Received: 27 September 2019

Revised: 10 September 2020

'.) Check for updates

Accepted: 11 September 2020

DOI: 10.1002/edn3.142

ORIGINAL ARTICLE

Environmental DNA

Dedicated to the study and use of environmental DNA for basic and

Power and limitations of environmental DNA metabarcoding
for surveying leaf litter eukaryotic communities

Carla Martins Lopes®

| Délio Baéta® | Thais Sasso® | Agustin Vanzetti® |

Kelly Raquel Zamudio* | Pierre Taberlet® | Célio Fernando Baptista Haddad

'Departamento de Biodiversidade e Centro
de Aquicultura, Instituto de Biociéncias,
Universidade Estadual Paulista (UNESP), Rio
Claro, Brazil

2Environmental Futures Research Institute,
Griffith University, Nathan, Qld, Australia

3Laboratorio de Genética, Departamento de
Ciencias Naturales (FHUC - UNL), CONICET,
Santa Fe, Argentina

4Department of Ecology and Evolutionary
Biology, Cornell University, Ithaca, NY, USA

SLaboratoire d’Ecologie Alpine, Université
Grenoble Alpes, Grenoble Cedex 9, France

Correspondence

Carla Martins Lopes, Departamento de
Biodiversidade, Instituto de Biociéncias,
Universidade Estadual Paulista, Av. 24A, n.
1515, Rio Claro, CEP 13506-900 SP, Brazil.
Email: cmlopes82@hotmail.com

Funding information

Sao Paulo Research Foundation, Grant/
Award Number: 2013/50741-7; CML
research fellowship, Grant/Award Number:
2016/14054-3; Conselho Nacional de
Desenvolvimento Cientifico e Tecnolégico

1 | INTRODUCTION

Leaf litter plays an important role in ecosystem dynamics, contrib-
uting to nutrient cycling and soil fertility of forests (Vitousek &
Sanford, 1986). The decomposing layers of organic matter provide

Abstract

Leaf litter habitats shelter a great variety of organisms, which play an important role
in ecosystem dynamics. However, monitoring species in leaf litter is challenging, es-
pecially in highly diverse environments such as tropical forests, because individuals
may easily camouflage themselves or hide in the litter layer. Identifying species based
on environmental DNA (eDNA) would allow us to assess biodiversity in this micro-
habitat, without the need for direct observation of individuals. We applied eDNA
metabarcoding to analyze large amounts of leaf litter (1 kg per sample) collected in
the Brazilian Atlantic forest. We compared two DNA extraction methods, one total
and one extracellular, and amplified a fragment of the mitochondrial 185 rRNA gene
common to all eukaryotes, to assess the performance of eDNA from leaf litter sam-
ples in identifying different eukaryotic taxonomic groups. We also amplified two
fragments of the mitochondrial 125 rRNA gene to specifically test the power of this
approach for monitoring vertebrate species, with a focus on anurans. Most of the
eukaryote sequence reads obtained were classified as Fungi, followed by Metazoa,
and Viridiplantae. Most vertebrate sequences were assigned to Homo sapiens; only
two sequences assigned to the genus Phyllomedusa and the species Euparkerella bra-
siliensis can be considered true detections of anurans in our eDNA samples. The de-
tection of taxa varied depending on the DNA extraction method applied. Our results
demonstrate that the analysis of eDNA from leaf litter samples has low power for
monitoring vertebrate species and should be preferentially applied to describe active

and abundant taxa in terrestrial communities, such as Fungi and invertebrates.
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unique conditions to house a plethora of organisms. Besides plants,
most of the biomass and species occurring in the leaf litter are in-
volved in organic matter turnover, as detritivore species (arthro-
pods and annelids) and microbial decomposers (bacteria and fungi)
(Hattenschwiler et al., 2005). Among vertebrates, amphibians have
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the highest number of species that reside in this microhabitat in
tropical forests (Siqueira et al., 2009). Amphibian abundance and
richness in leaf litter are correlated to several biotic and abiotic fac-
tors, including altitude, humidity, the structure and composition of
the litter layer, and available food resources (Oliveira et al., 2013).

Assessing species diversity in leaf litter substrates is particularly
challenging because small organisms can camouflage and hide be-
tween litter layers, making biodiversity inventories difficult, costly,
and time-consuming. It is therefore not surprising that several spe-
cies that specialize on leaf litter habitats are still poorly known, es-
pecially in highly diverse environments such as the Brazilian Atlantic
forest. Surveys of amphibians inhabiting leaf litter are still primar-
ily based on traditional methods of audio-visual encounters and
the use of traps (Goyannes-Aradjo et al., 2015; Rocha et al., 2013;
Siqueira et al., 2011, 2014). These methods have some shortcom-
ings, especially when trying to detect species with low population
density or species that spend most of their time buried and appear
on the surface only for brief periods of time.

The activities carried out by any organism leave DNA traces of
its presence in the environment. This environmental DNA (eDNA)
can be analyzed using a DNA metabarcoding approach, which de-
scribes the species diversity in the environment based on DNA bar-
codes and high-throughput sequencing (Taberlet et al., 2012). This
approach can be standardized to overcome many of the challenges
of traditional survey methods, providing access to organisms that
are difficult to sample or hard to identify morphologically in the
field, while also enhancing the probability of detecting new species
(Taberlet et al., 2018; Taberlet, et al., 2012).

Environmental DNA has been successfully applied to describe
community composition (Pansu et al., 2015; Valentini et al., 2016)
and to monitor specific target species (Jerde et al., 2011; Lopes
et al., 2020; Sigsgaard et al., 2015; Thomsen et al., 2012; Tréguier
et al., 2014). Although these studies have explored a variety of
aquatic and terrestrial environments (Bohmann et al., 2014), most
effort to date for developing eDNA analysis protocols have fo-
cused on species inhabiting freshwater in temperate ecosystems
(Hoffmann et al., 2016) or microbial diversity in soil samples (Bates
et al., 2013; Lauber et al., 2009; Tedersoo et al., 2014). Few studies
have tested the efficacy of extracting eDNA from leaf litter sam-
ples. In studies performed to date, leaf litter eDNA is obtained from
a bulk sample (pool of individuals of the target taxa) or by using a
small amount of leaf litter sample (0.1 g-0.5 g) (England et al., 2004;
Horton et al., 2017; Yang et al., 2014). Such small amounts of sample
material may not be consistent and representative enough to assess
the local biodiversity in the surrounding environment. Appropriate
sampling and DNA extraction design are key steps for success in any
eDNA study. The amount of leaf litter sample collected, how it is
processed, and which DNA extraction protocol is used are critical
considerations for planning fieldwork, maximizing the DNA vyield of
the target organisms and reducing PCR inhibitor levels (Goldberg
etal., 2016; Taberlet et al., 2018). Total DNA extraction is commonly
used in eDNA studies, allowing access to free DNA molecules in the

environment (extracellular DNA) and to the intracellular DNA from
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free spores, cells, and tissues of organisms (Taberlet et al., 2018). An
alternative method is the extracellular DNA extraction (Taberlet,
et al., 2012) that has been used to isolate eDNA from large soil sam-
ples (>15 g), and it is considered a fast and cheap protocol for multi-
taxa analyses (Zinger et al., 2016). Thus far, no study has compared
the performance of total and extracellular DNA extractions as a
source of eDNA for surveying leaf litter communities.

