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1 | INTRODUCTION

A hallmark of the Anthropocene is global increases in population
losses and species’ extinctions. Threats to biodiversity will grow
with continued human impacts on land use, climate change, and

the emergence of wildlife infectious diseases (Johnson et al., 2017).

Abstract

Declines and extinctions are increasing globally and challenge conservationists to
keep pace with biodiversity monitoring. Organisms leave DNA traces in the environ-
ment, e.g., in soil, water, and air. These DNA traces are referred to as environmental
DNA (eDNA). The analysis of eDNA is a highly sensitive method with the potential to
rapidly assess local diversity and the status of threatened species. We searched for
DNA traces of 30 target amphibian species of conservation concern, at different lev-
els of threat, using an environmental DNA metabarcoding approach, together with an
extensive sequence reference database to analyse water samples from six montane
sites in the Atlantic Coastal Forest and adjacent Cerrado grasslands of Brazil. We
successfully detected DNA traces of four declined species (Hylodes ornatus, Hylodes
regius, Crossodactylus timbuhy, and Vitreorana eurygnatha); two locally disappeared
(Phasmahyla exilis and Phasmahyla guttata); and one species that has not been seen
since 1968 (putatively assigned to Megaelosia bocainensis). We confirm the presence
of species undetected by traditional methods, underscoring the efficacy of eDNA
metabarcoding for biodiversity monitoring at low population densities, especially in
megadiverse tropical sites. Our results support the potential application of eDNA in
conservation biology, to evaluate persistence and distribution of threatened species
in surveyed habitats or sites, and improve accuracy of red lists, especially for species

undetected over long periods.
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declining

Amphibians are a particularly vulnerable group with many spe-
cies already showing population declines, shrinking distributions,
and presumed extinctions (Becker, Fonseca, Haddad, Batista, &
Prado, 2007; Wake & Vredenburg, 2008). A challenge in assessing
the conservation status of these often elusive species is the small

probability of detecting individuals at low population densities.
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Accurately detecting species in the environment would greatly facil-
itate conservation efforts.

In the 1970s, researchers reported dramatic declines and dis-
appearances of montane stream-breeding amphibians from the
Brazilian Atlantic forest. These declines were mainly documented
in protected areas, where amphibian communities were well stud-
ied (Eterovick et al.,, 2005; Heyer, Rand, Cruz, & Peixoto, 1988;
Weygoldt, 1989) (Table 1, Figure 1). The causes for these disappear-
ances are still debated, but recent studies show that declines are
most probably due to anthropogenic climate change, habitat loss,
and infectious diseases (Becker et al., 2007; Carvalho, Becker, &
Toledo, 2017; Eterovick et al., 2005). Most of these declined or dis-
appeared species are listed as Least Concern or Data Deficient in
IUCN and Brazilian red lists (Instituto Chico Mendes de Conservacao
da Biodiversidade - ICMBio, 2016; The International Union for
Conservation of Nature - [IUCN, 2020; Figure 2), mainly because of
lack of knowledge about their geographical distribution and popula-
tions status, hindering conservation actions. Applying various field
monitoring techniques, including highly sensitive survey methods
could determine whether these observations reflect true declines or
disappearances, as opposed to natural population fluctuations.

Searching for DNA traces left by organisms in the environment
(eDNA) can circumvent some of the challenges faced by traditional
methods for surveying elusive species at low population densi-
ties (Lopes et al., 2017; Taberlet, Bonin, Zinger, & Coissac, 2018).
However, to reach the full potential of eDNA for surveying threat-
ened wildlife, adjustments of protocols depending on the taxa and
ecosystem to be surveyed, and high standard laboratory and bioinfor-
matic procedures should be systematically applied to avoid false de-
tections or minimize the chances of missing taxa altogether (Ficetola,
Taberlet, & Coissac, 2016; Goldberg et al., 2016). The completeness
of the sequence reference database is fundamental for accurately
identify rare species in eDNA studies, especially for organisms and
geographical areas underrepresented in public databases (Zinger
et al., 2020). However, one common challenge when searching for
target species that have gone missing is that often good quality tis-
sue samples are not available for accessing DNA sequences. DNA
extracted from formalin preserved specimens (archival DNA) or sis-
ter species used as proxy taxa are alternatives to circumvent this
problem. Advancing the development of eDNA methods in this way
will increase our knowledge about the persistence and distribution
of threatened species, help define conservation priorities, and im-
prove accuracy of our red lists, especially for poorly known species
and those undetected over long periods.

In this study we applied eDNA metabarcoding to survey five
sites in the Brazilian Atlantic forest, a global hotspot for biodiver-
sity (Myers, Mittermeier, Mittermeier, da Fonseca, & Kent, 2000),
and one site in adjacent Cerrado grasslands (Figure 1). We filtered
62 water samples (Table S1) and constructed an extensive local se-
quence reference database to search for DNA traces of 30 target
amphibian species that were considered “declining” (population
densities were noticeably lower than historical levels), “locally disap-

peared” (not been seen or collected at our sites in the last 10 years

or more, but persist in other parts of their range), or completely “dis-
appeared” (not seen for 10 years or more throughout their range;
Table 1). These three categories increase in threat severity, and spe-
cies that are completely disappeared from throughout their range

for decades, are often presumed extinct.

2 | MATERIALS AND METHODS
2.1 | The target amphibian species

We chose 30 target amphibian species of conservation concern
(Table 1) by consulting reports of declines in the literature, amphib-
ian collections in Brazil (Museu Nacional - Universidade Federal
do Rio de Janeiro - MNRJ, Rio de Janeiro, Rio de Janeiro; Museu
de Zoologia da Universidade Estadual de Campinas, "Addo José
Cardoso" - ZUEC-AMP, Campinas, Sao Paulo; Célio F. B. Haddad
collection - CFBH, Universidade Estadual Paulista, Rio Claro, Sao
Paulo; and Museu de Biologia Professor Mello Leitdo - MBML,
Santa Teresa, Espirito Santo), and the Species Link database (http://
www.splink.org.br/). We classified target species at each locality
as:"declining" (N = 5); “locally disappeared” (N = 13), or “disappeared”
(N = 14) (Table 1).

2.2 | eDNA sampling and laboratory procedures

Environmental DNA sampling was performed from December 2015
to March 2016, which is the wet season in southeastern Brazil, and
the peak of the breeding season for most amphibians in the re-
gion. We surveyed six sites, five within the Brazilian Atlantic forest
(Estacdo Bioldgica de Boracéia, Parque Nacional de Itatiaia, Parque
Nacional da Serra da Bocaina, Parque Nacional da Serra dos Orgéos,
and mountains of Santa Teresa), and one in campo rupestre, a high el-
evation grassland in the adjacent Cerrado (Serra do Cipo) (Figure 1).
We filtered 3-16 water samples from each of our six sites (Table S1),
depending on the number of target species and their potential area
of occurrence. At least one eDNA sample per site was collected in
exact spots where declining, locally disappeared, or disappeared
species were registered in the past. Other samples were collected
in similar habitats in the vicinity of known historical localities. Water
filtering was carried out using a Solinst 410 peristaltic pump (Solinst
Canada Ltd., Georgetown, Ontario, Canada) and VigiDNA 0.45 uM
filtration capsules (SPYGEN, Le Bourget-du-Lac, France). Water
was filtered directly from the source, applying a flow rate of 1.5 L/
min, using new polyethylene tubes and gloves for each sample to
avoid cross contamination. We filtered 2-30 L of water per sample
(Table S1), from bromeliads, puddles, ponds, streams, or rivers de-
pending on the habitat of target species. After sampling, capsules
were filled with 80 ml of lysis buffer (Tris-HCI 0.1 M, EDTA 0.1 M,
NaCl 0.01 M and N-lauroyl sarcosine 1%, pH 7.5-8), mixed for 50 s,
and stored at room temperature until DNA extraction. Given the

sterile capsule filters, single-use materials, and previous evidence
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TABLE 1 List of the 30 target amphibian species of conservation concern from six sites surveyed in Brazil using environmental DNA

