff. 2 0.021 0.030 0.012 0
nigrovittatus
5 C. nigrovittatus 0.058 0.056 0.056 0.057
6 C. notabilis 0.202 0.198 0.196 0.197
7 C. feltrini 0.060 0.056 0.052 0.051
8 Cynopoecilus sp. 1 0.067 0.064 0.054 0.055
9 Cynopoecilus sp. 2 0.053 0.057 0.049 0.050
10 Cynopoecilus sp. 0.053 0.061 0.052 0.055

Note: The asterisks indicate significant differences (p < .05).

5 6 7 8 9 10
0.959* 0.987* 0.949* 0.957* 0.951* 0.937*
0.970* 0.990* 0.973* 0.952* 0.971* 0.922*
0.985* 0.998* 0.990* 0.970* 0.987* 0.910*
0.990* 1.000* 1.000* 0.976* 0.995* 0.908*
0.001 0.995* 0.981* 0.947* 0.960* 0.830*
0.205 0 1.000* 0.977* 0.998* 0.975*
0.055 0.210 0 0.911* 0.991* 0.897*
0.051 0.207 0.037 0.009 0.936* 0.890*
0.031 0.213 0.049 0.047 0.002 0.722*
0.038 0.212 0.059 0.055 0.024 0.006



TR e L
TABLE 2 RAGI1 pairwise fixation indices (FST) between lineages of Cynopoecilus
2 3 4 5 6 7 8 9 10
1 C. melanotaenia 0.280* 0.194* 0.153* 0.347* 0.702* 0.365* 0.264* 0.379* 0.275*
2 C. intimus 0.122* 0.492* 0.520* 0.834* 0.538* 0.418* 0.507* 0.369*
3 C. aff. 1 nigrovittatus 0.295* 0.341* 0.684* 0.340* 0.160* 0.292* 0.230*
4 C. aff. 2 nigrovittatus 0.671* 0.882* 0.706* 0.436* 0.644* 0.390*
5 C. nigrovittatus 0.909* 0.671* 0.606* 0.675* 0.494*
6 C. notabilis 0.955* 0.834* 0.879* 0.709*
7 C. feltrini 0.673* 0.744* 0.451*
8 Cynopoecilus sp. 1 0.310* 0.207*
9 Cynopoecilus sp. 2 0.158*
10 Cynopoecilus sp.

Note: The asterisks indicate significant differences (p < .05).

assumption [reciprocal monophyly between species (Kekkonen &
Hebert, 2014)] seems to compensate further caveats. In fact, as an-
nual fish usually encompass small and isolated populations (Volcan
et al., 2015), important evolutionary consequences can be attained
even in short temporal scales, which would be enough to attain
reciprocal monophyly (given the strength of genetic drift and the
small interference of gene flow), but not to accomplish greater lev-
els of genetic divergences. This highlights the importance of phy-
logenetic approaches in spite of distance approaches in Rivulidae.
Nevertheless, it is also important to consider that the main excep-
tion to the application of a barcoding gap is provided by the treat-
ment of C. aff. 1 nigrovittatus and C. aff. 2 nigrovittatus as separate
lineages. In fact, when these two clusters are merged together, or
with C. melanotaenia, the minimum interspecific distance raises from
1% to 1.4%.

In spite of this, we confirmed here that DNA barcoding may be
a powerful tool for revealing cryptic diversity in Rivulidae, promot-
ing the identification and assisting in the discovery of putative new
species. Nevertheless, it is important to emphasize that the subdi-
vision in 8-10 clusters was supported not only by COI, but also by
RAG1 and COI + RAG1 datasets, further enhancing confidence in the
obtained results. In this sense, although the network reconstructed
with RAG1 revealed a straightforward haplotype sharing between
clusters and the phylogenetic tree obtained for this marker did not
attain reciprocal monophyly for the individual clusters, this is per-
fectly explained by the larger fixation time expected for nuclear in
comparison with mitochondrial markers in virtue of their larger ef-
fective population sizes (Birky, Maruyama, & Fuerst, 1983; Pamilo
& Nei, 1988). Even so, RAG1 also provided important insights into
the evolution of Cynopoecilus, as the signals of significant population
structure among clusters, and the star-like network pattern. In fact,
when this last result is considered in the context of the larger coales-
cence times usually expected for nuclear markers (Templeton, 2006),
it suggests an ancient population expansion for the genus, whose
signal is already erased for the mitochondrial marker. Thus, the con-
comitant use of both markers not only corroborated the results pro-

vided by COI but also added resolution to the evolutionary scenario

of Cynopoecilus. Although further morphological inspections and
other integrative taxonomy approaches (Steinke & Hanner, 2011) are
certainly needed in order to confirm that each of these 8-10 clusters
really constitutes different species, the independent evolutionary
status evidenced here for each them should since now guarantee
their individual conservation.

