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A B S T R A C T

The genus Fritziana (Anura: Hemiphractidae) comprises six described species (F. goeldii, F. ohausi, F. fissilis, F.
ulei, F. tonimi, and F. izecksohni) that are endemic to the Brazilian Atlantic Forest. Although the genus has been
the subject of studies dealing with its taxonomy, phylogeny, and systematics, there is considerable evidence for
cryptic diversity hidden among the species. The present study aims to understand the genetic diversity and
phylogenetic relationships among the species of Fritziana, as well as the relationships among populations within
species. We analyzed 107 individuals throughout the distribution of the genus using three mitochondrial gene
fragments (12S, 16S, and COI) and two nuclear genes (RAG1 and SLC8A3). Our data indicated that the species
diversity in the genus Fritziana is underestimated by the existence of at least three candidate species hidden
amongst the group of species with a closed dorsal pouch (i.e. F. fissilis and F. ulei). We also found four species
presenting geographical population structures and high genetic diversity, and thus require further investigations.
In addition, we found that two candidate species show a new arrangement for the tRNA-Phe gene, unique in
Anura so far. Based on our results, we suggest that the conservation status of the species, as well as the species
diversity in the genus Fritziana, needs to be reviewed.

1. Introduction

Amphibians are the class of vertebrates in which the number of
described species has increased the most in recent years (Köhler et al.,
2005). In 1985, there were approximately 4014 species of amphibians
formally described and considered valid (Glaw and Köhler, 1998;
Hanken, 1999; Frost, 2017), but by the end of 2017 the number of
species has increased by nearly 93% (7763 species; Frost, 2017, ac-
cessed 18 December 2017). This increase in the number of species is the
result of the exploration of poorly known or remote areas (e.g., Köhler
et al., 2005; Padial et al., 2012; Peloso et al., 2016), as well as the
growing application of molecular tools for taxonomic and systematic
analyses, and the understanding that small differences revealed by a
combination of independent lines of evidence (e.g., advertisement calls
and external morphological variation), are sufficient to characterize
new species (Fouquet et al., 2007; Vieites et al., 2009; Padial et al.,
2010; Jansen et al., 2011). Molecular analyses have been especially
important in revealing many morphologically cryptic and sibling spe-
cies within taxa that had previously been recognized as a single species

(Hanken, 1999; Bickford et al., 2007; Stuart et al., 2006).
Despite the high number of new species descriptions in the last three

decades, suggesting that the diversity of amphibians is still highly un-
derestimated, amphibians are the most endangered group of verte-
brates, with nearly one-third of evaluated species (32.4%) globally
threatened or extinct (IUCN, 2016). Furthermore, there are around
24.5% of species in which information regarding threat status is pre-
sently not available (IUCN Category Data Deficient, DD), and a sig-
nificant proportion of these species are likely to be globally threatened
(IUCN, 2016). Currently, the conservation status of a species is sup-
ported by decision rules based on parameters such as distribution range,
population size, population history, and risks of extinction (Akçakaya
et al., 2000; Stuart et al., 2004). Therefore, a proper understanding of
taxonomy and the distribution range of a species is necessary for a
thorough threat assessment (Stuart et al., 2004; Gehara et al., 2013).

The frogs of the Hemiphractidae family are referred to as egg-
brooding frogs because the females carry their eggs on their back (Del
Pino, 1980; Duelmann and Gray, 1983). This family includes six genera
distributed in Central and South America: Cryptobatrachus, Flectonotus,
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Fritziana, Gastrotheca, Hemiphractus, and Stefania. The monophyly and
relationship of hemiphractids have been constantly questioned and
controversially discussed in the last few years (e.g., Haas, 2003; Darst
and Cannatella, 2004; Faivovich et al., 2005; Wiens et al., 2005; Frost
et al., 2006; Wiens et al., 2007; Frost et al., 2008; Guayasamin et al.,
2008; Pyron and Wiens, 2011; Schmid et al., 2012). Castroviejo-Fisher
et al. (2015) made a more inclusive analysis of the family considering
both molecular and phenotypic data and recovered the family as
monophyletic, being the sister group of Athesphatanura. These authors
also suggested that the species diversity in Hemiphractidae is under-
estimated and that the genera Cryptobatrachus, Hemiphractus, and
Fritziana may hide cryptic species.

The genus Fritziana Mello-Leitão, 1937 is endemic to the south-
eastern and southern Brazilian Atlantic Forest and its transitional areas
(Duelmann and Gray, 1983; Franz and Mello, 2015; Peixoto et al.,
2016; Frost, 2017), and is composed of six known species: Fritziana
goeldii (Boulenger, 1895), F. ohausi (Wandolleck, 1907), F. fissilis
(Miranda-Ribeiro, 1920), F. ulei (Miranda-Ribeiro, 1926), F. tonimi
Walker et al., 2016, and F. izecksohni Folly et al., 2018. All these spe-
cies, except F. tonimi, were described from the Serra dos Órgãos
mountain range, Rio de Janeiro state, Brazil, where they are sympatric.
The genus was originally described to include F. goeldii and F. ohausi,
species with an incomplete dorsal pouch where the lateral skin just
borders the eggs without covering them (Miranda-Ribeiro, 1920). Many
changes were made to the contents of the genus since its description
(Bokermann, 1966; Duelmann and Gray, 1983; Weygoldt and Carvalho-
e-Silva, 1991) and only recently, based on molecular phylogenies
(Duellman et al., 2011; Blackburn and Duellman, 2013), were the
Brazilian species with open and closed dorsal pouches included in this
genus.

Pouch morphology has been used as an important morphological
character for the description of species within Fritziana (Duelmann and
Gray, 1983). This character is also used for species identification, which
often makes the identification of males, juveniles, and females without
a pouch a challenge, even for well-trained taxonomists. In this sense,
the use of molecular tools can be very useful for a better understanding
of the limits of species and population distribution within this genus.

There are only a few studies that provide analyses on the molecular
data of Fritziana (Duellman et al., 2011; Schmid et al., 2012; Blackburn
and Duellman, 2013; Castroviejo-Fisher et al., 2015; Walker et al.,
2016), and these studies have small sample sizes and restricted geo-
graphical sampling. Nevertheless, all these previous studies have
highlighted that this genus may contain unknown species diversity and
show that molecular evidence can improve the delimitation of species
within the genus. Castroviejo-Fisher et al. (2015), for example, sug-
gested that among the seven samples used in their study, three might
represent new species hidden under the name Fritziana fissilis.

Here we provide an overview of DNA sequence diversity within the
genus, using three mitochondrial and two nuclear markers, compiling
data from almost all localities in which the genus is known to occur. We
discuss the underestimated species diversity within this genus and the
implications of these results for species conservation. We also inferred,
for the first time, the phylogenetic relationships among almost all the
species of Fritziana.

2. Materials and methods

2.1. Taxon sampling and sequence analyses

We gathered from various collections 107 samples from five of the
currently six recognized species of Fritziana, representing almost the
entire geographical distribution along with new locality records
(Appendix A; Fig. 1). We could not include samples from the recently
described F. izecksohni, because we do not have reliable tissue to in-
clude in molecular analyses. For phylogenetic inferences, we also in-
cluded 13 taxa of Hemiphractidae representing all genera

(Cryptobatrachus, Flectonotus, Gastrotheca, Hemiphractus, and Stefania),
and one sample of Pristimantis cruentus to root the tree (Appendix B).