Sites sampled

Estacao Biolégica de
Boracéia

Parque Nacional de
Itatiaia

Parque Nacional da
Serra da Bocaina

Santa Teresa

Parque Nacional da
Serra dos Orgaos

Serra do Cipé

Species
Crossodactylus dispar

Cycloramphus boraceiensis

Cycloramphus semipalmatus

Hylodes asper

Phrynomedusa vanzolinii

Thoropa taophora

Vitreorana eurygnatha

Crossodactylus grandis
Crossodactylus werneri
Holoaden bradei
Hylodes glaber

Hylodes ornatus

Hylodes regius

Paratelmatobius lutzii

Scinax obtriangulatus
Boana clepsydra
Megaelosia bocainensis
Allobates capixaba
Crossodactylus gaudichaudii
Crossodactylus timbuhy
Cycloramphus fuliginosus
Hylodes babax
Phasmabhyla exilis
Phrynomedusa marginata
Vitreorana eurygnatha

Aplastodiscus musicus

Boana claresignata
Cycloramphus ohausi
Phasmahyla guttata
Phrynomedusa vanzolinii
Thoropa petropolitana

Scinax pinima

Last registered

1977 (Pimenta et al., 2014)

until 1979 (Heyer
et al., 1990)

until 1979 (Heyer
et al., 1990)

until 1979 (Heyer
et al., 1990)

1973 (Cruz, 1991)

until 1979 (Heyer
et al., 1990)

until 1979 (Heyer
et al., 1990)

1977 (NMNH)

1978 (Pimenta et al., 2014)
1978 (ZUEC-AMP)

1978 (ZUEC-AMP)

2012 (de S4, Canedo, Lyra,
& Haddad, 2015)

2016 (CFBH)

1978 (Pombal &
Haddad, 1999)

2009 (CFBH)

1980 (Lyra et al., 2020)
1968 (Giaretta et al., 1993)
1983 (MNRJ)

until 1981(Weygoldt, 1989)
2018 (MBML)

until 1981(Weygoldt, 1989)
until 1981 (Weygoldt, 1989)
2009 (MNRJ)

1988 (MNRJ)

2017 (MBML)

2016 (Bezerra, Passos, de
Luna-Dias, Quintanilha, &
de Carvalho-e-Silva, 2020)

1964 (Lyra et al., 2020)
1977 (NMNH)

1977 (NMNH)

1929 (Cruz, 1991)
1982 (MNRJ)

1987 (CFBH)

Range

NE
NE

NE

NE

NE
NE

NE

NE
NE
ES
ES
ES

ES
ES

NE
ES
ES
NE
NE
NE
NE
NE
ES
NE
NE
ES

NE
ES
NE
NE
ES
ES

Reference
Classification ~ database
LD 3
LD 1,2,3
LD 2,3
LD 1,2,3
Dis 3
LD 1,2,3
LD 2,3
Dis 3
Dis 3
Dis 1,3
Dis 3
Dec 1,3
Dec 1,3
Dis 1,3
LD 1,2,3
Dis 3
Dis 3
LD S
LD 2,3
Dec 1,3
LD 2,3
LD S
LD 2,3
Dis 1,2,3
Dec 1,2,3
Dec 3
Dis 3
Dis 1,3
LD 2,3
Dis 3
Dis 1,3
Dis 1,3

eDNA
detection

N
N

< zZz Zz Z Z

z <

z < z < z z < z zZz < zZz Z

z z < zZz Z

N

No<del author="Carla Martins Lopes" command="Delete" timestamp="1598369795372" title="Deleted by Carla Martins Lopes on 25/08/2020 12:36:35"
class="reU3">te</del>: For each target species we provide the last time species were registered at the localities we surveyed, their range of
geographical distribution (NE, not endemic to the site surveyed; ES, endemic to the site surveyed), how species were classified in this study (Dec,
declined; LD, locally disappeared; Dis, disappeared), the reference sequences used in our database (1, sequence of the species from the site of
interest; 2, sequence of the species from another site; 3, sequence of congener/sister species), and if the species were detected (Y) or not (N) in
eDNA samples. NMNH, Smithsonian's National Museum of Natural History; ZUEC-AMP, Museu de Zoologia da Universidade Estadual de Campinas,
"Adéo José Cardoso"; MNRJ, Museu Nacional - Universidade Federal do Rio de Janeiro; CFBH, Célio Fernando Baptista Haddad collection -

Universidade Estadual Paulista “Jalio de Mesquita Filho”.
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FIGURE 1 Localities surveyed for DNA traces of 30 target amphibian species of conservation concern included in this study

of no cross-contamination between samples or equipment using the
same methodology (Lopes et al., 2017), we did not perform a sam-
pling negative control, rather focused on laboratory negative con-
trols for the more sensitive amplification-based steps.

All DNA extractions, amplifications, and purifications were per-
formed in clean physically isolated rooms at SPYGEN (Le Bourget-
du-Lac, France) equipped with positive air pressure, UV treatment,
laminar flow hoods, frequent air renewal, and where personnel
wear full protective clothing. For total DNA extraction we fol-
lowed the protocols described in Pont et al. (2018). Three negative
extraction controls were carried out in parallel to eDNA sample
extractions, to monitor for possible contaminations. PCR amplifi-
cations and purification were carried out following conditions de-
scribed in Lopes et al. (2017). A short fragment of the 125 rRNA
mitochondrial gene was amplified from eDNA extracts, using the
primers batra_F (5-ACACCGCCCGTCACCCT-3') and batra_R
(5'-GTAYACTTACCATGTTACGACTT-3') (Valentini et al., 2016). Both
forward and reverse primers were 5’ labelled with a unique eight-nu-
cleotide tag foreach PCRreplicate, to allow sequencing assignment to
appropriate samples during the sequence filtering process. The block-
ing primer batra_blk (5'-TCACCCTCCTCAAGTATACTTCAAAGGCA-
SPC3-3’) (Valentini et al., 2016), was added to the PCR reactions to

reduce human DNA amplification. Twelve PCR replicates were run
for each eDNA sample. One PCR positive and two negative controls,
with 12 PCR replicates as well, were analysed in parallel with eDNA
samples, to monitor for possible contamination. The positive con-
trols were composed of DNA extracts in different known concentra-
tions of the species Alytes obstetricans, Bombina variegata, Bufo bufo,
Bufotes viridis, Calotriton asper, Chioglossa lusitanica and Epidalea ca-
lamita, none of which are species that occur in Brazil. Paired-end se-
quencing was performed in five lllumina HiSeq 2500 runs (lllumina,
San Diego, CA, USA), following the manufacturer's instructions at
Fasteris (Geneva, Switzerland). All samples from the same site were
sequenced in the same run.