In this study, we collected leaf litter samples in a highly diverse
Neotropical site of the Brazilian Atlantic forest and extracted the
DNA of the samples using one total (intra- and extracellular DNA)
and one extracellular DNA extraction method. We amplified a frag-
ment of the mitochondrial 185 rRNA gene of eukaryotes to assess
the performance of DNA extraction methods for detecting DNA
traces of different taxonomic groups of eukaryotes present in the
leaf litter community. We also amplified a fragment of the mitochon-
drial 125 rRNA gene of vertebrates to test the feasibility of eDNA
metabarcoding for monitoring leaf litter vertebrates, and more spe-
cifically, we amplified the mitochondrial 125 rRNA gene of anurans,
to test the feasibility of our protocols for monitoring anuran species.
Given that plants, detritivores, and decomposer species constitute
the highest number of species and greatest biomass in the leaf litter,
we anticipated that the highest number of Molecular Operational
Taxonomic Units (MOTUs) and sequence reads in 185 rRNA data of
eukaryotes would be attributed to taxa within these groups, regard-
less of extraction methods, while anuran species would be the taxa
most represented in 125 rRNA data of vertebrates.

2 | MATERIAL AND METHODS
2.1 | Study area and local biodiversity

The Reserva Ecoldgica de Guapiacu (REGUA) (Figure 1) in Rio de
Janeiro State, Brazil, encompasses 7,200 ha of mainly montane and
submontane Brazilian Atlantic forest, ranging from 20 to 2,300 m
of elevation. The climate is warm and wet, with temperature rang-
ing from 14 to 37°C, and an average annual rainfall of 2,600 mm
(Bernardo et al., 2011; Siqueira et al., 2014). The continuous well-
preserved forest favors the persistence of a great variety of verte-
brates, invertebrates, and plant species (http://regua.org.br/biodi
versidade/), making REGUA a high priority locality for diversity con-
servation in the Brazilian Atlantic forest.

2.2 Environmental DNA sampling, extraction,
amplification, purification, and sequencing

We established two transects along an elevation range from 400
to 600 min REGUA, covering areas with a high density, abundance,
and diversity of leaf litter frogs (Siqueira et al., 2009, 2011, 2014).
We sampled 16 plots of 2 m? in each transect. Plots were sampled
approximately every 10 m of elevation (Figure 1 and Table S1). The

leaf litter within each plot was collected in individual plastic bags
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FIGURE 1 Distribution of leaf litter plots (black dots) sampled in the Reserva Ecolégica de Guapiacu (REGUA), in Cachoeiras de Macacu,

Rio de Janeiro State, Brazil

and transported to the Laboratério de Herpetologia, UNESP, Rio
Claro, SP, Brazil. Samples were stored and processed in a clean
and refrigerated room, within 72 hs after sampling. All sample
processing was done using individual gloves, masks, and sterilized
material for each sample. We compared the performance of total
and extracellular DNA extraction methods by dividing the 32 sam-
ples in two subsamples of 1 kg each. For the total DNA extrac-
tion, we added a volume of 2 L of distilled water to one of the
subsamples. For the extracellular method, we added a volume of
2 L of phosphate buffer (0.12 M Na,HPO,, pH = 8) to the other
subsample. Each subsample was mixed for 10 min. The water and
phosphate buffer were drained and filtered independently, using
Nalgene nitrate cellulose membrane of 0.45 pum pore size (Thermo
Fisher Scientific) until the membrane was clogged (20-100 ml per
subsample). The membranes used for the total DNA extraction
were stored in 15 ml falcon tubes filled with lysis buffer (Tris-HCI
0.1 M, EDTA 0.1 M, NaCl 0.01 M and N-lauroyl sarcosine 1%, pH
7.5-8). The membranes used for extracellular DNA extraction

were stored dry in 15-mL falcon tubes with silica gel. All samples
were stored at room temperature until DNA extraction, which
was done in the Laboratoire d’Ecologie Alpine, Grenoble, France,
in a room dedicated to low-quantity DNA extractions. Negative
sampling controls were performed applying the same procedures
described above, using 2 L of distilled water and 2 L of phosphate
buffer without any leaf litter sample, to certify that there was no
contamination of reagents and equipment or cross-contamination
among samples.

For total DNA extraction, we incubated the filters for 2 hr at
56°C to allow for cellular lysis. We transferred the 15 ml of lysis buf-
fer to a new 50-mL falcon tube, added 33 ml of ethanol and 1.5 ml of
3 M sodium acetate, and incubated the tubes overnight at —~20°C for
DNA precipitation. The tubes were centrifuged at 10,000 g for 1 hr
at 6°C. The supernatant was discarded, and 700 pL of lysis buffer
SL2 from the NucleoSpin soil DNA extraction kit (Macherey-Nagel)
was added to the precipitate. Subsequent steps of DNA extraction
followed the manufacturer's instructions.
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For extracellular DNA extraction, we discarded the silica gel and
added 15 ml of phosphate buffer to the dried membranes. We incu-
bated the filters for 30 min at room temperature to recover DNA in
the solution. We transferred the phosphate buffer to a new 50-mL
falcon tube, added 33 ml of ethanol and 1.5 ml of 3 M sodium ace-
tate, and incubated the tubes overnight at ~20°C for DNA precipi-
tation. The tubes were centrifuged at 10,000 g for 1 hr at 6°C. The
supernatant was discarded and 700 pL of binding buffer SB from the
NucleoSpin soil DNA extraction kit (Macherey-Nagel, Germany) was
added to the precipitate before the tubes were vortexed for 15 s.
Subsequent steps of DNA extraction followed the manufacturer's
instructions.