Genomic DNA was extracted from ethanol-preserved tissues (muscle
or liver), using standard high-salt protocols (Maniatis et al., 1982)
adapted for microcentrifuges (Lyra et al., 2016), or with the DNeasy
Blood & Tissue kit (QIAGEN Inc.) following the manufacturer’s pro-
tocol. We collected DNA sequence data for three mitochondrial gene
fragments: the 12S ribosomal RNA (12S), 16S ribosomal RNA with
adjacent tRNA-Val (16S), and Cytochrome c oxidase subunit 1 (COI);
and two nuclear protein-coding genes: the Recombination Activating
gene 1 (RAG1) and the Solute Carrier family 8 member 3 (SLC8A3).
PCR primers used for both amplification and sequencing are shown in
Appendix C along with reaction conditions. PCR products were purified
using enzymatic reaction following Lyra et al. (2016), and the resulting
amplified fragments were sequenced by Macrogen Inc. of Seoul, South
Korea or in the “Centro de Estudos de Insetos Sociais” of the Instituto de
Biociências, Universidade Estadual Paulista (Rio Claro, São Paulo,
Brazil).

Chromatographs were checked manually, assembled, and edited
using CodonCode Aligner 3.5 (Codon Code Corporation) or Geneious
v.6 (Biomatter Ltd.). Coding gene fragments (COI, RAG1, and SLC8A3)
were translated into amino acids and no stop codons were observed,
suggesting that the sequences were functional. DNA sequences were
aligned independently for each fragment using the online version of
MAFFT v.7 (Katoh and Standley, 2013). We checked and excluded
potential contaminations, and a combined matrix was generated using
SequenceMatrix software (Vaidya et al., 2011). All sequences were
submitted to GenBank, and accession numbers are provided in Ap-
pendix A. Sequences and sample metadata (as voucher number and
localities) were also submitted to the Barcode of Life Data Systems
(BOLD; Ratnasingham and Hebert, 2007) under the project name
“FRITZ”.

For some samples, we recovered different lengths for the 12S frag-
ment when amplified with the primer MVZ59, anchored in the tRNA-
Phe (see Section 3.1). These samples were investigated for mitochon-
drial DNA rearrangement using tRNAscan-SE 1.21 (Schattner et al.,
2005). The 12S initial position for all of the samples was also de-
termined by comparison to published anuran mitogenomes, and frag-
ments upstream of 12S were excluded from the phylogenetic inferences,
to avoid incorrect alignment of the non-homologous fragment.

For the nuclear genes RAG1 and SLC8A3, we identified the poly-
morphic positions corresponding to heterozygous individuals and
coded according to the IUPAC ambiguity codes. The sequences were
then resolved using the PHASE 2.1.1 software (Stephens et al., 2001)
and run ten independent times, using a 0.90 probability threshold and a
parent-independent mutation model. The online web tool SeqPHASE
(Flot, 2010) was used to generate input and the final fasta files. Phased
nuclear sequences were used for network reconstruction, and the un-
phased sequences coded with IUPAC were used for the phylogenetic
inference. Nuclear allele networks were constructed with HapView
(Salzburger et al., 2011), using maximum parsimony trees inferred
using the Phylip 3.695 package (Felsenstein, 1989) with the DNApars
extension. Some sequences were excluded from haplotype-network re-
construction because of small fragment size, due to bad sequencing
results, or because the nuclear phase could not be resolved.

We estimated the maximum intraspecific and minimum inter-
specific uncorrected p-distances for the mitochondrial fragments COI
and 16S (only for the fragment between primers 16Sar-L/16Sbr-H),
using the Spider package in R v 3.2.2 (Brown et al., 2012; R Core Team,
2015), considering major genetic lineages recovered in phylogenetic
inferences and the population lineages within species (see Section 3).

2.2. Species assessment

To assign genetic lineages to ‘species’ or ‘candidate species’, we first
identified well-supported haplotype clades on the mtDNA tree (Miralles
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and Vences, 2013). Next, we analyzed the nuclear allele networks
looking for congruence among the mtDNA and nucDNA. Once we found
no evidence of introgression between the genetic lineages, we pro-
ceeded with the phylogenetic inferences using the combined dataset.
Then, we associated each of the genetic lineages to a described species
based on morphological characters of the voucher specimens and on
type localities. When we could not associate a genetic lineage to a de-
scribed species (in the case of Fritziana fissilis, see Section 3.1), we used
the terminology “confer” (cf.). We considered ‘candidate species’ (CS)
to be the lineages that did not correspond to a currently recognized
species.

Haplotype clades in some species revealed subdivision into ‘popu-
lation lineages’, with high genetic distances between some of these
lineages (higher than 3% for 16S or 10% for COI; Supplementary Table
S1). This subdivision accommodates the idea that a species might be
genetically and geographically structured in its distribution range, but
it may lead to an underestimation of the species diversity within the
genus. We chose this conservative approach to minimize wrongly de-
limiting a group of individuals as a distinct species (see Padial et al.,
2010), since in the present study we have no other line of evidence that
supports these population lineages as candidate species.

2.3. Phylogenetic inferences

Phylogenetic analyses were conducted using Bayesian inference (BI)
with MrBayes v. 3.2.3 (Ronquist et al., 2012) for both the mitochondrial
and combined datasets (mitochondrial + nuclear genes). We used
PartitionFinder (Lanfear et al., 2012), under the Akaike Information
Criterion (AIC; Akaike, 1974) to estimate the best partitioning scheme
and models of evolution: 12S (GTR+ I+G), 16S (GTR+ I+G), 1st
position of COI (GTR+G), 2nd position of COI (F81+ I), 3rd position
of COI (TrN+G), 1st position of RAG1 (TIM+G), 2nd position of
RAG1 (HKY+ I), 3rd position of RAG1 (K81uf+G), 1st position of

SLC8A3 (GTR+ I), 2nd position of SLC8A3 (HKY), and 3rd position of
SLC8A3 (TrN+G). The final alignment contained a total of 4120 base
pairs (bp): 502 bp for 12S, 1612 bp for 16S, 645 bp for COI, 855 bp for
RAG1, and 506 bp for SLC8A3.

The analyses consisted of two independent runs, each with eight
chains, for 100 million generations; parameters and trees were sampled
every 1000 generations. The analyses were done using the CIPRES
Science Gateway (Miller et al., 2010). We verified the effective sample
size (ESS) and convergence between the runs in Tracer 1.6 (Rambaut
et al., 2009) and discarded the first 25% samples from each run before
summarizing the trees. We generated a majority-rule consensus tree,
visualized it in FigTree 1.4.3 (Rambaut and Drummond, 2009) and
considered values of Bayesian posterior clade probabilities (PP) higher
than 0.95 as evidence of monophyly (Huelsenbeck and Rannala, 2004).

3. Results

3.1. Phylogenetic inference and species assessment

The resulting Bayesian trees for the mitochondrial and combined
dataset were very similar, only differing in the node support for the
relationships among species (Figs. 2 and 3). We found a total of 44
alleles for RAG1 and 27 for SLC8A3, and no nuclear allele sharing
among the major lineages, suggesting no evidence for introgression.

The trees resolve Fritziana as a monophyletic genus with at least
nine highly supported genetic lineages that were considered species.
The species Fritziana goeldii, F. ohausi, and F. tonimi were recovered as
monophyletic, being that the first two presented geographically struc-
tured and genetically divergent populations. On the other hand, the
specimens with closed dorsal pouches, usually recognized as F. fissilis/F.
ulei, were recovered as paraphyletic in relation to F. tonimi and F. ohausi
and comprising six independently evolving lineages.

Samples from Nova Friburgo (Rio de Janeiro state), the type locality

Loc es in Serra dos Órgãos Range
Petrópolis - Type locality of F. ohausi
Teresópolis - Type locality of F. goeldii
N. Friburgo - Type locality of F. ssilis and F. ulei

A
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200 Km
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3

P
T
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F. tonimi
F. goeldii
F. ohausi

F. cf. ssilis 1
F. cf. ssilis 2
F. ulei
Fritziana CS1
Fritziana CS2
Fritziana CS3

Cachoeiras de MacacuC

Fig. 1. Distribution of species in the genus Fritziana based on the samples used for molecular analyses. (A) Distribution of specimens analyzed and (B) details of Rio de Janeiro state, where
many species occur in sympatry. Circles show species with closed dorsal pouch, and triangles show species with open dorsal pouch. (C) Distribution of Fritziana CS1 (red) and F. CS3
(yellow) internal population lineages and (D) F. goeldii (green) and F. ohausi (blue) internal population lineages. CS denotes candidate species. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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of F. fissilis and F. ulei, are distributed in three genetic lineages. One of
the lineages could be assigned to F. ulei based on the voucher specimen
ZUFRJ 13347 used to revalidate F. ulei (Folly et al., 2014) and on the
morphology of other specimens of the clade. Fritziana fissilis sensu stricto
could not be assigned to one of the two remaining lineages, since the
few specimens available in both lineages present morphological diag-
nostic characters of F. fissilis (Miranda-Ribeiro, 1920; Bokermann,
1950; Duelmann and Gray, 1983; Folly et al., 2014). Due to this, we
identified these lineages as Fritziana cf. fissilis 1 and Fritziana cf. fissilis 2.