2.3 | Reference database

Based on literature reports for species diversity and known spe-
cies ranges, we defined a list of 161 amphibian species that could be
detected in our aquatic eDNA samples and known to occur either
presently or historically at each sampling site (Almeida, Gasparini,
& Peloso, 2011; Folly et al., 2016; Garey, Provete, Martins, Haddad,
& Rossa-Feres, 2014; Heyer, Rand, Cruz, Peixoto, & Nelson, 1990;
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FIGURE 2 Thirty target amphibian
species for the environmental DNA study
and their conservation status. Columns
indicate (i) our assigned threat level for
each species; (ii) conservation status of
species as listed in the [IUCN Red List of
Endangered Species; (i) conservation
status as listed in the Brazilian Red List;
and (iv) species positively detected or
not in our eDNA surveys. Photos of the
seven species found using eDNA are
shown
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Instituto Chico Mendes de Conservacao da Biodiversidade - ICMBio,
2008, 2014; Pimenta, Cruz, & Caramaschi, 2014) (Data set S1). We
constructed a reference database of the 12S rRNA mitochondrial
sequences as complete as possible, to assure appropriate taxonomic
assignment to sequences recovered in environmental samples. We
attempted to sequence at least one individual from each of the 161
species, with priority for individuals sampled from the exact sites
we surveyed eDNA. In cases when tissues from the surveyed sites
were not available, we obtained tissues from the same species from
nearby localities. In the few cases where tissues for target species
were not available at all, we included sister species or closely related
congeners as proxy taxa (Table S2).

We generated 12S rRNA sequences for 372 individuals of 138
species for the local reference database. Tissues were obtained
from the Célio F. B. Haddad amphibian tissue collection (CFBHT),
at Universidade Estadual Paulista, Rio Claro, Brazil; Museu Nacional
- Universidade Federal do Rio de Janeiro (MNRJ), Rio de Janeiro,
Brazil; and Colecao de Tecidos de Vertebrados do Departamento de
Zoologia (MTR), Universidade de Séo Paulo, Sdo Paulo, Brazil.

Genomic DNA was extracted from 10 mg of muscle tissue using a
standard high-salt protocol(Lyra, Haddad, & de Azeredo-Espin, 2017).
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We amplified the 12s rRNA mitochondrial fragment using the primers
MVZ59 (5'-ATAGCACGTAAAAYGCTDAGATG-3') (Graybeal, 1997);
tVal (5'-TGTAAGCGARAGGCTTTKGTTAAGCT-3') (Wiens, Fetzner,
Parkinson, & Reeder, 2005); 12SA-L (5-AAACTGGGATTAGAT
ACCCCACTAT-3') (Palumbi, Martin, McMillan, Stice, & Grabowski,
1991); 12SF-H (5-CTTGGCTCGTAGTTCCCTGGCG-3') (Goebel,
Donnelly, & Atz, 1999); 125-H978 (5-CTTACCRTGTTACGACT
TRCCT-3")and125L148(5-ATGCAAGYMTCMGCRYCCCNGTGA-3')
(Walker, Lyra, & Haddad, 2018), following previously published am-
plification conditions (Faivovich et al., 2004; Walker et al., 2018).
PCR product purification, sequencing and inspection of sequences
were carried out following the protocols and methods described in
Lopes et al. (2017).

One challenge was to obtain sequences for species that are not
registered for more than 10 years, as tissue samples are often not
available. For two target species (Paratelmatobius lutzii and Thoropa
petropolitana) and the congener of P. lutzii (Paratelmatobius mantique-
ira), known only from formalin preserved specimens, we obtained
tissue samples from specimens housed at the amphibian collection
of Museu Nacional, Universidade Federal do Rio de Janeiro (MNRJ),

Rio de Janeiro, Brazil and Museu de Zoologia da Universidade de
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S&do Paulo (MZUSP), Sao Paulo, Brazil. For tissue samples preserved
in formalin, all stages of DNA extraction and library preparation,
prior to PCR amplification, were carried out in dedicated ancient
and historical DNA facilities at the University of Potsdam, Germany
(Fulton, 2012). Negative controls were included during DNA ex-
traction and library preparation and screened for evidence of contam-
ination. DNA was extracted following Dabney et al. (2013), and then
converted into lllumina sequencing libraries using a protocol based on
single-stranded DNA (Gansauge & Meyer, 2013). Owing to low abun-
dance of endogenous DNA fragments in the sequencing libraries, we
performed two-rounds of in-solution hybridization capture to enrich
for mitochondrial DNA fragments, using DNA baits generated from
long-range PCR products of Thoropa taophora and Paratelmatobius
cardosoi. We sequenced the libraries on an Illumina NextSeq 500
sequencing platform, generating 75 bp paired-end reads. Quality
filtering and assembly of the mitochondrial sequences of target
species followed previously published protocols (Lyra et al., 2020).
We assembled the 12S fragment for each species through iterative
mapping using MITOBIM 1.9 (Hahn, Bachmann, & Chevreux, 2013)
and used as seed 12S sequences of T. taophora and P. cardosoi. The
output “.caf” files were imported in GENEIOUS R11 (https://www.
geneious.com) to extract consensus sequences using sequences with
coverage >10 only. We aligned the consensus 12S sequences with se-
quences available in GenBank for the specific taxonomic groups using
MAFFT v.7 (Katoh & Standley, 2013) and checked the phylogenetic
placement of each taxon computing neighbour joining trees using the
Jukes Cantor model in GENEIOUS. We successfully retrieved the tar-
get 12S sequence for the three species.

We supplemented our local amphibian sequence reference da-
tabase with sequences recovered from EMBL database, release
vrt135. We downloaded from EMBL all vertebrate sequences. We
extracted from our local reference database and from the EMBL da-
tabase the relevant fragment of 12S sequences for metabarcoding
analyses, using the programs ecorcr 0.5.0 (Ficetola et al., 2010) and
ositooLs 1.1.22 (Boyer et al., 2016). The final 12S metabarcoding ref-
erence database is as complete as possible, given tissues available
and EMBL accessions. Of the 161 species that could potentially be
detected in our aquatic eDNA samples, 144 (89.44%) have at least
one sequence available in our final 12S metabarcoding reference
database, either from the exact localities we surveyed and/or from
other geographical locations (Data set S1). For the remaining 17 spe-
cies (10.56%) we have at least one sequence available for a close
congener or sister species. For our 30 target taxa, two species were
known from two distinct survey sites each (Phrynomedusa vanzolinii,
and Vitreorana eurygnatha), totaling 32 occurrences of 30 target
species. In total, the final reference database included reference
sequences for 14 target species collected at the surveyed locality,
two of which were from formalin preserved individuals, six target
species collected out of the survey sites, and 11 target species (12
occurrences) for which tissues were not available, we included sis-
ter species and/or close congeners (Table 1). We used the final 125
metabarcoding reference database to attribute the taxonomy to se-

quences retrieved in eDNA samples.