We amplified a fragment (around 123 bp) of the v7 region of
the mitochondrial 18S rRNA gene from eukaryotes to assess the
performance of the extraction methods in recovering eDNA of dif-
ferent taxonomic groups from leaf litter. Amplifications were per-
formed in a final volume of 20 pL, using 2 pL of DNA extract, 1X
concentrated AmpliTag Gold® 360 Master Mix (Life Technologies),
0.2 pg/pL of bovine serum albumin (BSA, Roche Diagnostic), and
0.5 uM of the forward (5-TTTGTCTGCTTAATTSCG-3') and reverse
(5-CACAGACCTGTTATTGC-3’) primers (Guardiola et al., 2015). The
PCR conditions were 95°C for 10 min, followed by 45 cycles of 95°C
for 30 s, 45°C for 30 s, 72°C for 1 min, and a final step of 72°C for
7 min.

We also amplified a fragment of the mitochondrial 12S
rRNA gene of vertebrates and anurans (around 97 and 51 bp, re-
spectively) in a final volume of 20 pL, using 2 uL of DNA ex-
tract, 1X concentrated AmpliTag Gold® 360 Master Mix (Life
Technologies), 0.2 ug/pL of BSA (Roche Diagnostic), 0.5 uM of
each the forward (5 - TTAGATACCCCACTATGC - 3') and re-
verse (5- TAGAACAGGCTCCTCTAG - 3') primers for vertebrates
(Riaz et al., 2011), and the batra_F (5' - ACACCGCCCGTCACCCT
- 3') and batra_R (5’ - GTAYACTTACCATGTTACGACTT - 3’) prim-
ers for anurans (Valentini et al., 2016). For the anuran PCR, we
also included 5 pM of the human blocking primer batra_blk (5’ -
TCACCCTCCTCAAGTATACTTCAAAGGCA-SPC3I - 3’) (Valentini
et al., 2016). No human blocking primer was included in vertebrate
PCR reactions, to avoid blocking amplification of other mammal
species as well. PCR amplifications were carried out under 95°C for
10 min, followed by 45 (vertebrates) or 50 (anurans) cycles of 95°C
for 30s,49°C (vertebrates) or 55°C (anurans) for 30 s, 72°C for 1 min,
and a final step of 72°C for 7 min. One sampling (water or phosphate
buffer used with no leaf litter sample), one extraction (DNA-free
water used in the place of a sample), and two PCR negative controls
(DNA-free water used in the place of a DNA sample) for each DNA
extraction method and molecular marker were included in the exper-
iments for monitoring contamination. Two PCR-positive controls for
each DNA extraction method and molecular marker were added to
monitor the detection power of the methods. The positive controls
were composed of the DNA of four amphibian species obtained from
the Célio F. B. Haddad collection (CFBHt) at Universidade Estadual
Paulista (UNESP), Rio Claro, Sdo Paulo, Brazil (Ischnocnema guen-
theri—CFBHt13091, Haddadus binotatus—CFBHt13050, Rhinella
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icterica—CFBHt13068, and Adenomera marmorata—CFBHt14596)
mixed at known concentrations. We performed eight, six, and six

PCR replicates for each sample to amplify the DNA of eukaryotes,
vertebrates, and anurans, respectively. All primers were 5’ labeled
with 8 bp unique molecular tags allowing identification of sequences
to the corresponding PCR replicate. The PCR products were purified
using a QlAquick PCR purification kit (Qiagen GmbH,) and titrated
using fluorometric quantitation (Qubit, Qiagen GmbH). One library
for each marker was prepared using the Metafast protocol (https://
www.fasteris.com/dna/?q=content/metafast-protocol-amplicon-
metagenomic-analysis). The paired-end sequencing (2 x 125 bp) was
carried out using the lllumina Hiseq 2,500 (lllumina Inc.) at Fasteris
(http://www.fasteris.com).

2.3 | Reference database

We constructed one DNA metabarcoding reference database for
each molecular marker to taxonomically assign the sequences recov-
ered from eDNA samples. We used the sequences of the primer pairs
of 185 rRNA gene for eukaryotes, and the 125 rRNA gene for ver-
tebrates and anurans to extract the relevant part of the sequences
from the European Molecular Biology Laboratory (EMBL) database
(release 135) using the programs implemented in the OBITools 1.1.22
package (Boyer et al., 2016) and ecoPCR 0.5.0 (Ficetola et al., 2010).
In addition, a local DNA reference database was constructed to im-
prove taxonomic assignment of the eDNA anuran sequences. Anuran
tissues from the species occurring in REGUA and surrounding areas
(Rocha et al., 2007; Siqueira et al., 2009, 2011) were obtained from
the Célio F. B. Haddad collection (CFBHt) at Universidade Estadual
Paulista (UNESP), Rio Claro, Sdo Paulo, Brazil, and Museu Nacional—
Universidade Federal do Rio de Janeiro (MNRJ), Rio de Janeiro,
Brazil (Table S2). Total DNA was extracted from 10 mg of muscle
tissue using a standard high-salt protocol (Lyra et al., 2017). The frag-
ment of the mitochondrial 125 rRNA gene was amplified using the
primers 12SA-L (5-AAACTGGGATTAGATACCCCACTAT-3’; Palumbi
et al., 1991) and tVal (5-TGTAAGCGARAGGCTTTKGTTAAGCT-3’;
Wiens et al., 2005), following the protocols described by Faivovich
et al. (2004). PCR products were purified using Exonuclease | and
Shrimp Alkaline Phosphatase (Thermo Fisher Scientific) following
the guidelines of the suppliers. Both DNA strands were sequenced.
Sequences were visually inspected, primers were trimmed, and con-
sensus sequences were constructed using Geneious 7.1.3 (Kearse
et al., 2012). The relevant part of the sequences from the local refer-
ence database was added to the anuran sequences extracted from
the EMBL database.