We considered the remaining three lineages in F. fissilis as candidate
species (CS) according to their phylogenetic relationship with other
species, non-occurrence in the type locality of F. fissilis and F. ulei, and
because sequence analyses revealed a mitochondrial rearrangement in
the position of the tRNA-Phe in relation to tRNA-Pro in F. CS2 and F. CS3
(Fig. 4). Although these two candidate species presented the same re-
arrangement and are clustered in a well-supported clade, we considered
them to be two distinct candidate species because each of them presents
a different size in the non-coding sequence between 12S and the tRNA-
Pro (Fig. 4), they occur in different geographical areas (Fig. 1), and they
present high genetic distances for both 16S and COI (Table 1). In ad-
dition, there is no nuclear allele shared among the three different
candidate species (Fig. 2), adding evidence that each one is an in-
dependently evolving lineage.

The species Fritziana goeldii was recovered as the sister group of all
the other species, and Fritziana cf. fissilis 1 is the sister species of the
clade composed of F. ulei and of all the remaining species (PP= 0.97;
Fig. 3); Fritziana tonimi was recovered as the sister taxon of F. cf. fissilis
2; and Fritziana CS1 is the sister taxon of F. CS2+ F. CS3. The re-
lationships between the clades of F. CS1+ (F. CS2+ F. CS3), F. to-
nimi+ F. cf. fissilis 2, and F. ohausi could not be resolved in the present
analyses (PP=0.76).

3.2. Genetic distances

The genetic distances obtained with COI and 16S are summarized in
Table 1. The smallest intraspecific uncorrected p-distance value was
found for F. tonimi (COI=0%; 16S=0.4%) and the highest for F.
goeldii (COI=15.3%; 16S=7.2%). Among the species, the highest
value was found between F. tonimi and F. goeldii (COI=18.9%;
16S=11.2%), and the smallest between F. CS2 and F. CS3
(COI=12.3%; 16S=2.6%).

Fritziana goeldii comprises three population lineages, which en-
compass the population from the mountains of Rio de Janeiro state
(Serra dos Órgãos and surroundings – Go-I), which is the sister lineage
of the population from the coastal area of Rio de Janeiro municipality
(Go-II) (Figs. 1–3), and both of these form the sister group of the lineage
from the north of São Paulo state (Go-III) ((Go-I+Go-II) + Go-III). The
uncorrected p-distances among these population lineages are in the
supplementary material Table S1, and varied from 3.6% to 14.7% for
COI and 0.8% to 6.8% for 16S.

Fritziana ohausi is structured into one population lineage distributed
throughout Rio de Janeiro state (Oh-I), which is the sister lineage of the
groups formed by samples from São Paulo state. These samples from
São Paulo state are divided into two internal lineages: from the north
(Oh-II) and the south (Oh-III) of the state (Figs. 1–3). The distances
between these populations varied from 9.3% to 11.1% for COI and 2.8%
to 3.8% for 16S (Table S1).

Fritziana CS1 is structured into four population lineages (Figs. 1–3).
The population of the Serra do Espinhaço mountain range (CS1-IV),
which is the geographical limit between the Cerrado and Atlantic Forest
in Minas Gerais state is the sister lineage to the Minas Gerais’ Atlantic
Forest lineage (CS1-III), and both lineages together form the sister
group of the population from Espírito Santo state (CS1-II), usually

Fig. 2. A – Bayesian tree for Fritziana inferred for mitochondrial data. The numbers at nodes are Bayesian posterior probabilities. B – Haplotype networks of the nuclear genes
reconstructed in HapView using a parsimony tree. RAG1: Recombination Activating gene 1; SLC8A3: Solute Carrier family 8 member 3. Circles represent haplotypes, with size being
proportional to the number of individuals; dots represent intermediate, unsampled haplotypes; colors represent current recognized species and candidate species. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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identified in collections as F. fissilis. One single sample from São Paulo
state (CS1-I) is the sister lineage of the others (CS1-I+ (CS1-II+ (CS1-
III+ CS1-IV))). The minimum genetic distances found among these
lineages varied from 11.7% to 15% for COI and 4.2% to 5.2% for 16S
(Table S1).

Similar to Fritziana ohausi, Fritziana CS3 also presents population
lineages geographically distributed in the north (CS3-I) and south of
São Paulo, but also includes the southern states of Paraná and Santa
Catarina (CS3-II). This lineage represents the southern distribution of

the genus (Fig. 1). The genetic distances between these lineages were
6.29% for COI and 0.6% for 16S (Table S1).

4. Discussion

4.1. Phylogenetic relationship among Fritziana species

Our analysis, including an expanded geographic and taxonomic
sampling of Fritziana, revealed that the genus hides a number of

Fig. 3. Bayesian tree for Fritziana inferred for concatenated mitochondrial and nuclear data. The colors represent each described or candidate species. Numbers at nodes are Bayesian
posterior probabilities. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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probable undescribed species, and suggests that the species diversity in
this genus has remained underestimated. We also provide a new hy-
pothesis for the phylogenetic relationships among the species of
Fritziana, including for the first time a representation of almost all
nominal species. Unfortunately we were unable to sample tissues of F.
izecksohni (Folly et al., 2018), but the morphological characteristics of
this new species do not match those of the individuals from the genetic
lineages we sampled here (data not shown), which give additional
evidence that the species diversity of this genus is still unknown.

Different proposals have been made about the relationships among
the species in the genus Fritziana (Duellman et al., 2011; Schmid et al.,
2012; Castroviejo-Fisher et al., 2015; Walker et al., 2016), but most of
these studies were not intended to resolve the relationships within
Fritziana. The previous results have been summarized in Fig. 5, in-
cluding the re-identification of terminals used in previous work based
on our more inclusive dataset (see Appendix A for details). The tree
topology that we found differs from previous proposals, being the result
of the larger sample size, inclusion of different molecular markers, and
analytical approaches. Despite this, the relationships among genetic
lineages F. CS1+ (F. CS2+ F. CS3), F. tonimi+ F. cf. fissilis 2, and F.
ohausi still lack sufficient support, as in previous studies, suggesting
that we need to focus on collecting more data in order to resolve re-
lationships within Fritziana. Here, we have taken the first step towards a
better understanding of genetic diversity in this group, and we hope

that this knowledge allows us to identify species limits in this genus
from a new perspective.

4.2. The challenge of the “closed dorsal pouch” species

The cryptic species diversity that we found in the genus is mainly
hidden among specimens with closed dorsal pouches and associated
with two valid names, F. fissilis and F. ulei. These two species were
described from the municipality of Nova Friburgo, Rio de Janeiro state,
and morphologically similar specimens collected in this location belong
to three different lineages, making the association between molecular
clades and species names a challenge.