Another interesting result provided by this study is related to
the deep split between the most derived species, whose clades are
spatially distributed in different sides of the Jacui River and Patos
Lagoon, which seem to have historically acted as effective barri-
ers to gene flow. This major phylogenetic structure encountered in
Cynopoecilus supports the hypothesis that large water bodies can act
as effective barriers to gene flow among populations/species of an-
nual fish, leading to allopatric fragmentation (Bartakova et al., 2013,
2015; Garcia et al., 2012, 2015). This pattern is also consistent with
that recently demonstrated for A. wolterstorffi, at least in regard
to the Patos-Mirim Lagoon System (Garcez et al., 2018). In a finer
scale, it was also possible to evidence vicariance as a result of drain-
age changes related to geomorphological events that affected the
Southern Brazil coastal plain during Quaternary (Loureiro & Garcia,
2006; Villwock & Tomazelli, 2007). In this sense, populations pre-
viously assigned to C. fulgens that inhabit areas in which these re-
cent geomorphological events have occurred confirmed especially
prone to present cryptic diversity. Nevertheless, in contrast to what
was recently shown for A. wolterstorffi, a species that inhabits the
same drainage system (Garcez et al., 2018), the phylogenetic tree
recovered here for Cynopoecilus does not suggests a north-to-south
colonization route. In fact, the early offshoot of the genus, that is,
C. notabilis, does not occur in one of the Northern most distribution
areas of the genus.

Although vicariance seems to have accomplished the main
diversification mechanism of Rivulidae (Bartdkova et al., 2015;
Garcez et al.,, 2018; Garcia et al.,, 2009, 2012, 2015; Jowers,
Cohen, & Downie, 2008; Loureiro & de Sa, 2015; Ponce de
Leon et al., 2014), the distribution of the provisional species of
Cynopoecilus also suggests the occurrence of isolated and recent

dispersal events. This can be evidenced by the signals of population
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admixture detected in the locality 4 of Sao José do Norte (SJN4),
which encompasses individuals clustered with C. melanotaenia
and with Cynopoecilus sp., and by the single genetically homoge-
neous population of C. melanotaenia (initially assigned to C. ful-
gens) sampled at the East margin of the Lagoon (locality 3 of Sao
José do Norte—SJN3). Both these populations are separated from
the other populations of C. melanotaenia by the Patos Lagoon es-
tuary. For SIN4, there seems to have occurred an admixture or
secondary contact, as that encountered between A. charrua Costa
& Cheffe, 2001 and A. reicherti Loureiro & Garcia, 2004 (Garcia
et al., 2009) and between two clusters of A. wolterstorffi (Garcez
et al., 2018). In both cases, the lowlands of the Patos-Mirim drain-
age system near the Atlantic coast were considered as potential
contact areas (Garcez et al., 2018; Garcia et al., 2009, 2015), in
accordance with the scenario depicted here. Nevertheless, the
fact that there are populations of C. melanotaenia inhabiting both
margins of the Patos Lagoon suggests the occurrence of dispersal
events across the Lagoon, which sounds quite surprising. Since it
was recently demonstrated that aquatic birds can transport em-
bryos of annual fish in their digestive traits (Silva et al., 2019), we
hypothesize here birds may have been involved in such wide-range
dispersal events. Interestingly, nevertheless, migration rates are
quite larger in the west/south to east/north direction than in the
reverse, imposing a sense of contingency or the need for other
explanatory events. Although evidence of a paleochannel in the
same area of the putative dispersal (Weschenfelder, Corréa,
Aliotta, & Baitelli, 2010) may provide opportunities for differen-
tial gene flow, the geographical and evolutionary distribution of
the migration signals (which affect geographically adjacent popu-
lations of a single lineage of C. melanotaenia) suggest they derive
from a single dispersal event across the Patos Lagoon.

5 | CONCLUSION

Our study showed that DNA barcoding is a highly reliable tool to
delimit Cynopoecilus species or lineages, especially if complemented
by the concomitant use of a nuclear marker. Examined individuals
represent 8-10 well-supported clusters, which comprise different
populations of the six previously described species. In this sense,
one species was considered invalid (C. fulgens), whereas other three-
five undescribed putative new species were presented (Cynopoecilus
sp., Cynopoecilus sp. 1, Cynopoecilus sp. 2, and possibly C. aff. 1 ni-
grovittatus and C. aff. 2 nigrovittatus). Some of these cryptic species
probably diverged as a result of vicariant events, promoted by large
water bodies like the Jacui River and the Patos Lagoon, although iso-
lated large-scale dispersal events across the last barrier could be also
evidenced.

This study certainly adds to the mounting body of evidence indi-
cating that annual fish diversity is currently underestimated (Garcez
et al., 2018; Volcan et al., 2015) and that there is an urgent need
of further research and conservation efforts in the group (Volcan
& Lanés, 2018; Volcan et al., 2015). The current lack of knowledge
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about the actual biodiversity levels limits our ability to quantify the
true extent of freshwater biodiversity, as well as our ability to alle-
viate potential threats (Dudgeon et al., 2006). Thus, the delimitation
of putative new species and the refinement of the knowledge about
distribution areas, as provided here, not only increases objectiv-
ity, but also enhances further works with these taxonomic groups
(Kekkonen & Hebert, 2014).
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