2.4 | Sequence filtering and annotation

Environmental DNA sequences were filtered and taxonomically
annotated using the programs OBITools, ecoPCR, and R 3.3.3

(R Development Core Team, 2016), following the main steps
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described by Lopes et al. (2017). We analyzed the data for each
molecular marker separately, as follows: i) we constructed con-
sensus sequences assembling paired-end reads; ii) assigned only
sequences unambiguously identified by their molecular tags and
maximum 2 bp errors per primer to appropriate PCR products; iii)
dereplicated the reads, keeping the sequence reads count per PCR
product; iv) excluded from the subsequent analyses sequences
shorter than 30 bp, 20 bp, and 20 bp, for eukaryotes, vertebrates,
and anurans, respectively; and v) sequences with total read counts
lower than 10 among all PCR replicates for each molecular marker,
to eliminate possible amplification/sequencing errors; vi) labeled
each sequence as “head” (the most common sequence in a group
of sequences linked by a single indel or substitution), “internal”
(less frequent sequences in a group of linked sequences), or “sin-
gleton” (sequences with no variants linked to them), according to
Shehzad, et al. (2012), in each PCR product, to identify possible
amplification/sequencing errors; and vii) assigned the taxonomic
identification to the sequences using the appropriate reference
database. We filtered sequences to eliminate possible contami-
nations, PCR and sequencing errors from the data, by excluding
from subsequent analysis: viii) sequences with frequency lower
than 1% per PCR product; ix) sequences identified as “internals”;
X) sequences with less than 90%, 90%, and 96% of identity with
a sequence from the reference database for eukaryotes, verte-
brates, and anurans, respectively. The identity thresholds applied
are based on results of previous studies (Lopes et al., 2017) and
the representativeness of Brazilian Atlantic forest biodiversity in
the sequence reference databases; xi) sequences with maximal av-
erage read counts in negative controls; xii) sequences not identi-
fied at least to order or family taxonomic levels or as Anura, for
eukaryote, vertebrates, and anuran datasets, respectively; and xiii)
low-quantity PCR products (< 100 reads in total), by comparing
the number of read counts of positive and negative controls and

eDNA samples.

2.5 | Statistical analyses

We performed all statistical analyses using R 3.3.3. We calculated
the proportion of sequence reads obtained for each taxon of interest,
in each leaf litter plot, for each molecular marker and DNA extrac-
tion method based on the sum of read counts among PCR replicates.
We applied the Wilcoxon signed-rank test to statistically compare
differences in the number of sequence reads and MOTUs between
total and extracellular DNA extractions per plot, using the whole eu-
karyote dataset and the Fungi, Metazoa, and Viridiplantae kingdoms,
separately, under a significance of p < .01. We used the Spearman
correlation test to identify whether the relative abundance and num-
ber of MOTUs for each phylum identified in the eukaryote dataset
are correlated between the two extraction methods, under a signifi-
cance of p < .05.

We used a site occupancy-detection model (Royle & Link, 2006)

to compare probabilities of detection (p11) and site occupancy (psi)

for Fungi, Metazoa, and Viridiplantae kingdoms between total and
extracellular extractions. We constructed matrices of presence/ab-
sence for each kingdom and DNA extraction, considering the 32 plots
and the 8 PCR replicates performed for each sample. We applied
Bayesian inference under the JAGS 4.3.0 program (Plummer, 2003)
in the R package R2jags 0.6 (Su & Yajima, 2015) considering the max-
imum probability of false presences as 0.05, running four chains of
100,000 iterations, 50,000 as burn-in, and saving 1,000 iterations
per chain.

We explored the community composition congruence be-
tween the extraction methods comparing the matrices of pairwise
beta diversity estimates between plots. We used the presence/
absence of MOTUs in the eukaryote dataset to calculate the beta
diversity based on the Sgrensen dissimilarity index. The overall
beta diversity was partitioned into turnover and nestedness com-
ponents to assess the dissimilarity among plots resulting from the
replacement or loss/gain of MOTUs, respectively. The dissimilar-
ity indexes were calculated using the R package betapart 1.5.1
(Baselga et al., 2018). We compared the correlation between the
dissimilarity matrices of each extraction method using Mantel's
test, under 999 permutation and significance of p < .05. We also
applied Mantel's test to further explore whether a gradient in the
beta diversity pattern is recovered along the altitudinal transect

for both extraction methods.

3 | RESULTS
3.1 | Eukaryote data

Sequencing of the fragment of the 18S rRNA gene from eukaryotes
resulted in 11,309,111 consensus sequence reads, including the
eight PCR replicates of all environmental samples, positive, and neg-
ative controls. After the filtering process, two sequences assigned
to Anura were retained in positive controls. No sequence remained
in sampling and PCR negative controls. Four sequences (assigned
to the plant subfamily Pooideae, and the fungi families Valsaceae
and Physalacriaceae and the genus Malassezia) were detected at low
read counts in only four PCR replicates of extraction controls. We
did not exclude these sequences from eDNA samples. We obtained
1,303,676 reads among eDNA samples, distributed in 598 MOTUs
(Table S3). Among the MOTUs, 35.62% were identified to the spe-
cies level, 21.07% to genus, 16.72% to family, 16.05% to order, and
the remaining 10.54% were identified to other levels below order.
We retrieved 646,759 sequence reads, distributed in 501
MOTUs for the 32 eDNA samples obtained with the total DNA
extraction method. Most of the sequence reads and MOTUs were
classified as Fungi (60.68% and 247), Viridiplantae (19.26% and 50),
and Metazoa (11.47% and 95), respectively. Considering the phy-
lum level, the most represented were Ascomycota (48.35% and 149
sequence reads and MOTUs, respectively), Streptophyta (19.26%
and 50), Basidiomycota (9.63% and 71), and Arthropoda (5.34% and
51) (Figure 2). Only 0.76% of the sequence reads were classified as
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Chordata, from which only one MOTU was assigned to Anura in two
PCR replicates.

We retrieved 656,917 sequence reads, distributed in 218 MOTUs
for the 32 eDNA samples obtained with the extracellular DNA ex-
traction. Most of the sequence reads and MOTUs were classified as
Fungi (79.89% and 104), Metazoa (15.72% and 63), and Viridiplantae
(0.36% and 3). The phyla Ascomycota (70.76% sequence reads and
66 MOTUSs), Arthropoda (6.75% and 32), Mucoromycota (5.81% and
5), and Basidiomycota (3.01% and 32) correspond to most of the
sequence reads and MOTUs obtained, respectively (Figure 2). No
MOTU was classified as Chordata for extracellular DNA extraction
samples.

The number of sequence reads was similar using both DNA ex-
traction methods for the whole eukaryote dataset and for Fungi
and Metazoa sequences. For Viridiplantae sequences, the number
of sequence reads was significantly higher (p < .01) for the total
DNA extraction, compared with extracellular extraction. The num-
ber of MOTUs was equivalent for both extractions for Metazoa.
For the whole eukaryote dataset, and for Fungi and Viridiplantae
sequences, the number of MOTUs was significantly higher (p < .01)
for the total DNA extraction, compared with the extracellular ex-
traction (Figure 3). The extraction methods showed moderate pos-
itive correlations in the relative abundances and number of MOTUs

across eukaryotic phyla (Spearman's rho 0.52 and 0.72, respectively,

p < .05) (Figure 4). However, some phyla showed quite higher rel-
ative abundance or number of MOTUs for one of the extraction
methods compared to the other (hamely Chordata, Chytridiomycota,
and Streptophyta for total extraction and Mucoromycota for extra-
cellular extraction) or the phyla were only detected using the total
extraction method (Bacillariophyta, Blastocladiomycota, Tardigrada,
and Zoopagomycota) (Figure 2).