Fritziana ulei was described in 1926 by Miranda-Ribeiro, synony-
mized with F. fissilis by Bokermann (1966), and recently revalidated by
Folly et al. (2014). The specimen used by Folly et al. (2014) for the
revalidation (ZUFRJ 13347) is included in our analyses, so we associate
this lineage with F. ulei. We also carefully examined the external mor-
phology of the specimen MNRJ 56922, which clusters with ZUFRJ
13347, and it matches the original description of F. ulei. Nonetheless,
Folly et al. (2014) considered specimens from the Campo de Fruti-
cultura, in the Parque Nacional da Serra da Bocaina, municipality of
São José do Barreiro, São Paulo state, (MZUSP A-75903, A-75844, A-
128089; not Ubatuba, São Paulo state, as in Folly et al., 2014) to be F.
ulei. However, all our samples from São José do Barreiro cluster in
lineage F. cf. fissilis 1. Menegucci et al. (2017) also registered F. ulei in
Ubatuba, São Paulo state, but based on the study of Folly et al. (2014).
We analyzed the photos from this publication and assume that the
specimens collected by these authors belong to Fritziana CS3. Based on
these data, we suggest that the distribution of F. ulei should be restricted
to its type locality in the Serra dos Órgãos mountain range, Rio de
Janeiro state, and the morphological diagnosis suggested by Folly et al.
(2014) needs to be reviewed, since these authors might have used a
mixed series for the revalidation. Characters used as diagnostic for F.
ulei occur in other species, such as the interorbital bronze pentagon/
hexagon-shaped mark that is also present in F. CS3 (MNRJ 90351, for
example).

Based on our data, we were unable to assign a molecular lineage to
F. fissilis. Although Castroviejo-Fisher et al. (2015) tentatively con-
sidered the sample MNRJ 62845 (F. cf. fissilis 2) as F. fissilis, we found
one additional molecular lineage present in the type locality not sam-
pled by them. These two lineages from Nova Friburgo include speci-
mens with morphological characters normally associated with F. fissilis,
such as bifid subarticular tubercles in the fingers and toes, present in
both males and females. Therefore, we named the lineages F. cf. fissilis 1
and F. cf. fissilis 2. This classification needs to be reviewed again once
more evidence is available, especially more specimens with DNA se-
quence data. If in the future we can associate one of the lineages to the
holotype, the other lineage will need a formal description.

We considered the other three lineages (CS1, CS2, and CS3), which
include females with a closed dorsal pouch, as candidate species, based
on their phylogenetic position and the presence of the rearrangement in
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Fig. 4. Graphical representation of the tRNA translocation found for Fritziana CS2 and F.
CS3. A: graphical representation of the most common neobatrachian gene order; B: new
tRNA arrangement found for Fritziana CS2 and F. CS3 including the non-coding region,
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Table 1
Maximum intraspecific and minimum interspecific uncorrected p-distances (%) among genetic lineages of Fritziana. Upper diagonal: COI distances; Below diagonal 16S distances. N:
number of specimens analyzed.

N Intra-16S Intra-COI goe oha ton ulei cf1 cf2 CS1 CS2 CS3

Fritziana goeldii 14 7.2 15.3 16.2 18.9 16.2 12.3 13.5 15.0 15.3 16.8
Fritziana ohausi 25 4.8 11.7 9.2 16.2 14.7 13.8 15.3 14.1 12.9 13.8
Fritziana tonimi 14 0.4 0.0 11.2 9.2 18.6 14.7 15.9 16.8 17.1 15.3
Fritziana ulei 5 5.2 13.2 9.2 8.8 11.2 13.8 14.1 16.8 14.7 18.0
Fritziana cf. fissilis 1 4 6.0 10.8 7.8 6.6 8.8 5.8 12.6 14.7 12.0 15.0
Fritziana cf. fissilis 2 3 3.0 12.9 7.6 8.4 10.4 7.2 6.8 15.3 15.0 16.2
Fritziana CS1 15 5.6 15.0 9.4 6.0 9.8 7.8 4.6 7.6 12.6 13.8
Fritziana CS2 1 NA NA 10.0 7.2 10.2 8.2 5.6 8.2 6.6 12.3
Fritziana CS3 27 2.6 9.0 8.4 7.8 9.2 7.8 5.4 7.2 6.0 2.6
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the order of tRNA-Pro and tRNA-Phe in the mitochondrial DNA (only
present in CS2 and CS3), along with some morphological evidence (data
not shown). Fritziana CS1 includes samples from states of Espírito
Santo, which were historically considered F. fissilis (Duelmann and
Gray, 1983; Frost, 2017), Minas Gerais, and São Paulo, occurring in the
Atlantic Forest and transitional areas between the Atlantic Forest and
the Cerrado. Fritziana CS2 is known from only four specimens (MCN-
PUC-MG 12338-12341) from Bom Jardim de Minas, state of Minas
Gerais and only one tissue sample. Fritziana CS3 includes samples from
the Serra do Mar mountain range (from the states of São Paulo to Santa
Catarina). The population from Rio Grande do Sul state, named F. aff.
fissilis by Franz and Mello (2015), most likely belongs to this species.

Although we found Fritziana CS1 as the sister species of F. CS2+ F.
CS3, the last two lineages presented a translocation on tRNA-Phe posi-
tion, which is a new tRNA order for Anura (Zhang et al., 2013; Xia
et al., 2014). This variation can be identified by PCR using a primer
anchored in the tRNA-Phe and electrophoresis, yielding a different size
of the amplified fragment (Fig. 4). Fritziana CS2 presents an additional
non-coding region with about 300 bp, which differentiates this species
from F. CS3. We identified F. CS2 as a candidate species considering this
variation, but a better sampling is needed to allow a proper comparison
of both species. The formal descriptions of F. CS1 and F. CS3, based on
morphological characters and considering this molecular variation, are
in progress and will be presented in a future study.

The organization of the mitochondrial genome was considered
highly conservative for animals (Boore, 1999), but in the last few years
different gene rearrangements have been described for anurans
(Kurabayashi et al., 2008; Zhang et al., 2013; Xia et al., 2014). Among
Hemiphractidae, only Cryptobatrachus sp. and Gastrotheca pseustes have
been analyzed for mitochondrial gene order, and Cryptobatrachus sp.
presents a modification in the WANCY region (Zhang et al., 2013). Here
we found a difference between closely related species of Fritziana,
suggesting that mitochondrial DNA may be useful to understand mo-
lecular variation and evolution among sister species, genera, or fa-
milies, not only to characterize major groups such as Batrachia and
Neobatrachia. Our findings also suggest that gene arrangement might
be a diagnostic character for some species in the Hemiphractidae

family, but for a better understanding of the biological and evolutionary
significance of the gene rearrangements, it is important to have more
data on the complete mitochondrial genomes.

4.3. Species distribution and conservation status

Considering that species in the genus Fritziana are small to medium
size (sensu Duellman, 1970) and are reproductively dependent on water
accumulated in bromeliad or bamboo, we expected that they would
present low dispersal capability, and thus low gene flow among popu-
lations, as observed for other tropical species of anurans (e.g.,
Rodríguez et al., 2015). Indeed, we found geographic genetic structure
in Fritziana ohausi, F. goeldii, F. CS1, and F. CS3. The other species or
candidate species in our study have restricted geographic distribution
and/or small sample size, thus precluding assessment of geographic
genetic variation within them.

The genetic distance is equal or larger among cryptic lineages than
some values found for interspecies distances of 16S and COI (Table 1
and Supplementary Table 1). Considering only genetic diversity, it is
possible that F. goeldii, F. ohausi, and F. CS1 also hide some unknown
species diversity, but in this first taxonomic revision, we decided to take
a more conservative position in suggesting candidate species. Popula-
tion lineages based on haplotype clade support and genetic distances
are a starting point for further investigations on species limits using
additional sources of information, such as morphology, bioacoustics, or
cytogenetics (Padial et al., 2010).

It is interesting to note that differences in the number and the size of
chromosomes were already found for the genus and should be in-
vestigated in more detail. For example, F. goeldii has 2N=26 and
fundamental number (FN)= 42; F. ohausi has 2N=28 and FN=44;
and F. fissilis has 2N=30 and FN=50 (Beçak, 1968; Bogart, 1973;
Schmid et al., 2012). The data for all species are tentative and should be
reviewed considering the species diversity revealed by our analyses. For
example, Bogart (1973) did not include information on the localities of
samples or voucher numbers for specimens of F. fissilis analyzed and,
because of that, they might be any of the six lineages identified in the
present work.