2.4 | Data processing and bioinformatic analyses

Filtering and taxonomic assignment of eDNA sequences was per-
formed using the programs OBITOOLS, ECOPCR and R 3.3.3 (R
Development Core Team, 2017), following the steps described in De
Barba et al. (2014) and Lopes et al. (2017). Sequences for each sam-
pling site were analysed independently. Briefly, we first assembled
paired-end reads to construct consensus sequences, and assigned
them to appropriate PCR replicates based on their molecular tags
(with no mismatches allowed in the tag and two mismatches allowed
for each primer). We retained the information of unique sequence
read counts for each PCR replicate. We then filtered the reads and
kept for analyses only sequences longer than 20 bp and with total
read counts among all PCR replicates 210. We examined the profile
of sequences in the positive controls and determined a threshold
for low read count sequences that were potential contaminants (not
species originally included in the positive control PCR). Based on
that, we kept only sequences with a frequency per PCR replicate
>0.001, both for positive controls and eDNA samples. Next, each
sequence in the eDNA samples was labelled as “head” (the most
common sequence within a group of sequences differing by a sin-
gle indel/substitution), “internal” (sequences less frequent within the
group of related sequences), or “singleton” (sequence with no other
variants differing by a single indel/substitution) by PCR replicate
(Shehzad et al., 2012). Sequences identified as “internal”, which cor-
respond most likely to PCR substitutions and indel errors (De Barba
et al., 2014), were excluded from downstream analyses. The final
12S metabarcoding reference database was used to assign taxon-
omy to sequences recovered from eDNA samples. Only sequences
with best identity 296% with a sequence from the reference data-
base and classified as Anura were considered for further analyses.
To eliminate low-quantity PCR products more likely to produce un-
reliable results we retained in the data only PCR replicates 2200 se-
quence reads count.

The eDNA sequences were identified to the finest taxonomic
level possible, which was either tribe, genus, or species. Sequences
identified to the genus or tribe level were double checked manually
to ensure they were not a potential positive detection of one of our
target species that did not get identified to species level. We cal-
culated the proportion of sequence reads obtained for each taxon
recovered in each eDNA sample based on the sum of read counts
among PCR replicates, using the R software.

Recent taxonomic updates that are not yet reflected in EMBL
databases have the potential to bias eDNA sequence assignments.
To avoid conflicts with current taxonomy information associated to
the sequences we downloaded from EMBL, we retained older tax-
onomy for all species currently classified in the genus Julianus and
Ololygon, because they are all included as Scinax in current databases
(Duellman, Marion, & Hedges, 2016). The sequences classified as
Hypsiboas in EMBL were updated in our database as Boana to follow
the current taxonomy (Frost, 2020).

To verify if our power of detection for the 30 target species varied

depending on the thresholds applied during the sequence filtering
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pipeline, we performed a sensitivity analysis. We reanalysed the
data by combining distinct thresholds for the two parameters that
could alter species assignment: sequence read counts (sequences
210, and 2100), and the level of best identity of eDNA sequences
with sequences from the reference database (292%, >94%, >96%,
>98%, and 2100%), and verified which sequences corresponding to
the 30 target species were retained across these parameter com-
binations. All other filtering parameters are based on comparisons
with our positive and negative controls, or have been validated in
previous studies (De Barba et al., 2014; Lopes et al., 2017; Taberlet
etal.,, 2018; Valentini et al., 2016) and thus, were held constant in our
sensitivity analyses.

3 | RESULTS

We obtained a total of 51,569,031 consensus sequence reads
across eDNA samples and controls, which were filtered for se-
quence quality and read frequency, compared to positive and neg-
ative controls, and assigned taxomomically (Table S3). The highest
proportion of sequences filtered out from our data set were those
with low read counts (<10) among all PCR replicates. The filtering
steps based on the threshold of best identity 296% and sequences
with a frequency per PCR replicate 20.001 also eliminated high
proportions of sequences from our data. The steps that filtered
out fewer sequences were those based on sequence length and
cross-contaminations sources (Table S3). A list of taxa not iden-
tified as Anura and excluded from the data analyses is provided
in Table S4. The final 12S metabarcoding reference database was
composed of 4,731 unique amphibian sequences, for which 4,727
were identified to family, 4,689 were identified to genus, and
4,296 were identified to species level. Sensitivity analysis of best
identity and number of read counts in our pipeline shows that the
number of target species detected is robust to a broad range of
parameter values (Table S5), and only with the most conservative
parameter combination (100% best identity) do our results change
for only one target species (Phasmahyla guttata). After the se-
quence filtering process, no sequence remained in extraction and
PCR negative controls. All relevant sequences corresponding to
the seven species mixed in PCR positive controls were recovered
in the final data set.

Overall, 152 unique amphibian eDNA sequences were identified
to the lowest taxonomic level possible, using a 96% similarity thresh-
old with reference database sequences. These eDNA sequences be-
long to 70 amphibian taxa, of which one was identified to tribe, eight
to genus, and the remaining 61 to species. In seven cases, eDNA
sequences matched a reference sequence of one of our 30 target
species or their closest relatives. These seven cases were considered
positive detections of declining, locally disappeared, or disappeared
target species (Figure 2).

At Estacdo Bioldgica de Boracéia, we detected 42 unique
amphibian eDNA sequences, assigned to 22 taxa, none of which

corresponded to our target species (Tables S3 and Sé). At Parque
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Nacional de Itatiaia, we recovered 21 eDNA sequences, assigned
to 13 taxa, two of which were species with population declines
(Hylodes ornatus and Hylodes regius) (Tables S3 and S7). At Parque
Nacional da Serra da Bocaina, we recovered 19 eDNA sequences,
assigned to 15 taxa, one matched the reference sequence
of Megaelosia jordanensis a close relative of the disappeared
Megaelosia bocainensis (Tables S3 and S8). At Santa Teresa, we re-
covered 38 eDNA sequences, assigned to 22 taxa, two matched
the declined species Crossodactylus timbuhy, one matched the de-
clined Vitreorana eurygnatha, and one matched the locally disap-
peared Phasmahyla exilis (Tables S3 and S9). At Parque Nacional
da Serra dos Orgdos we detected 35 eDNA sequences, assigned
to 24 taxa, one matched the locally disappeared Phasmahyla gut-
tata (Tables S3 and S10). Finally, at Serra do Cipd, we detected 12
eDNA sequences, assigned to eight taxa, none of which matched

our target species (Tables S3 and S11).

4 | DISCUSSION

Our results confirm that eDNA metabarcoding significantly en-
hances biodiversity surveys and overcomes many challenges of tra-
ditional monitoring methods (Taberlet et al., 2018). With high quality
control and careful evaluation of positive detections, eDNA surveys
have high potential for detecting species at low population densi-
ties (Boussarie et al., 2018). We successfully detected at least one
species in each threat category, from recent population declines
to those that disappeared decades ago. The target species most
frequently found in our eDNA samples were those with declines,
followed by locally disappeared, and then disappeared species,
a pattern expected if detection is correlated with threat level and
abundance in the environment.

Megaelosia bocainensis, known only from its type locality and not
seen since 1968, probably persists in its natural habitat. Seven spe-
cies of Megaelosia are described in literature, although we do not have
reference sequences for M. bocainensis, we included proxy sequences
of five described and two undescribed congeners (Table S2) and one
eDNA sequence matched M. jordanensis. The species of Megaelosia
have relatively small distributions, none of them occurring in syntopy,
and potential sympatry between species is known only in the case of
M. bocainensis (our target species) and M. goeldii, both of which occur
in Serra da Bocaina (Giaretta, Bokermann, & Haddad, 1993). We in-
cluded M. goeldii in our reference database and it was not a match
with the Megaelosia sequence detected in the eDNA samples, there-
fore we have not erroneously detected a sympatric Megaelosia spe-
cies. Confirming whether the eDNA sample is in fact from Megaelosia
bocainensis will require sequencing the single known museum spec-
imen or capture of a living individual. However, given all lines of ev-
idence, we can say with certainty that a Megaelosia species inhabits
the stream we sampled and with high probability it is the disappeared
species that was described from that type locality.