The estimated detection probabilities for Fungi and Metazoa
were slightly higher for the extracellular DNA extraction method
(p11 = 0.939 and 0.691, respectively) than for total extraction
(p11 = 0.885 and 0.547). On the other hand, the highest estimated
detection probability for Viridiplantae was observed with the total
DNA extraction (p11 = 0.622), when compared to the extracellu-
lar method (p11 = 0.205). The estimated proportion of sites occu-
pied (psi) for Fungi, Metazoa, and Viridiplantae for the total DNA
extraction was 0.979, 0.853, and 0.756, respectively, and for the
extracellular method, it was 0.979, 0.741, and 0.207, respectively
(Figure 5).

We found overall congruent Sgrensen, nestedness, and turnover
pairwise dissimilarity estimates between plots for total and extra-
cellular extractions (r = 0.11, r = -0.07, r = 0.05, p > .05). However,
the Sgrensen and turnover values were slightly more pronounced
for the total DNA extraction method, while the nestedness com-

ponent was higher for the extracellular extraction. Overall, the
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turnover component contributed more to the dissimilarity patterns
observed for both extraction methods than the nestedness compo-
nent (Table 1). A positive and significant correlation between the
Sgrensen dissimilarity estimates along the altitudinal transect was
only observed for the total DNA extraction (r = 0.12, p < .05). All the
other comparisons did not show significant values (nestedness and
turnover total extraction: r = 0.06 and 0.06, respectively. Sgrensen,
nestedness, and turnover extracellular extraction: r = 0.04; -0.01

and 0.02, respectively; p > .05).

3.2 | Vertebrate data

Sequencing of the fragment of the 125 rRNA gene from vertebrates
resulted in 3,921,430 consensus sequence reads, including the six
PCR replicates of all environmental samples, negative and positive
controls. After the filtering process, no sequence reads remained
in negative controls. We recovered in positive controls sequences
corresponding to the species Haddadus binotatus, Rhinella icterica,

and Adenomera marmorata, but we lost the sequence corresponding

VIRIDIPLANTAE

to Ischnocnema guentheri (< 90% of identity with a sequence from
the reference database). We obtained 25,945 reads from the eDNA
samples, distributed in 27 MOTUs (Table S3). Among the MOTUs,
59.26% were identified to species level, 11.11% to genus, 25.93% to
subfamily, and 3.70% to family.

We retrieved 19,343 sequence reads, distributed in 21 MOTUs
for the 32 eDNA samples obtained with the total DNA extraction. All
sequence reads were assigned to nine taxa: Hominidae, Homininae,
and Homo sapiens (corresponding to 0.73%, 19.63%, and 50.94% of
the reads, respectively), the frog species Pseudopaludicola boliviana
(17.27%), the wild turkey Meleagris gallopavo (5.67%), the genera
Canis (1.97%), Bos (1.13%), and Phyllomedusa (0.99%), and the bird
subfamily Phasianinae (1.67%).

We retrieved 6,602 sequence reads, distributed in 12 MOTUs
for the 32 eDNA samples obtained with the extracellular DNA ex-
traction. All sequence reads were assigned to seven taxa: Homininae
and Homo sapiens (corresponding to 9.36% and 75.86% of the reads,
respectively), the frog species Euparkerella brasiliensis (4.24%), the
woodcock Scolopax rusticola (2.23%), the shrew Crocidura russula
(1.50%), and the genera Canis (1.57%) and Bos (5.24%).
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3.3 | Anuran data

The sequencing of the fragment of the 12S rRNA gene from Anura
resulted in 2,305,405 consensus sequence reads, including the
PCR replicates of all environmental samples, positive and negative
controls. After the filtering process, no sequence reads remained
in negative controls. The sequences corresponding to the species
Haddadus binotatus, Rhinella icterica, and Adenomera marmorata were
recovered in positive controls sequences, but we lost the sequence
of Ischnocnema guentheri (< 96% of identity with a sequence from
the reference database). No frog sequence was retained in any
eDNA sample (Table S3).

4 | DISCUSSION

The analysis of eDNA from leaf litter samples is poorly explored for
monitoring macroorganisms and many methodological gaps still re-

main. Our results demonstrate that this approach can be successfully

50 100 150
N. MOTUS TOTAL

applied to describe the biodiversity of eukaryotes, mainly of clades
that are active and abundant in terrestrial communities. However,
results may vary depending on the DNA extraction method ap-
plied. Both DNA extractions showed good potential for surveying
Fungi and Metazoa communities in our study, despite differences
in the power of detection observed for some specific phyla (total
extraction favored the detection of Chordata, Chytridiomycota,
Blastocladiomycota, Tardigrada, and Zoopagomycota, while ex-
tracellular extraction performed better for Mucoromycota). For
Viridiplantae, the total extraction performed much better than the
extracellular method in all analyses.

Total and extracellular extractions were ecologically congru-
ent for estimating overall beta diversity. However, the total DNA
extraction method was more sensitive in detecting variation in
the pattern of diversity along the altitudinal transect. The replace-
ment of MOTUs between plots, represented by the turnover com-
ponent, contributed more to the pairwise dissimilarities observed,
which can reflect a gradual shift in species composition along the

altitudinal transect. Species distributions are known to vary along
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TABLE 1 Variation of estimated values of Sgrensen, nestedness, and turnover dissimilarity indices for the pairwise comparison between
leaf litter plots for total and extracellular extraction methods, using the entire eukaryote dataset

Total extraction

Extracellular extraction

Sgrensen Nestedness Turnover Sgrensen Nestedness Turnover
Minimum 0.5789 0.0000 0.0000 0.3333 0.0000 0.0000
1st quartile 0.8197 0.0143 0.7647 0.7484 0.0318 0.6000
Median 0.8710 0.0322 0.8125 0.8286 0.0750 0.7273
Mean 0.8626 0.0693 0.7933 0.8035 0.1027 0.7008
3rd quartile 0.9080 0.0717 0.8710 0.8832 0.1368 0.8000
Maximum 1.0000 0.7297 1.0000 0.9655 0.7778 0.9643

altitudinal gradients, as demonstrated for frogs in this region
(Siqueira et al., 2009, 2011, 2014). However, we do not have any data
on the distribution of species other than frogs along our transects
to test this assumption. Zinger et al. (2016) argue that the overall
community composition of bacteria, eukaryotes, and vascular plants
in soil samples were congruent between total and extracellular DNA
extractions, making the extracellular method a better alternative
considering costs, labor, and larger volumes of sample processed.
However, soil communities may be undersampled using extracellular
DNA extractions, due to the lower cell lysis compared to total DNA
extractions (Zinger et al., 2016). In our study, we processed the same

weight of leaf litter, using the same equipment and extraction kit for

both methods, resulting in equivalent costs. Despite some additional
steps required during total DNA extraction, we concluded this was
overall a good compromise to recover more reliable data for moni-
toring terrestrial community in our leaf litter samples.