Fig. 5. Summary of phylogenetic hypotheses for Fritziana. Names in black are identifications according to the original papers; names in red, new identifications of terminals based in the
present study; in blue, new lineages identified only in present work. Black dots: well-supported node using both maximum likelihood and Bayesian analyses; gray dots: well-supported
node using parcimony. JK: jackknife; BS: bootstrap; PP: Bayesian posterior probability. Samples used in more than one study are identified in Appendix A. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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According to the IUCN (2016), Fritziana fissilis, F. ohausi, and F.
goeldii are listed as ‘Least Concern’ species mainly because of their
presumed wide distribution and large populations. The recognition of
cryptic species among F. fissilis/F. ulei makes their distributions and
populations smaller than previously considered, similar to what has
happened with F. goeldii after the description of F. tonimi (Walker et al.,
2016). These results point out the necessity to reevaluate the con-
servation status of all species in the genus. First, it is important to re-
evaluate F. fissilis, beginning with a careful review of the morphology of
the specimens, including type series, to try to identify which molecular
lineage can be attributed to this species (F. cf. fissilis 1, F. cf. fissilis 2 or
even a lineage not sampled in our analyses). Fritziana cf. fissilis 1, F. cf.
fissilis 2, and F. ulei, with the recognition of the candidate species, now
have narrow distributions and presumed small populations. They occur
in well-collected areas, are sparingly sampled in collections, and little is
known about their biology. Based on these results, we suggest that F.
fissilis, F. ulei, and F. tonimi should be considered “Data Deficient” (sensu
IUCN, 2016). Fritziana goeldii and F. ohausi should be reevaluated,
considering that the last evaluation dates are from 2004, and now we
have confirmed that they present internal genetic structures. F. goeldii
has also had its distribution reduced, and the large genetic distances
between its populations need to be better evaluated. The candidate
species need to be described and then evaluated by the IUCN criteria.
While F. CS1 and F. CS3 have the widest distributions, are common
species, and are probably not endangered, the new species must be
described before an adequate evaluation of their conservation status
can be completed.

5. Conclusions

The amphibian diversity in the Atlantic Forest is still under-
estimated and the fact that the destruction of the forest is currently
quicker than the recognition and description of new species, may cause
extinctions before we can comprehend its true diversity (Haddad and

Prado, 2005; Crawford et al., 2010). With these molecular results and
by better understanding the diversity of Fritziana, we find that other
sources of data are urgently needed to diagnose and to name the new
species of Fritziana. It is also important to review the diagnoses and
morphological variation of the named species. By using several lines of
evidence, such as internal and external morphologies of adults and
larvae, bioacoustics, cytogenetics, and ecology, new diagnostic char-
acters may be revealed when re-analyzing mixed series of two or more
species.
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Appendix A

Samples analyzed: Collection and voucher number, collection and new identification, population lineage, species pouch type, localities and
GenBank accession numbers. Samples in bold were included in previous studies (a-Faivovich et al., 2005; b-Duellman et al., 2011; c-Schmid et al.,
2012; d-Castroviejo-Fisher et al., 2015). Geographical coordinates are given in the Barcode of Life Data Systems (BOLD) under the project name
‘FRITZ’.

Tissue collection number Voucher
number

Colletion
identification

New
identification

Population
lineage

Pouch
type

Localities

CFBHT 17729 CFBH 30938 F. goeldii F. goeldii GO-I Open Parque Nacional da Serra dos Órgãos – Teresópolis – RJ
CFBHT 17743 CFBH 30951 F. goeldii F. goeldii GO-I Open Parque Nacional da Serra dos Órgãos – Teresópolis – RJ
MNRJ 68937 MNRJ 68937 F. goeldii F. goeldii GO-I Open Parque Nacional da Serra dos Órgãos – Teresópolis – RJ
ZUFRJ 13451 ZUFRJ 13451 F. goeldii F. goeldii GO-I Open Parque Nacional da Serra dos Órgãos – Teresópolis – RJ
ZUFRJ 13452 ZUFRJ 13452 F. goeldii F. goeldii GO-I Open Parque Nacional da Serra dos Órgãos – Teresópolis – RJ
ZUFRJ 13454 ZUFRJ 13454 F. goeldii F. goeldii GO-I Open Parque Nacional da Serra dos Órgãos – Teresópolis – RJ
ZUFRJ 13456 ZUFRJ 13456 F. goeldii F. goeldii GO-I Open Parque Nacional da Serra dos Órgãos – Teresópolis – RJ
ZUFRJ 13457 ZUFRJ 13457 F. goeldii F. goeldii GO-I Open Parque Nacional da Serra dos Órgãos – Teresópolis – RJ
ZUFRJ 13540 ZUFRJ 13540 F. goeldii F. goeldii GO-I Open Parque Nacional da Serra dos Órgãos – Teresópolis – RJ
MNRJ 53758 MNRJ 53758 F. goeldii F. goeldii GO-II Open Cachoeiras de Macacu – RJ
MNRJ 67315 MNRJ 67315 F. goeldii F. goeldii GO-II Open Cachoeiras de Macacu – RJ
CFBHT 12889 CFBH 26981 F. cf. goeldii F. goeldii GO-II Open Rio de Janeiro – RJ
CFBHT 2774 CFBH 10910 F. goeldii F. goeldii GO-III Open Ubatuba – SP
CFBHT 2775 CFBH 10909 F. goeldii F. goeldii GO-III Open Ubatuba – SP
CFBH 16287 CFBH 16287 F. ohausi F. ohausi Oh-I Open Parque Nacional da Serra dos Órgãos – Teresópolis – RJ
CFBH 16288 CFBH 16288 F. ohausi F. ohausi Oh-I Open Parque Nacional da Serra dos Órgãos – Teresópolis – RJ
ZUFRJ 13656 ZUFRJ 13656 F. ohausi F. ohausi Oh-I Open Parque Nacional da Serra dos Órgãos – Teresópolis – RJ
ZUFRJ 13658 ZUFRJ 13658 F. ohausi F. ohausi Oh-I Open Parque Nacional da Serra dos Órgãos – Teresópolis – RJ
CFBHT 11557 CFBH 23920 F. ohausi F. ohausi Oh-II Open Santos – SP
CFBHT 5289 CFBH 15950 F. ohausi F. ohausi Oh-II Open Santos – SP
CFBHT 1625 CFBH 7620 F. ohausi F. ohausi Oh-II Open Pilar do Sul – SP
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CFBHT 5487 CFBH 16545 F. ohausi F. ohausi Oh-II Open Tapiraí – SP
CTMZ 4627 (c,d) MZUSP