As any other survey method, high standard quality control of

eDNA data is important to avoid erroneous detection of absent
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species (false-positives) or undetected species truly present at the
site (false-negatives). Complete reference databases are crucial to
avoid misdetections, especially in highly biodiverse environments
(Zinger et al., 2020) where congeneric species can occur in sym-
patry and potentially share the same metabarcoding sequence. Our
inferences of detection of target species, especially those based on
proxy taxa, were interpreted with caution to avoid false positives
(see Supporting Information comments on taxonomic assignments).
We considered the power of the metabarcode fragment used to dis-
criminate between species, the species complex analysed, presence
of congeneric species at the site surveyed, the consistency of posi-
tive PCR replicates, and what is known about species’ microhabitat
distribution, before claiming rediscovery of any target species. We
also considered that the DNA traces of target species detected at
surveyed sites correspond to current occurrence of species in the
environment, as DNA degrade in few weeks in freshwater (Dejean
et al., 2011), and the probability of old DNA traces remaining pre-
served in sediments and resuspended and detectable after many
years is extremely low.

Environmental DNA can result in imperfect detection (Cilleros
et al., 2019; Tucker et al., 2016) and thus, is not a tool for con-
firming extinction. Besides methodological biases, such as primer
bias that could result in false negatives (Taberlet et al., 2018), the
disappeared species we did not rediscover may persist in nearby
unsampled habitats. To maximize our power of detection, we
sampled during the rainy season, when our target taxa would be
reproducing. Nonetheless, sampling at other times of the year
could potentially detect species with seasonal variation in habi-
tat use. In addition, the spatial signal of eDNA varies among hab-
itats. In streams, eDNA can be detected from a few meters to
tens of kilometers from the source, depending on flow rate and
water turbulence (Taberlet et al., 2018). Sampling of more discreet
microhabitats, such as ponds and bromeliads, must account for
occupancy and connectivity of water bodies, as exemplified by
our sampling at Serra do Cipé. We filtered water samples in two
ephemeral puddles and did not detect Scinax pinima DNA, a spe-
cies last seen there in 1987. After eDNA sampling was completed,
we encountered one adult of this species at a temporary puddle
just 100 m from the puddles sampled for eDNA. Thus, eDNA is
not foolproof, and attention to sampling design is critical to re-
duce false negatives. Our rediscovery of Scinax pinima, a species
that was not detected by eDNA, underscores the importance of
integrating distinct survey methods, especially if it is necessary to
confirm the identity of a species or estimate population size, an
application that is still debated for eDNA (Pilliod, Goldberg, Arkle,
Waits, & Richardson, 2013; Pifiol, Senar, & Symondson, 2019).

Our results support the potential of eDNA metabarcoding
for surveying species in megadiverse tropical regions (Balint
et al., 2018; Cilleros et al., 2019; Lopes et al., 2017). Brazil has
the highest diversity of amphibians in the world, with more
than 1,000 species described. However, accurate distributions

and population status are unknown for many. Only 40 Brazilian

amphibian species are listed at some level of threat in IUCN and
Brazilian red lists, yet another 277 and 167 species are classi-
fied as Data Deficient in each list, respectively (Instituto Chico
Mendes de Conservacao da Biodiversidade - ICMBio, 2016; The
International Union for Conservation of Nature - IUCN, 2020).
Environmental DNA metabarcoding should be considered in fu-
ture efforts, together with other methods of survey to charac-
terize species’ geographical ranges, population fluctuations, and
conservation status.

Our study confirms the sensitivity of eDNA sampling for de-
tection of threatened aquatic wildlife, and serves as an incentive to
apply it to other taxa of conservation concern. Rediscovery of am-
phibian species thought to be locally or globally disappeared gives
hope that those species might persist and recover. Of course, se-
quences from a water filter cannot reveal species’ health or potential
for recovery, but they clearly signal the need for further assessment

and conservation efforts.

ACKNOWLEDGEMENTS

The authors thank D. B. Delgado for help with fieldwork; F. P.
de S4, L. R. Malagoli and MNRJ for photographs of specimens; J.
Faivovich, P. D. P. Pinheiro, K. Vieira, R. Montesinos, M. T. Rodrigues,
J. P. Pombal Jr., Museu da Universidade de Sao Paulo, and Museu
Nacional - Universidade Federal do Rio de Janeiro for provid-
ing samples and sequences for the reference database; L. F. S.
Ingenito for amphibian occurrence data from Museu de Biologia
Professor Mello Leitdo; M. Hofreiter provided access to a clean
laboratory at University of Potsdam, Germany, and help with archi-
val DNA analyses; members of the Lodge and Zamudio laboratories
for discussions and comments on the manuscript; F. Ficetola and
three anonymous reviewers for constructive reviews; and Conselho
Nacional de Desenvolvimento Cientifico e Tecnolédgico (CNPq pro-
cesses #401729/2013-3, #302518/2013-4 and #431589/2016-0
#306623/2018-8) and S3o Paulo Research Foundation (FAPESP
grants #2012/25370-2, #2013/50741-7 and #2016/14054-3) for
financial support.

AUTHOR CONTRIBUTIONS

C.M.L., C.F.B.H., and K.R.Z designed research; C.F.B.H.,and K.R.Z.
acquired financial support; C.M.L., D.B., A.F.S., J.L.G., C.F.B.H.,
and K.R.Z. completed field sampling; C.M.L., M.L.L., and A.V. did
the laboratory work; C.M.L., M.L.L., and A.V. analysed the data;
C.M.L., and K.R.Z wrote the manuscript with contributions from
coauthors.

DATA AVAILABILITY STATEMENT

DNA sequences of 12S rRNA mitochondrial gene for the local
reference database were deposited in GenBank (391-569 bp)
(MT771731-MT771897) and Dryad Digital Repository (50-92 bp)
(doi.org/10.5061/dryad.f4qrfj6tc). NGS eDNA unfiltered data and
the pipeline for filtering and assign taxonomy to eDNA sequences
were deposited in Dryad (doi.org/10.5061/dryad.f4qrfjétc).



LOPES ET AL.