Fungi were the kingdom most represented among the se-
qguence reads and MOTUs recovered in the eukaryote dataset.
Among Metazoa, invertebrates comprised more than 90% of se-
quence reads and MOTUs, represented mainly by Arthropoda,
Nematoda, Annelida, and Platyhelminthes. Fungi are essential mi-
crobial decomposers in the leaf litter, which together with other
litter-consuming detritivore species play a key role in the nutrient

cycling in this microhabitat (Gessner et al., 2010). It is expected
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that active and abundant taxa in terrestrial communities, such as
Bacteria, Fungi, and invertebrates, will be highly represented in
eDNA recovered from soil samples (Drummond et al., 2015; Zinger
et al., 2016). However, despite leaf litter being mainly composed of
plant parts (wood, leaves, and roots), Viridiplantae was the king-
dom least represented in our eukaryotes data. One alternative to
improve the description of plant community composition in leaf
litter samples based on eDNA is to adjust protocols, for exam-
ple, including a mechanical lysis step during DNA extraction that
breaks plant cell walls and increases the amount of intracellular
DNA recovered. Moreover, using primers specifically developed
for amplification of plant DNA would increase specificity and ef-
ficiency of plant sequences recovered, avoiding amplification of
undesirable taxa (Taberlet et al., 2007).

The eukaryote, vertebrate, and anuran datasets generated in
our study showed that the analysis of eDNA from leaf litter is not
a reliable tool for monitoring vertebrates, and more specifically, for
anuran species. Only two amphibian sequences corresponding to
the genus Phyllomedusa and the species Euparkerella brasiliensis can
be considered true detections of the vertebrate community in our
samples. Despite following strict protocols of sampling, laboratory,
and bioinformatic analysis, most vertebrates we identified in our
data using the fragment of the 125 rRNA gene could be considered
false positives. Some species we detected do not occur in REGUA
(such as Pseudopaludicola boliviana), or even in Brazil (e.g., Crocidura
russula, Meleagris gallopavo, and Scolopax rusticola). Their detection
can result from contamination of our samples with exogenous DNA
during handling and processing of eDNA samples or, ultimately, the
incompleteness of our reference database resulted in incorrect tax-
onomy assignment of eDNA sequences. Incomplete and inaccurate
reference databases can result in up to 30% of incorrect taxonomic
assignments of sequences (Kocher et al., 2017), which is particularly
tricky for Neotropical taxa that are underrepresented in public DNA
reference databases (Zinger et al., 2020). Assembling a custom local
reference database is an alternative to ensure the reliability of the
taxa detected. The sequences of Bos, Canis, and especially Homo sa-
piens detected in our data are common contaminants of eDNA sam-
ples, even when stringent practices are adopted (Epp et al., 2012).
Those are either true detections of DNA traces of these organisms in
our sampling locality or could result from exogenous DNA contami-
nation in our samples. A high amount of contaminant DNA can limit
the amplification of less frequent sequences, hindering the detec-
tion of target taxa (Shehzad, et al., 2012). We applied stringent rules
to remove potential PCR/sequencing errors and contaminations
(false positives), which might increase exclusions of true detections
(false negatives), but not at the cost of losing all true detections, es-
pecially if we consider the high number of PCR replicates used in
our study (Ficetola et al., 2015). Failures in laboratory procedures
are unlikely to explain the inability to recover at least part of the
community of vertebrates in our eDNA samples. The primer pairs
used for vertebrates and anuran amplifications have been success-
fully applied in previous eDNA metabarcoding studies for taxonomic
assignment of species (De Barba et al., 2014; Lopes et al., 2017;
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Shehzad, et al., 2012; Valentini et al., 2016). Similarly, the routine
laboratory procedures, such as PCR amplification, quantification,
library preparation, and eDNA sequencing, were performed in pre-
vious successful studies (Lopes et al., 2017; Taberlet et al., 2018;
Valentini et al., 2016).

The stability and detectability of DNA in substrates such as
soil and leaf litter might be affected by environmental conditions
(pH, temperature, and UV radiation), species characteristics (pop-
ulation size, biomass, and behavior), and the characteristics of the
molecules of DNA themselves (Taberlet et al., 2018). However, how
these factors affect overall eDNA stability is still poorly under-
stood. Moreover, DNA molecules are adsorbed to particles in the
soil, which limits the capacity of DNA dispersion through the en-
vironment (Yoccoz et al., 2012). This may, therefore, require wide
areas of survey to successfully detect the DNA of the target spe-
cies in such substrates, especially if the species show low population
densities or have limited dispersion ability. Our sampling effort was
spatially distributed in a known area of frog occurrence in REGUA,
totaling 64 m? of leaf litter. We observed several individuals of dif-
ferent amphibian species during the leaf litter sampling (Adenomera
marmorata, Euparkerella brasiliensis, Haddadus binotatus, Ischnocnema
guentheri, Ischnocnema parva, Physalaemus signifier, Rhinella ornata,
and Zachaenus parvulus), both within and around plots. Surprisingly,
we did not recover any amphibian sequence corresponding to these
field observations in our anuran dataset. Although leaf litter shel-
ters a wide variety of amphibian species, the release, persistence,
and degradation rates of DNA in the leaf litter are unknown. Limited
DNA release by amphibian species in leaf litter may limit detection
probability using eDNA, as skin cells are potentially not continuously
shed in leaf litter as they are periodically sloughed when frogs are
in water (Taberlet et al., 2018). That, together with leaching of DNA
from leaf litter into the soil layer, could contribute to the low feasi-
bility of the anuran detection from leaf litter by means of the eDNA.