139225
F. ohausi F. ohausi Oh-II Open Estação Ecológica Xitué – Ribeirão Grande – SP

CFBHT 1252 CFBH 7611 F. ohausi F. ohausi Oh-III Open São Luiz do Paraitinga – SP
CFBHT 1283 CFBHT 1283 F. ohausi F. ohausi Oh-III Open São Luiz do Paraitinga – SP
CFBHT 6528 CFBH 14817 F. ohausi F. ohausi Oh-III Open São Luiz do Paraitinga – SP
CFBHT 6532 CFBH 14818 F. ohausi F. ohausi Oh-III Open São Luiz do Paraitinga – SP
CFBHT 6533 CFBH 14819 F. ohausi F. ohausi Oh-III Open São Luiz do Paraitinga – SP
CFBHT 6534 CFBH 14820 F. ohausi F. ohausi Oh-III Open São Luiz do Paraitinga – SP
CFBHT 6535 CFBH 14821 F. ohausi F. ohausi Oh-III Open São Luiz do Paraitinga – SP
CFBHT 6536 CFBH 14822 F. ohausi F. ohausi Oh-III Open São Luiz do Paraitinga – SP
CFBHT 6537 CFBH 14823 F. ohausi F. ohausi Oh-III Open São Luiz do Paraitinga – SP
CFBHT 6538 CFBH 14824 F. ohausi F. ohausi Oh-III Open São Luiz do Paraitinga – SP
CFBHT 6539 CFBH 14825 F. ohausi F. ohausi Oh-III Open São Luiz do Paraitinga – SP
CFBHT 6540 CFBH 14826 F. ohausi F. ohausi Oh-III Open São Luiz do Paraitinga – SP
CFBHT 6541 CFBH 14827 F. ohausi F. ohausi Oh-III Open São Luiz do Paraitinga – SP
CFBHT 6542 CFBH 14828 F. ohausi F. ohausi Oh-III Open São Luiz do Paraitinga – SP
CFBHT 6543 CFBH 14829 F. ohausi F. ohausi Oh-III Open São Luiz do Paraitinga – SP
CFBHT 6544 CFBH 14830 F. ohausi F. ohausi Oh-III Open São Luiz do Paraitinga – SP
CFBHT 12409 CFBH 24809 F. cf. fissilis F. tonimi Open Santa Teresa – ES
CFBHT 14901 CFBH 30710 F. goeldii F. tonimi Open Santa Teresa – ES
CFBHT 14902 CFBH 30711 F. goeldii F. tonimi Open Santa Teresa – ES
CFBHT 14903 CFBH 30712 F. goeldii F. tonimi Open Santa Teresa – ES
MNRJ 34921 (b,c,d) MNRJ 34921 F. goeldii F. tonimi Open Santa Teresa – ES
MNRJ 34922 (b,c,d) MNRJ 34922 F. goeldii F. tonimi Open Santa Teresa – ES
MNRJ 34923 (b,c,d) MNRJ 34923 F. goeldii F. tonimi Open Santa Teresa – ES
MNRJ 38397 MNRJ 38397 F. goeldii F. tonimi Open Santa Teresa – ES
MNRJ 38398 MNRJ 38398 F. goeldii F. tonimi Open Santa Teresa – ES
MNRJ 40700 MNRJ 40700 F. goeldii F. tonimi Open Santa Teresa – ES
MNRJ 56057 MNRJ 56057 F. goeldii F. tonimi Open Santa Teresa – ES
MNRJ 56058 MNRJ 56058 F. goeldii F. tonimi Open Santa Teresa – ES
MNRJ 56061 MNRJ 56061 F. goeldii F. tonimi Open Santa Teresa – ES
MNRJ 56062 MNRJ 56062 F. goeldii F. tonimi Open Santa Teresa – ES
MNRJ 56942 MNRJ 56942 F. goeldii F. cf. fissilis 1 CF1 closed Nova Friburgo – RJ
MNRJ 62845 (d) MNRJ 62845 F. cf. fissilis F. cf. fissilis

1
CF1 closed Nova Friburgo – RJ

MNRJ 74620 (d) MNRJ 74620 F. sp. F. cf. fissilis
1

CF1 closed Parque Nacional da Serra dos Órgãos – Teresópolis – RJ

MNRJ 74621 MNRJ 74621 F. sp. F. cf. fissilis 1 CF1 closed Parque Nacional da Serra dos Órgãos – Teresópolis – RJ
CFBHT 14184 CFBH 28886 F. sp. F. cf. fissilis 2 CF2 closed Parque Nacional da Serra da Bocaina – São José do Barreiro – SP
CFBHT 14208 CFBHT 14208 F. sp. F. cf. fissilis 2 CF2 closed Parque Nacional da Serra da Bocaina – São José do Barreiro – SP
CFBHT 14317 CFBHT 14317 F. sp. F. cf. fissilis 2 CF2 closed Parque Nacional da Serra da Bocaina – São José do Barreiro – SP
MNRJ 67316 MNRJ 67316 F. fissilis F. cf. fissilis 2 CF2 closed Nova Friburgo – RJ
ZUFRJ 13347 ZUFRJ 13347 F. fissilis F. ulei closed Nova Friburgo – RJ
MNRJ 44622 (d) MNRJ 44622 F. cf. fissilis F. ulei closed Cachoeiras de Macacu – RJ
MNRJ 56922 (d) MNRJ 56922 F. fissilis F. ulei closed Cachoeiras de Macacu – RJ
CFBHT 12369 CFBH 24810 F. cf. fissilis F. CS1 CS1-I closed Santa Teresa – ES
CFBHT 12395 CFBH 24811 F. cf. fissilis F. CS1 CS1-I closed Santa Teresa – ES
MZUFV 11721 MZUFV 11721 F. sp. F. CS1 CS1-II closed Parque Estadual Serra do Brigadeiro – Ervália – MG
MZUFV 11722 MZUFV 11722 F. sp. F. CS1 CS1-II closed Parque Estadual Serra do Brigadeiro – Ervália – MG
CFBHT 14886 CFBH 30747 F. sp. F. CS1 CS1-III closed Santuário Nossa Senhora da Piedade – Caeté – MG
CFBHT 14887 CFBH 30748 F. sp. F. CS1 CS1-III closed Santuário Nossa Senhora da Piedade – Caeté – MG
CFBHT 14888 CFBH 30749 F. sp. F. CS1 CS1-III closed Santuário Nossa Senhora da Piedade – Caeté – MG
CFBHT 14889 CFBH 30750 F. sp. F. CS1 CS1-III closed Santuário Nossa Senhora da Piedade – Caeté – MG
CFBHT 14890 CFBH 30751 F. sp. F. CS1 CS1-III closed Santuário Nossa Senhora da Piedade – Caeté – MG
CFBHT 14891 CFBH 30752 F. sp. F. CS1 CS1-III closed Santuário Nossa Senhora da Piedade – Caeté – MG
CFBHT 14892 CFBH 30753 F. sp. F. CS1 CS1-III closed Santuário Nossa Senhora da Piedade – Caeté – MG
CFBHT 14893 CFBH 30754 F. sp. F. CS1 CS1-III closed Santuário Nossa Senhora da Piedade – Caeté – MG
CFBHT 14894 CFBH 30755 F. sp. F. CS1 CS1-III closed Santuário Nossa Senhora da Piedade – Caeté – MG
CFBHT 14895 CFBH 30756 F. sp. F. CS1 CS1-III closed Santuário Nossa Senhora da Piedade – Caeté – MG
CTMZ 1563 (b,d) MZUSP133700 F. gr. fissilis F. CS1 CS1-IV closed Estação Ecológica de Bananal – Bananal – SP
MCNT 154 MCNAM 12341 F. sp. F. CS2 CS2 closed Bom Jardim de Minas – MG
CFBHT 11609 CFBH 19955 F. fissilis F. CS3 CS3-I closed Ubatuba – SP
CFBHT 1459 CFBH 8273 F. cf. fissilis F. CS3 CS3-I closed Caraguatatuba – SP
CFBHT 1461 CFBHT 1461 F. cf. fissilis F. CS3 CS3-I closed Caraguatatuba – SP
CFBH 39057 CFBH 39057 F. aff. fissilis F. CS3 CS3-II closed Parque das Neblinas – Mogi das Cruzes – SP
CFBH 39058 CFBH 39058 F. aff. fissilis F. CS3 CS3-II closed Parque das Neblinas – Mogi das Cruzes – SP
CFBHT 10526 CFBH 22113 F. fissilis F. CS3 CS3-II closed Parque Estadual da Serra do Mar – Itanhaém – SP
CFBHT 3863 CFBH 12205 F. fissilis F. CS3 CS3-II closed Parque Estadual da Serra do Mar – Itanhaém – SP
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CFBHT 5510 CFBH 11177 F. fissilis F. CS3 CS3-II closed Parque Estadual da Serra do Mar – Itanhaém – SP
CTMZ 7295 MZUSP 143718 F. fissilis F. CS3 CS3-II closed Parque Natural Municipal Nascentes de Paranapiacaba –