ORCID

Carla Martins Lopes https://orcid.org/0000-0002-3277-1913
Délio Baéta https://orcid.org/0000-0002-1427-1878

Alice Valentini https://orcid.org/0000-0001-5829-5479

Mariana Lucio Lyra https://orcid.org/0000-0002-7863-4965

Ariadne Fares Sabbag https://orcid.org/0000-0001-7277-0950
Kelly Raquel Zamudio https://orcid.org/0000-0001-5107-6206
REFERENCES

Almeida, A. D. P., Gasparini, J. L., & Peloso, P. L. V. (2011). Frogs of the
state of Espirito Santo, southeastern Brazil - The need for looking
at the “coldspots”. Check List, 7, 542-560. https://doi.org/10.15560/
7.4.542

Balint, M., Nowak, C., Marton, O., Pauls, S. U., Wittwer, C., Aramayo,
J. L., .. Jansen, M. (2018). Accuracy, limitations and cost ef-
ficiency of eDNA-based community survey in tropical frogs.
Molecular  Ecology Resources, 18, 1415-1426. https://doi.
org/10.1111/1755-0998.12934

Becker, C. G,, Fonseca, C. R., Haddad, C. F. B., Batista, R. F., & Prado, P.
1. (2007). Habitat split and the global decline of amphibians. Science,
318, 1775-1777. https://doi.org/10.1126/science. 1149374

Bezerra, A. M., Passos, L. O., de Luna-Dias, C., Quintanilha, A. S., & de
Carvalho-e-Silva, S. P. (2020). A missing piece of the puzzle: Re-
encounter of Aplastodiscus musicus, its call, and phylogenetic place-
ment (Anura: Hylidae: Cophomantini). Herpetologica, 76(1), 74-82.
https://doi.org/10.1655/Herpetologica-D-18-00061

Boussarie, G., Bakker, J., Wangensteen, O. S., Mariani, S., Bonnin, L.,
Juhel, J.-B., ... Mouillot, D. (2018). Environmental DNA illuminates
the dark diversity of sharks. Science. Advances, 4, eaap9661. https://
doi.org/10.1126/sciadv.aap9661

Boyer, F., Mercier, C., Bonin, A., Le Bras, Y., Taberlet, P., & Coissac, E.
(2016). OBITOOLS: A UNIX-inspired software package for DNA me-
tabarcoding. Molecular Ecology Resources, 16, 176-182. https://doi.
org/10.1111/1755-0998.12428

Carvalho, T., Becker, C. G., & Toledo, L. F. (2017). Historical amphib-
ian declines and extinctions in Brazil linked to chytridiomycosis.
Proceedings of the Royal Society B: Biological Sciences, 284, 20162254.
https://doi.org/10.1098/rspb.2016.2254

Cilleros, K., Valentini, A., Allard, L., Dejean, T., Etienne, R., Grenouillet, G.,
... Brosse, S. (2019). Unlocking biodiversity and conservation studies
in high-diversity environments using environmental DNA (eDNA): A
test with Guianese freshwater fishes. Molecular Ecology Resources,
19, 27-46. https://doi.org/10.1111/1755-0998.12900

Cruz, C. A. G. (1991). Descricdo de duas espécies novas de
Phyllomedusinae do Sudeste Brasileiro (Amphibia, Anura, Hylidae).
Revista Brasileira De Biologia, 51, 271-275.

Dabney, J., Knapp, M., Glocke, |., Gansauge, M.-T., Weihmann, A.,
Nickel, B., ... Meyer, M. (2013). Complete mitochondrial genome
sequence of a Middle Pleistocene cave bear reconstructed from
ultrashort DNA fragments. Proceedings of the National Academy of
Sciences, 110, 15758-15763. https://doi.org/10.1073/pnas.13144
45110

De Barba, M., Miquel, C., Boyer, F., Mercier, C., Rioux, D., Coissac, E.,
& Taberlet, P. (2014). DNA metabarcoding multiplexing and valida-
tion of data accuracy for diet assessment: Application to omnivo-
rous diet. Molecular Ecology Resources, 14(2), 306-323. https://doi.
org/10.1111/1755-0998.12188

de S4,F. P, Canedo, C., Lyra,M. L.,&Haddad, C. F.B.(2015). Anew species
of Hylodes (Anura, Hylodidae) and its secretive underwater breeding
behavior. Herpetologica, 71, 58-71. https://doi.org/10.1655/HERPE
TOLOGICA-D-13-00053

Dejean, T., Valentini, A., Duparc, A., Pellier-Cuit, S., Pompanon, F,,
Taberlet, P., & Miaud, C. (2011). Persistence of environmental DNA

MoLECULAR EcoLOGY IVU TSV

in freshwater ecosystems. PLoS One, 6(8), €23398. https://doi.
org/10.1371/journal.pone.0023398

Duellman, W. E., Marion, A. B., & Hedges, S. B. (2016). Phylogenetics,
classification, and biogeography of the treefrogs (Amphibia: Anura:
Arboranae). Zootaxa, 4104, 1-109. https://doi.org/10.11646/zoota
xa.4104.1.1

Eterovick, P. C., de Carnaval, A. C. O. Q., Borges-Nojosa, D. M,,
Silvano, D. L., Segalla, M. V., & Sazima, |. (2005). Amphibian de-
clines in Brazil: An overview. Biotropica, 37, 166-179. https://doi.
org/10.1111/j.1744-7429.2005.00024.x

Faivovich, J., Garcia, P. C. A., Ananias, F., Lanari, L., Basso, N. G., &
Wheeler, W. C. (2004). A molecular perspective on the phylog-
eny of the Hyla pulchella species group (Anura, Hylidae). Molecular
Phylogenetics and Evolution, 32, 938-950. https://doi.org/10.1016/j.
ympev.2004.03.008

Ficetola, G., Coissac, E., Zundel, S., Riaz, T., Shehzad, W., Bessiére,
J., ... Pompanon, F. (2010). An in silico approach for the eval-
uation of DNA barcodes. BMC Genomics, 11, 434. https://doi.
org/10.1186/1471-2164-11-434

Ficetola, G. F., Taberlet, P., & Coissac, E. (2016). How to limit false pos-
itives in environmental DNA and metabarcoding? Molecular Ecology
Resources, 16(3), 604-607. https://doi.org/10.1111/1755-0998.12508

Folly, M., Bezerra, A. D. M., Ruggeri, J., Hepp, F., Carrvalho-e-Silva, A. M.
P. T., Gomes, M. R,, & Carvalho-e-Silva, S. P. (2016). Anuran fauna of
the high-elevation areas of the Parque Nacional da Serra dos Orgéos
(PARNASO), southeastern Brazil. Oecologia Australis, 20, 109-120.
https://doi.org/10.4257/0ec0.2016.2002.08

Frost, D. R. (2020). Amphibian species of the world: an online reference.
Retrieved from https://amphibiansoftheworld.amnh.org/index.php

Fulton, T. L. (2012). Setting up an ancient DNA laboratory. In B. Shapiro,
& M. Hofreiter (Eds.), Ancient DNA methods and protocols (Vol. 840,
pp. 1-11). https://doi.org/10.1007/978-1-61779-516-9_23

Gansauge, M.-T., & Meyer, M. (2013). Single-stranded DNA library
preparation for the sequencing of ancient or damaged DNA. Nature
Protocols, 8, 737-748. https://doi.org/10.1038/nprot.2013.038

Garey, M. V., Provete, D. B., Martins, I. A., Haddad, C. F. B., & Rossa-Feres,
D. C. (2014). Anurans from the Serra da Bocaina National Park and
surrounding buffer area, southeastern Brazil. Check List, 10, 308-316.