Our study was performed in a preserved Atlantic forest area, and
our results have shown that detecting vertebrate DNA in leaf litter
substrate is challenging, being primarily informative for a few taxa.
Our sampling design and the total area sampled may have not been
sufficient to detect vertebrates in general and more specifically am-
phibian species, mainly due to limited DNA shedding of species in
the litter layer and to the low capacity of DNA dispersion in soil,
which limits the signal for species detection both vertically and hor-
izontally (Taberlet et al., 2018). Therefore, further research aiming
to survey vertebrate species in terrestrial environment using eDNA
should consider the representativeness of the samples collected rel-
ative to the area that will be surveyed and the sampling strategy
to be applied. For example, the use of water sampling instead of
soil sampling might be warranted for the search of amphibians, as
water seems to be a more suitable substrate for retrieving amphibian
eDNA (Lopes et al., 2017), or the potential use of DNA traps, such as
sandpaper-sampling, that could detect the DNA of amphibian spe-
cies, even after few contacts between the specimens and the DNA
trap (Burns et al., 2020). Overall, including the use of specific primers

to amplify the DNA of abundant groups such as plants, Fungi, and
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other detritivore species should be of special interest for community
characterization using DNA extracted from leaf litter samples.

ACKNOWLEDGMENTS

The authors thank Mariana L. Lyra, Christian Miquel, and Delphine
Rioux for help with laboratory procedures; Aurélie Bonin, Céline
Mercier and Frédéric Boyer for help with eDNA analysis; Sdo Paulo
Research Foundation for financial support (#2013/50741-7) and
CML research fellowship (#2016/14054-3); Conselho Nacional de
Desenvolvimento Cientifico e Tecnoldgico for a research fellowship
to CFBH; and REGUA for research and collecting permits.

CONFLICT OF INTEREST

The “batra” primers used to identify amphibians from environmental
samples are patented. This patent only restricts commercial appli-
cations and has no impact on the use of this method by academic

researchers.

AUTHOR CONTRIBUTIONS

CML, DB, and PT designed research; CFBH acquired financial sup-
port; CML, DB, TS, and AV completed field sampling; CML, TS, and
AV did laboratory work; CML analyzed the data; CML wrote the

manuscript with the contributions from coauthors.

DATA AVAILABILITY STATEMENT

DNA sequences of the fragment of the mitochondrial 125 rRNA
gene of anurans for the local reference database: GenBank acces-
sion numbers MW010292 - MW010337. NGS eDNA unfiltered data:
Dryad Digital Repository https://doi.org/10.5061/dryad.9wOvt
4bd1.

ORCID

Carla Martins Lopes https://orcid.org/0000-0002-3277-1913

REFERENCES

Baselga, A., Orme, D., Villeger, S., Bortoli, J. De, Leprieur, F., Logez, M.,
& Henriques-Silva, R. (2018). Package “betapart”: Partitioning beta di-
versity into turnover and nestedness components. https://cran.r-proje
ct.org/web/packages/betapart/index.html

Bates, S. T., Clemente, J. C., Flores, G. E., Walters, W. A, Parfrey, L. W.,
Knight, R., & Fierer, N. (2013). Global biogeography of highly diverse
protistan communities in soil. The ISME Journal, 7, 652-659. https://
doi.org/10.1038/ismej.2012.147

Bernardo, C. S. S., Lloyd, H., Bayly, N., & Galetti, M. (2011).
Modelling post-release survival of reintroduced Red-billed
Curassows Crax blumenbachii. Ibis, 153(3), 562-572. https://doi.
org/10.1111/j.1474-919X.2011.01142.x

Bohmann, K., Evans, A., Gilbert, M. T. P, Carvalho, G. R., Creer, S., Knapp,
M., Yu, D. W.,, & de Bruyn, M. (2014). Environmental DNA for wild-
life biology and biodiversity monitoring. Trends in Ecology & Evolution,
29(6), 358-367. https://doi.org/10.1016/j.tree.2014.04.003

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

Burns, T. J., Clemann, N., van Rooyen, A. R., Scheele, B. C., Weeks,
A. R, & Diriscoll, D. A. (2020). Environmental DNA sampling

in a terrestrial environment: methods to detect a critically en-
dangered frog and a global pathogen. BioRxiv, 1-29. https://doi.
0rg/10.1101/2020.03.01.968693.

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

Drummond, A. J., Newcomb, R. D., Buckley, T. R., Xie, D., Dopheide, A,
Potter, B. C. M., Heled, J., Ross, H. A., Tooman, L., Grosser, S., Park,
D., Demetras, N. J., Stevens, M. |, Russell, J. C., Anderson, S. H.,
Carter, A., & Nelson, N. (2015). Evaluating a multigene environmen-
tal DNA approach for biodiversity assessment. GigaScience, 4(1), 46.
https://doi.org/10.1186/s13742-015-0086-1

England, L. S., Vincent, M. L., Trevors, J. T., & Holmes, S. B. (2004).
Extraction, detection and persistence of extracellular DNA in for-
est litter microcosms. Molecular and Cellular Probes, 18(5), 313-319.
https://doi.org/10.1016/j.mcp.2004.05.001

Epp, L. S., Boessenkool, S., Bellemain, E. P., Haile, J., Esposito, A., Riaz, T.,
Erséus, C., Gusarov, V. |, Edwards, M. E., Johnsen, A, Stengien, H. K,
Hassel, K., Kauserud, H., Yoccoz, N. G., Brathen, K. A., Willerslev, E.,
Taberlet, P., Coissac, E., & Brochmann, C. (2012). New environmental
metabarcodes for analysing soil DNA: Potential for studying past and
present ecosystems. Molecular Ecology, 21(8), 1821-1833. https://
doi.org/10.1111/j.1365-294X.2012.05537.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.,
Taberlet, P., & Pompanon, F. (2010). An in silico approach for the
evaluation of DNA barcodes. BMC Genomics, 11, 434. https://doi.
org/10.1186/1471-2164-11-434

Ficetola, G. F., Pansu, J., Bonin, A., Coissac, E., Giguet-Covex, C., De
Barba, M., Gielly, L., Lopes, C. M., Boyer, F., Pompanon, F., Rayé,
G., & Taberlet, P. (2015). Replication levels, false presences and
the estimation of the presence/absence from eDNA metabarcod-
ing data. Molecular Ecology Resources, 15(3), 543-556. https://doi.
org/10.1111/1755-0998.12338

Gessner, M. O., Swan, C. M., Dang, C. K., McKie, B. G., Bardgett, R. D.,
Wall, D. H., & Hattenschwiler, S. (2010). Diversity meets decompo-
sition. Trends in Ecology and Evolution, 25(6), 372-380. https://doi.
org/10.1016/j.tree.2010.01.010

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

Goyannes-Araujo, P., Siqueira, C. C., Laia, R. C., Almeida-santos, M.,
Guedes, D. M,, Frederico, C., & Rocha, D. (2015). Anuran species dis-
tribution along an elevational gradient and seasonal comparisons of
leaf litter frogs in an Atlantic Rainforest area of southeastern Brazil.
Herpetological Journal, 25, 75-81.