Paranapiacaba, Santo André – SP
CFBHT 7392 CFBH 17496 F. fissilis F. CS3 CS3-II closed Ilhabela – SP
CFBHT 10989 CFBH 23316 F. fissilis F. CS3 CS3-II closed Piedade – SP
CFBHT 2359 CFBH 10008 F. cf. fissilis F. CS3 CS3-II closed Pilar do Sul – SP
CFBHT 2432 CFBH 10315 F. fissilis F. CS3 CS3-II closed Tapiraí – SP
CTMZ 2618 MZUSP 136570 F. cf. fissilis F. CS3 CS3-II closed Parque Estadual Carlos Botelho – São Miguel Arcanjo – SP
CFBH 15967 CFBH 15967 F. sp. F. CS3 CS3-II closed Parque Estadual Turístico do Alto Ribeira – Iporanga – SP
CFBH 15968 CFBH 15968 F. sp. F. CS3 CS3-II closed Parque Estadual Turístico do Alto Ribeira – Iporanga – SP
CFBHT 432 CFBH 6301 F. sp. F. CS3 CS3-II closed Parque Estadual Turístico do Alto Ribeira – Iporanga – SP
CTMZ 2119 (b,c,d) MZUSP

135461
F. fissilis F. CS3 CS3-II closed Eldorado Paulista – SP

CFBHT 2862 CFBH 11106 F. fissilis F. CS3 CS3-II closed Antonina – PR
CAUSC 2626 CAUSC 2626 F. sp. F. CS3 CS3-II closed Bombinhas – SC
MCP 10920 MCP 10920 F. sp. F. CS3 CS3-II closed Florianópolis – SC
MCP 10921 MCP 10921 F. sp. F. CS3 CS3-II closed Florianópolis – SC
CAUSC 2625 CAUSC 2625 F. sp. F. CS3 CS3-II closed Santo Amaro da Imperatriz – SC
CFBHT 84 (a,c,d) CFBH 5726 F. sp. F. CS3 CS3-II closed Santo Amaro da Imperatriz – SC
CFBHT 11451 CFBH 23726 F. sp. (aff.

fissilis)
F. CS3 CS3-II closed Siderópolis – SC

CFBHT 11453 CFBH 24277 F. sp. (aff.
fissilis)

F. CS3 CS3-II closed Siderópolis – SC

CFBHT 12325 CFBH 25723 F. sp. (aff.
fissilis)

F. CS3 CS3-II closed Siderópolis – SC

Tissue collection number GenBank accession numbers

12S 16S COI RAG1 SLC8A3

CFBHT 17729 MG099091 KU991178 MG099296 MG099382 MG099460
CFBHT 17743 MG099092 MG099189 MG099297 MG099383 MG099461
MNRJ 68937 MG099067 MG099168 MG099272 MG099365 MG099446
ZUFRJ 13451 MG099101 MG099198 MG099305 MG099391 MG099470
ZUFRJ 13452 MG099102 MG099199 MG099306 MG099392 MG099471
ZUFRJ 13454 MG099103 MG099200 MG099307 MG099393 MG099472
ZUFRJ 13456 MG099104 MG099201 MG099308
ZUFRJ 13457 MG099105 MG099202 MG099309 MG099394 MG099473
ZUFRJ 13540 MG099106 MG099203 MG099310 MG099395 MG099474
MNRJ 53758 MG099057 MG099161 MG099262 MG099359 MG099442
MNRJ 67315 MG099065 MG099166 MG099270 MG099363 MG099444
CFBHT 12889 MG099049 KU991179 MG099254 MG099351
CFBHT 2774 MG099017 MG099125 MG099222 MG099327
CFBHT 2775 MG099018 MG099126 MG099223 MG099328
CFBH 16287 MG099113 MG099208 MG099315 MG099401 MG099480
CFBH 16288 MG099114 MG099209 MG099316 MG099402 MG099481
ZUFRJ 13656 MG099107 KU991169 MG099311 MG099396 MG099475
ZUFRJ 13658 MG099108 MG099204 MG099312 MG099397 MG099476
CFBHT 11557 MG099043 MG099151 MG099248
CFBHT 5289 MG099021 MG099129 MG099226 MG099331 MG099415
CFBHT 1625 MG099014 KU991170 MG099219 MG099324 MG099411
CFBHT 5487 MG099022 MG099130 MG099227 MG099332 MG099416
CTMZ 4627 (c,d) MG099074 MG099174 MG099279 MG099451
CFBHT 1252 MG099010 MG099119 MG099215 MG099320 MG099407
CFBHT 1283 MG099011 MG099120 MG099216 MG099321 MG099408
CFBHT 6528 MG099024 MG099132 MG099229 MG099334 MG099418
CFBHT 6532 MG099025 MG099133 MG099230 MG099335 MG099419
CFBHT 6533 MG099026 MG099134 MG099231
CFBHT 6534 MG099027 MG099135 MG099232
CFBHT 6535 MG099028 MG099136 MG099233 MG099336 MG099420
CFBHT 6536 MG099029 MG099137 MG099234 MG099337 MG099421
CFBHT 6537 MG099030 MG099138 MG099235 MG099338 MG099422
CFBHT 6538 MG099031 MG099139 MG099236 MG099339 MG099423
CFBHT 6539 MG099032 MG099140 MG099237 MG099340 MG099424
CFBHT 6540 MG099033 MG099141 MG099238 MG099341 MG099425
CFBHT 6541 MG099034 MG099142 MG099239
CFBHT 6542 MG099035 MG099143 MG099240
CFBHT 6543 MG099036 MG099144 MG099241
CFBHT 6544 MG099037 MG099145 MG099242 MG099342 MG099426
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CFBHT 12409 MG099048 KU991171 MG099253 MG099350 MG099434
CFBHT 14901 MG099086 MG099186 MG099291
CFBHT 14902 MG099087 KU991172 MG099292 MG099378
CFBHT 14903 MG099088 KU991173 MG099293 MG099379
MNRJ 34921 (b,c,d) MG099050 MG099156 MG099255 MG099352 MG099435
MNRJ 34922 (b,c,d) MG099051 MG099157 MG099256 MG099353 MG099436
MNRJ 34923 (b,c,d) MG099052 MG099158 MG099257 MG099354 MG099437
MNRJ 38397 MG099053 KU991175 MG099258 MG099355 MG099438
MNRJ 38398 MG099054 MG099159 MG099259 MG099356 MG099439
MNRJ 40700 MG099055 KU991174 MG099260 MG099357 MG099440
MNRJ 56057 MG099058 MG099162 MG099263
MNRJ 56058 MG099059 MG099163 MG099264
MNRJ 56061 MG099060 KU991176 MG099265
MNRJ 56062 MG099061 KU991177 MG099266
MNRJ 56942 MG099063 MG099165 MG099268 MG099361
MNRJ 62845 (d) MG099064 KU991167 MG099269 MG099362
MNRJ 74620 (d) MG099068 KU991168 MG099273 MG099366 MG099447
MNRJ 74621 MG099069 MG099169 MG099274 MG099367 MG099448
CFBHT 14184 MG099095 MG099192 MG099300 MG099386 MG099464
CFBHT 14208 MG099096 MG099193 MG099387 MG099465
CFBHT 14317 MG099097 MG099194 MG099301 MG099466
MNRJ 67316 MG099066 MG099167 MG099271 MG099364 MG099445
ZUFRJ 13347 MG099100 MG099197 MG099304 MG099390 MG099469
MNRJ 44622 (d) MG099056 MG099160 MG099261 MG099358 MG099441
MNRJ 56922 (d) MG099062 MG099164 MG099267 MG099360 MG099443
CFBHT 12369 MG099046 MG099154 MG099251 MG099348 MG099432
CFBHT 12395 MG099047 MG099155 MG099252 MG099349 MG099433
MZUFV 11721 MG099098 MG099195 MG099302 MG099388 MG099467
MZUFV 11722 MG099099 MG099196 MG099303 MG099389 MG099468
CFBHT 14886 MG099076 MG099176 MG099281 MG099371 MG099453
CFBHT 14887 MG099077 MG099177 MG099282 MG099372 MG099454
CFBHT 14888 MG099078 MG099178 MG099283 MG099373
CFBHT 14889 MG099079 MG099179 MG099284 MG099374 MG099455
CFBHT 14890 MG099080 MG099180 MG099285 MG099375 MG099456
CFBHT 14891 MG099081 MG099181 MG099286 MG099376 MG099457
CFBHT 14892 MG099082 MG099182 MG099287 MG099377 MG099458
CFBHT 14893 MG099083 MG099183 MG099288
CFBHT 14894 MG099084 MG099184 MG099289
CFBHT 14895 MG099085 MG099185 MG099290
CTMZ 1563 (b,d) MG099071 MG099171 MG099276
MCNT 154 MG099070 MG099170 MG099275 MG099368 MG099449
CFBHT 11609 MG099044 MG099152 MG099249
CFBHT 1459 MG099012 MG099121 MG099217 MG099322 MG099409
CFBHT 1461 MG099013 MG099122 MG099218 MG099323 MG099410
CFBH 39057 MG099093 MG099190 MG099298 MG099384 MG099462
CFBH 39058 MG099094 MG099191 MG099299 MG099385 MG099463
CFBHT 10526 MG099039 MG099147 MG099244 MG099344 MG099428
CFBHT 3863 MG099020 MG099128 MG099225 MG099330 MG099414
CFBHT 5510 MG099023 MG099131 MG099228 MG099333 MG099417
CTMZ 7295 MG099075 MG099175 MG099280 MG099370 MG099452
CFBHT 7392 MG099038 MG099146 MG099243 MG099343 MG099427
CFBHT 10989 MG099040 MG099148 MG099245
CFBHT 2359 MG099015 MG099123 MG099220 MG099325
CFBHT 2432 MG099016 MG099124 MG099221 MG099326 MG099412
CTMZ 2618 MG099073 MG099173 MG099278 MG099450
CFBH 15967 MG099115 MG099210 MG099317 MG099403
CFBH 15968 MG099116 MG099211 MG099318 MG099404 MG099482
CFBHT 432 MG099009 MG099118 MG099214 MG099319 MG099406
CTMZ 2119 (b,c,d) MG099072 MG099172 MG099277 MG099369
CFBHT 2862 MG099019 MG099127 MG099224 MG099329 MG099413
CAUSC 2626 MG099112 MG099207 MG099314 MG099400 MG099479
MCP 10920 MG099089 MG099187 MG099294 MG099380 MG099459
MCP 10921 MG099090 MG099188 MG099295 MG099381
CAUSC 2625 MG099111 MG099206 MG099313 MG099399 MG099478
CFBHT 84 (a,c,d) MG099008 MG099117 MG099213 MG099405
CFBHT 11451 MG099041 MG099149 MG099246 MG099345 MG099429
CFBHT 11453 MG099042 MG099150 MG099247 MG099346 MG099430
CFBHT 12325 MG099045 MG099153 MG099250 MG099347 MG099431
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Appendix B