Giaretta, A. A, Bokermann, W. C. A,, & Haddad, C. F. B. (1993). A review
of the genus Megaelosia (Anura: Leptodactylidae) with a description
of a new species. Journal of Herpetology, 27, 276-285. https://doi.
org/10.2307/1565148

Goebel, A. M., Donnelly, J. M., & Atz, M. E. (1999). PCR primers and am-
plification methods for 12S ribosomal DNA, the control region, cyto-
chrome oxidase 1, and cytochrome b in bufonids and other frogs, and
an overview of PCR primers which have amplified DNA in amphibi-
ans successfully. Molecular Phylogenetics and Evolution, 11, 163-199.
https://doi.org/10.1006/mpev.1998.0538

Goldberg, C. S., Turner, C. R, Deiner, K., Klymus, K. E., Thomsen, P. F.,
Murphy, M. A., ... Taberlet, P. (2016). Critical considerations for the
application of environmental DNA methods to detect aquatic spe-
cies. Methods in Ecology and Evolution, 7, 1299-1307. https://doi.
org/10.1111/2041-210X.12595

Graybeal, A. (1997). Phylogenetic reltionships of bufonid frogs and tests
of alternate macroevolutionary hypotheses characterizing their ra-
diaton. Zoological Journal of the Linnean Society, 119, 297-338.

Hahn, C., Bachmann, L., & Chevreux, B. (2013). Reconstructing mito-
chondrial genomes directly from genomic next-generation sequenc-
ing reads - a baiting and iterative mapping approach. Nucleic Acids
Research, 41, e129. https://doi.org/10.1093/nar/gkt371

Heyer, W.R., Rand, A. S., Cruz, C. A. G. G,, Peixoto, O. L., & Nelson, C. E.
(1990). Frogs of Boracéia. Arquivos De Zoologia - Museu De Zoologia
Da Universidade De Séo Paulo, 31(4), 231-410.

Heyer, W. R, Rand, A. S, da Cruz, C. A. G., & Peixoto, O. L. (1988).
Decimations, extinctions, and colonizations of frog populations in


https://orcid.org/0000-0002-3277-1913
https://orcid.org/0000-0002-3277-1913
https://orcid.org/0000-0002-1427-1878
https://orcid.org/0000-0002-1427-1878
https://orcid.org/0000-0001-5829-5479
https://orcid.org/0000-0001-5829-5479
https://orcid.org/0000-0002-7863-4965
https://orcid.org/0000-0002-7863-4965
https://orcid.org/0000-0001-7277-0950
https://orcid.org/0000-0001-7277-0950
https://orcid.org/0000-0001-5107-6206
https://orcid.org/0000-0001-5107-6206
https://doi.org/10.15560/7.4.542
https://doi.org/10.15560/7.4.542
https://doi.org/10.1111/1755-0998.12934
https://doi.org/10.1111/1755-0998.12934
https://doi.org/10.1126/science.1149374
https://doi.org/10.1655/Herpetologica-D-18-00061
https://doi.org/10.1126/sciadv.aap9661
https://doi.org/10.1126/sciadv.aap9661
https://doi.org/10.1111/1755-0998.12428
https://doi.org/10.1111/1755-0998.12428
https://doi.org/10.1098/rspb.2016.2254
https://doi.org/10.1111/1755-0998.12900
https://doi.org/10.1073/pnas.1314445110
https://doi.org/10.1073/pnas.1314445110
https://doi.org/10.1111/1755-0998.12188
https://doi.org/10.1111/1755-0998.12188
https://doi.org/10.1655/HERPETOLOGICA-D-13-00053
https://doi.org/10.1655/HERPETOLOGICA-D-13-00053
https://doi.org/10.1371/journal.pone.0023398
https://doi.org/10.1371/journal.pone.0023398
https://doi.org/10.11646/zootaxa.4104.1.1
https://doi.org/10.11646/zootaxa.4104.1.1
https://doi.org/10.1111/j.1744-7429.2005.00024.x
https://doi.org/10.1111/j.1744-7429.2005.00024.x
https://doi.org/10.1016/j.ympev.2004.03.008
https://doi.org/10.1016/j.ympev.2004.03.008
https://doi.org/10.1186/1471-2164-11-434
https://doi.org/10.1186/1471-2164-11-434
https://doi.org/10.1111/1755-0998.12508
https://doi.org/10.4257/oeco.2016.2002.08
https://amphibiansoftheworld.amnh.org/index.php
https://doi.org/10.1007/978-1-61779-516-9_23
https://doi.org/10.1038/nprot.2013.038
https://doi.org/10.2307/1565148
https://doi.org/10.2307/1565148
https://doi.org/10.1006/mpev.1998.0538
https://doi.org/10.1111/2041-210X.12595
https://doi.org/10.1111/2041-210X.12595
https://doi.org/10.1093/nar/gkt371

LOPES ET AL.

10
—I—Wl |B)DA%Gm MOLECULAR ECOLOGY

Southeast Brazil and their evolutionary implications. Biotropica, 20,
230-235. https://doi.org/10.2307/2388238

Instituto Chico Mendes de Conservacido da Biodiversidade - ICMBio
(2008). Plano de Manejo Parque Nacional da Serra dos Orgdos - Volume
Il - Anexos.

Instituto Chico Mendes de Conservacado da Biodiversidade - ICMBio.
(2014). Plano de Manejo do Parque Nacional do Itatiaia, Encarte 3 -
Andlise da Unidade de Conservagado.

Instituto Chico Mendes de Conservacdo da Biodiversidade - ICMBio.
(2016). Sumario Executivo, Livro Vermelho da Fauna Brasileira
Ameacada de Extingdo. In Livro Vermelho. Brasilia: Ministério do
Meio Ambiente.

Johnson, C. N., Balmford, A., Brook, B. W., Buettel, J. C., Galetti, M.,
Guangchun, L., & Wilmshurst, J. M. (2017). Biodiversity losses and
conservation responses in the Anthropocene. Science, 356, 270-275.
https://doi.org/10.1126/science.aam9317

Katoh, K., & Standley, D. M. (2013). MAFFT multiple sequence align-
ment software version 7: Improvements in performance and us-
ability. Molecular Biology and Evolution, 30(4), 772-780. https://doi.
org/10.1093/molbev/mst010

Lopes, C. M., Sasso, T., Valentini, A., Dejean, T., Martins, M., Zamudio, K. R.,
& Haddad, C. F. B. (2017). eDNA metabarcoding: A promising method
for anuran surveys in highly diverse tropical forests. Molecular Ecology
Resources, 17, 904-914. https://doi.org/10.1111/1755-0998.12643

Lyra, M. L., Haddad, C. F. B., & de Azeredo-Espin, A. M. L. (2017). Meeting
the challenge of DNA barcoding Neotropical amphibians: Polymerase
chain reaction optimization and new COI primers. Molecular Ecology
Resources, 17, 966-980. https://doi.org/10.1111/1755-0998.12648

Lyra, M. L., Lourencgo, A. C. C., Pinheiro, P. D. P, Pezzuti, T. L., Baéta, D.,
Barlow, A., ... Faivovich, J. (2020). High-throughput DNA sequencing
of museum specimens sheds light on the long-missing species of the
Bokermannohyla claresignata group (Anura: Hylidae: Cophomantini).
Zoological Journal of the Linnean Society, June, 1-21. https://doi.
org/10.1093/zoolinnean/zlaa033

Myers, N., Mittermeier, R. A., Mittermeier, C. G., da Fonseca, G. A. B,,
& Kent, J. (2000). Biodiversity hotspots for conservation priorities.
Nature, 403, 853-858. https://doi.org/10.1038/35002501

Palumbi, S. R., Martin, A., McMillan, W. O, Stice, L., & Grabowski, G.
(1991). The simple fool’s guide to PCR.. Honolulu, HI: University of
Hawai.