GenBank accession numbers and voucher information of the species used as outgroups.

Taxon Voucher in GenBank 12S 16S COI RAG1 SLC

Cryptobatrachus remotus 1 MHNLS17664 KR559913 KR270399; KR270415 – KR138419 KR270374
Cryptobatrachus remotus 2 MHNLS18853 KR559914 KR270400; KR270416 – KR138420 KR270375
Cryptobatrachus sp. TNHCGDC451 JX564861 JX564861 JX564861 – –
Flectonotus fitzgeraldi ZSM16102006 – KR270417 – KR138421 KR270376
Flectonotus pygmaeus MHNLS17478 KR270402, KR270418 – – –
Gastrotheca albolineata MNRJ54401 KR270407, KR270425 MG099212 KR138423 KR270380
Gastrotheca ernestoi MNRJ57129 KR559920 KR270408; KR270427 – KR138424 KR270381
Gastrotheca pseustes TNHC62492 JX564866 JX564866 JX564866 – –
Hemiphractus scutatus/fasciatus JMP2150/EVACC031 KR559923 KR270432, KR270411 KC014721 KR138426 KR270383
Hemiphractus helioi MHNCP9063 KR559922 KR270410, KR270431 – KR138425 KR270382
Stefania evansi IRSNB14586 – KR270433 – KR138427 KR270384
Stefania scalae MHNLS17152 – KR270434 – KR138428 KR270385
Stefania roraimae USNM49319 MG099110 MG099205 – MG099398 MG099477
Pristimantis cruentus EF493697 EF493697 KC129261 AY948935 AY948898

Appendix C

Primers and cycling conditions used to amplify mitochondrial and nuclear genes in Fritziana specimens. Each PCR reaction was performed in a
final volume of 25 μL and contained 1 μL of genomic DNA, 2.5 μL of 10x PCR buffer, 0.5 µL (10 pmol) of each primer, 0.5 µL (10mM) of dNTP, 0.5 µL
of magnesium (50mM), 19.4 µL H2O milliQ and 0.125 µL (5 U/µL) of Taq DNA polymerase (Thermo Scientific Inc.).

Gene Primers Sequence (5′→ 3′) PCR reaction protocol References

16S 16Sar-L F CGCCTGTTTATCAAAAACAT 1 cycle: 3 min 94 °C Palumbi et al. (1991)
16S 16Sbr-H R CCGGTCTGAACTCAGATCACGT 35 cycles: 20 s 94 °C, 20 s 50 °C, 1min 68 °C Palumbi et al. (1991)
16S 16sTitus R GGTGGCTGCTTTTAGGCC 1 cycle: 5min 68 °C Titus and Larson (1996)
16S H10 F TGCTTACGCTACCTTTGCACGGT Titus and Larson (1996)
16S 12sL13 F TTAGAAGAGGCAAGTCGTAACATGGTA Feller and Hedges (1998)
16S 16SL2a R CCAAACGAGCCTAGTGATAGCTGGTT Hedges (1994)

12S 12S-H978 R CTTACCRTGTTACGACTTRCCT 1 cycle: 3 min 94 °C Present work
12S 12S L48 F ATGCAAGYMTCMGCRYCCCNGTGA 35 cycles: 20 s 94 °C, 20 s 50 °C, 1min:30 s 68 °C Present work
12S MVZ59 F ATAGCACGTAAAAYGCTDAGATG 1 cycle: 5 min 68 °C Graybeal (1997).
12S FH R CTTGGCTCGTAGTTCCCTGGCG Goebel et al. (1999)

COI AnF1 F ACHAAYCAYAAAGAYATYGG *UP reaction – Lyra et al. (2016) Lyra et al. (2016).
COI AnR1 R CCRAARAATCARAADARRTGTTG Lyra et al. (2016)
COI AnW F AGACCAARRGCCTTCAAAG Lyra et al. (2016)

RAG1 Amp-RAG-1F F AGCTGCAGYCARTACCAYAARATGTA 1 cycle: 3 min 94 °C Wiens et al. (2007)
RAG1 Hemi-RAG1-R R CTCTGCAGCATTTCCAATGTCAC 45 cycles: 20 s 94 °C, 20 s 52 °C, 1 min 72 °C;

1 cycle: 5min 72 °C
Blackburn and Duellman (2013)

SLC8A3 SLC-F1 F TAACRTCRCAAGAACGRGAAAT 1 cycle: 3min 94 °C Castroviejo-Fisher et al. (2015)
SLC8A3 SLC-R1 R CCATCTAGAAAATGAGAATTCA 45 cycles: 20 s 94 °C, 20 s 52 °C, 1 min 72 °C;

1 cycle: 5min 72 °C
Castroviejo-Fisher et al. (2015)

Appendix D. Supplementary material

Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j.ympev.2018.02.012.
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