Pilliod, D. S., Goldberg, C. S., Arkle, R. S., Waits, L. P., & Richardson, J.
(2013). Estimating occupancy and abundance of stream amphibians
using environmental DNA from filtered water samples. Canadian
Journal of Fisheries and Aquatic Sciences, 70(8), 1123-1130. https://
doi.org/10.1139/cjfas-2013-0047

Pimenta, B. V. S., Cruz, C. A. G., & Caramaschi, U. (2014). Taxonomic re-
view of the species complex of Crossodactylus dispar A. Lutz, 1925
(Anura, Hylodidae). Arquivos De Zoologia - Museu De Zoologia Da
Universidade De Sdo Paulo, 45, 1-33.

Pifiol, J., Senar, M. A, & Symondson, W. O. C. (2019). The choice of uni-
versal primers and the characteristics of the species mixture de-
termine when DNA metabarcoding can be quantitative. Molecular
Ecology, 28(2), 407-419. https://doi.org/10.1111/mec.14776

Pombal José P., Haddad Célio F. B. (1999). Frogs of the Genus
Paratelmatobius (Anura: Leptodactylidae) with Descriptions of Two
New Species. Copeia, 1999, (4), 1014. http://dx.doi.org/10.2307/
1447976.

Pont, D., Rocle, M., Valentini, A., Civade, R., Jean, P, Maire, A,, ... Dejean, T.
(2018). Environmental DNA reveals quantitative patterns of fish biodi-
versity in large rivers despite its downstream transportation. Scientific
Reports, 8, 10361. https:/doi.org/10.1038/s41598-018-28424-8

R Development Core Team. (2017). R: A language and environment for
statistical computing. Vienna, Austria: R Foundation for Statistical
Computing. Retrieved from https://www.r-project.org/

Sasso, T., Lopes, C. M., Valentini, A., Dejean, T., Zamudio, K. R., Haddad, C.
F. B., & Martins, M. (2017). Environmental DNA characterization of am-
phibian communities in the Brazilian Atlantic forest: Potential application
for conservation of a rich and threatened fauna. Biological Conservation,
215, 225-232. https://doi.org/10.1016/j.biocon.2017.09.015

Shehzad, W., McCarthy, T. M., Pompanon, F., Purevjav, L., Coissac,
E., Riaz, T., & Taberlet, P. (2012). Prey preference of snow leop-
ard (Panthera uncia) in South Gobi. Mongolia. PLOS One, 7, €32104.
https://doi.org/10.1371/journal.pone.0032104

Taberlet, P.,, Bonin, A,, Zinger, L., & Coissac, E. (2018). Environmental DNA
for Biodiversity Research and Monitoring. Oxford, UK: Oxford University
Press. https://doi.org/10.1093/0s0/9780198767220.001.0001.

The International Union for Conservation of Nature - [IUCN (2020). The
IUCN Red List of Threatened Species. Retrieved from http://www.iucnr
edlist.org

Tucker, A. J., Chadderton, W. L., Jerde, C. L., Renshaw, M. A, Uy, K.,
Gantz, C., ... Lodge, D. M. (2016). A sensitive environmental DNA
(eDNA) assay leads to new insights on Ruffe (Gymnocephalus cer-
nua) spread in North America. Biological Invasions, 18, 3205-3222.
https://doi.org/10.1007/s10530-016-1209-z

Valentini, A., Taberlet, P., Miaud, C., Civade, R., Herder, J.,, Thomsen, P. F.,
... Dejean, T. (2016). Next-generation monitoring of aquatic biodiver-
sity using environmental DNA metabarcoding. Molecular Ecology, 25,
929-942. https://doi.org/10.1111/mec.13428

Wake, D. B., & Vredenburg, V. T. (2008). Are we in the midst of the sixth
mass extinction? A view from the world of amphibians. Proceedings of
the National Academy of Sciences of USA, 105, 11466-11473. https://
doi.org/10.1073/pnas.0801921105

Walker, M., Lyra, M. L., & Haddad, C. F. B. (2018). Phylogenetic relation-
ships and cryptic species diversity in the Brazilian egg-brooding tree
frog, genus Fritziana Mello-Leitdo 1937 (Anura: Hemiphractidae).
Molecular Phylogenetics and Evolution, 123, 59-72. https://doi.
org/10.1016/j.ympev.2018.02.012

Weygoldt, P. (1989). Changes in the composition of mountain stream frog
communities in the Atlantic mountains of Brazil: Frogs as indicators
of environmental deteriorations? Studies on Neotropical Fauna and
Environment, 243, 249-255. https://doi.org/10.1080/0165052890
9360795

Wiens, J. J., Fetzner, J. W., Parkinson, C. L., & Reeder, T. W. (2005).
Hylid frog phylogeny and sampling strategies for speciose clades.
Systematic Biology, 54, 778-807. https://doi.org/10.1080/10635
150500234625

Zinger, L., Donald, J., Brosse, S., Gonzalez, M. A., Iribar, A., Leroy, C.,
Lopes, C. M. (2020). Advances and prospects of environmental
DNA in neotropical rainforests. In A. J. Dumbrell, E. C. Turner, &
T. M. Fayle (Eds.), Tropical ecosystems in the 21st century, 62, 331-
373). Cambridge, Massachusetts, USA: Academic Press.https://doi.
org/10.1016/bs.aecr.2020.01.001

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Lopes CM, Baéta D, Valentini A, et al.
Lost and found: Frogs in a biodiversity hotspot rediscovered
with environmental DNA. Mol Ecol. 2020;00:1-10. https://
doi.org/10.1111/mec.15594



https://doi.org/10.2307/2388238
https://doi.org/10.1126/science.aam9317
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1111/1755-0998.12643
https://doi.org/10.1111/1755-0998.12648
https://doi.org/10.1093/zoolinnean/zlaa033
https://doi.org/10.1093/zoolinnean/zlaa033
https://doi.org/10.1038/35002501
https://doi.org/10.1139/cjfas-2013-0047
https://doi.org/10.1139/cjfas-2013-0047
https://doi.org/10.1111/mec.14776
http://dx.doi.org/10.2307/1447976
http://dx.doi.org/10.2307/1447976
https://doi.org/10.1038/s41598-018-28424-8
https://www.r-project.org/
https://doi.org/10.1016/j.biocon.2017.09.015
https://doi.org/10.1371/journal.pone.0032104
https://doi.org/10.1093/oso/9780198767220.001.0001
http://www.iucnredlist.org
http://www.iucnredlist.org
https://doi.org/10.1007/s10530-016-1209-z
https://doi.org/10.1111/mec.13428
https://doi.org/10.1073/pnas.0801921105
https://doi.org/10.1073/pnas.0801921105
https://doi.org/10.1016/j.ympev.2018.02.012
https://doi.org/10.1016/j.ympev.2018.02.012
https://doi.org/10.1080/01650528909360795
https://doi.org/10.1080/01650528909360795
https://doi.org/10.1080/10635150500234625
https://doi.org/10.1080/10635150500234625
https://doi.org/10.1016/bs.aecr.2020.01.001
https://doi.org/10.1016/bs.aecr.2020.01.001
https://doi.org/10.1111/mec.15594
https://doi.org/10.1111/mec.15594