Guardiola, M., Uriz, M. J,, Taberlet, P., Coissac, E., Wangensteen, O. S., &
Turon, X. (2015). Deep-sea, deep-sequencing: Metabarcoding extra-
cellular DNA from sediments of marine canyons. PLoS One, 10(10),
1-26. https://doi.org/10.1371/journal.pone.0139633

Hattenschwiler, S., Tiunov, A. V., & Scheu, S. (2005). Biodiversity and lit-
ter decomposition in terrestrial ecosystems. Annual Review of Ecology,
Evolution, and Systematics, 36, 191-218. https://doi.org/10.1146/
annurev.ecolsys.36.112904.151932

Hoffmann, C., Schubert, G., & Calvignac-Spencer, S. (2016). Aquatic bio-
diversity assessment for the lazy. Molecular Ecology, 25(4), 846-848.
https://doi.org/10.1111/mec.13535

85U8017 SUOWILIOD BA1e81D) 8|qeotidde ay) Aq psussnob ae ssppile O '8sn J0 Sa|Nn 10) Areiq18ul|UO A1 UO (SUORIPUOD-PUR-SULBY WD AB | 1M ARIq 1 BUIIUO//:SHNY) SUONIPUOD PUe SWIS | 8U) 89S " [¥20Z/0T/80] U0 Akeidiaulju 48| ‘Ssuoebinsanu| ap luoideN oksuod 13DINOD Aq ZyT"€Upe/z00T 0T/10p/Loo A8 | im Akeid i jpul|uoy/:sdny woy pepeojumod ‘€ ‘1202 ‘Sr62£92


https://doi.org/10.5061/dryad.9w0vt4bd1
https://doi.org/10.5061/dryad.9w0vt4bd1
https://orcid.org/0000-0002-3277-1913
https://orcid.org/0000-0002-3277-1913
https://cran.r-project.org/web/packages/betapart/index.html
https://cran.r-project.org/web/packages/betapart/index.html
https://doi.org/10.1038/ismej.2012.147
https://doi.org/10.1038/ismej.2012.147
https://doi.org/10.1111/j.1474-919X.2011.01142.x
https://doi.org/10.1111/j.1474-919X.2011.01142.x
https://doi.org/10.1016/j.tree.2014.04.003
https://doi.org/10.1111/1755-0998.12428
https://doi.org/10.1111/1755-0998.12428
https://doi.org/10.1101/2020.03.01.968693
https://doi.org/10.1101/2020.03.01.968693
https://doi.org/10.1111/1755-0998.12188
https://doi.org/10.1111/1755-0998.12188
https://doi.org/10.1186/s13742-015-0086-1
https://doi.org/10.1016/j.mcp.2004.05.001
https://doi.org/10.1111/j.1365-294X.2012.05537.x
https://doi.org/10.1111/j.1365-294X.2012.05537.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/10.1111/1755-0998.12338
https://doi.org/10.1111/1755-0998.12338
https://doi.org/10.1016/j.tree.2010.01.010
https://doi.org/10.1016/j.tree.2010.01.010
https://doi.org/10.1111/2041-210X.12595
https://doi.org/10.1111/2041-210X.12595
https://doi.org/10.1371/journal.pone.0139633
https://doi.org/10.1146/annurev.ecolsys.36.112904.151932
https://doi.org/10.1146/annurev.ecolsys.36.112904.151932
https://doi.org/10.1111/mec.13535

LOPES ET AL.

Environmental DNA

Horton, D. J., Kershner, M. W., & Blackwood, C. B. (2017). Suitability of
PCR primers for characterizing invertebrate communities from soil
and leaf litter targeting metazoan 18S ribosomal or cytochrome
oxidase | (COIl) genes. European Journal of Soil Biology, 80, 43-48.
https://doi.org/10.1016/j.ejsobi.2017.04.003

Jerde, C. L., Mahon, A. R., Chadderton, W. L., & Lodge, D. M. (2011).
“Sight-unseen” detection of rare aquatic species using environ-
mental DNA. Conservation Letters, 4(2), 150-157. https://doi.
org/10.1111/j.1755-263X.2010.00158.x

Kearse, M., Maoir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock,
S., Buxton, S., Cooper, A., Markowitz, S., Duran, C., Thierer, T,
Ashton, B., Meintjes, P., & Drummond, A. (2012). Geneious Basic:
An integrated and extendable desktop software platform for the
organization and analysis of sequence data. Bioinformatics, 28(12),
1647-1649. https://doi.org/10.1093/bioinformatics/bts199

Kocher, A., Thoisy, B., Catzeflis, F., Huguin, M., Valiére, S., Zinger, L.,
Baruls, A.-L., & Murienne, J. (2017). Evaluation of short mitochon-
drial metabarcodes for the identification of Amazonian mammals.
Methods in Ecology and Evolution, 8(10), 1276-1283. https://doi.
org/10.1111/2041-210X.12729

Lauber, C.L.,Hamady, M., Knight, R., & Fierer, N. (2009). Pyrosequencing-
based assessment of soil pH as a predictor of soil bacterial commu-
nity structure at the continental scale. Applied and Environmental
Microbiology, 75(15), 5111-5120. https://doi.org/10.1128/
AEM.00335-09

Lopes, C. M., Baéta, D., Valentini, A., Lyra, M. L., Sabbag, A. F., Gasparini,
J. L., Dejean, T., Haddad, C. F. B., & Zamudio, K. R. (2020). Lost and
found: Frogs in a biodiversity hotspot rediscovered with environ-
mental DNA. Molecular Ecology, 1-10. https://doi.org/10.1111/
mec.15594

Lopes, C. M, Sasso, T., Valentini, A., Dejean, T., Martins, M., Zamudio,
K. R., & Haddad, C. F. B. (2017). eDNA metabarcoding: A prom-
ising method for anuran surveys in highly diverse tropical for-
ests. 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 amphib-
ians: Polymerase chain reaction optimization and new COI
primers. Molecular Ecology Resources, 17, 966-980. https://doi.
org/10.1111/1755-0998.12648

Oliveira, J. C. F,, Pralon, E., Coco, L., Pagotto, R. V., & Rocha, C. F. D.
(2013). Environmental humidity and leaf-litter depth affecting eco-
logical parameters of a leaf-litter frog community in an Atlantic
Rainforest area. Journal of Natural History, 47, 2115-2124. https://
doi.org/10.1080/00222933.2013.769641

Palumbi, S. R., Martin, A., McMillan, W. O, Stice, L., & Grabowski, G.
(1991). The simple fool’s guide to PCR (version 2.). University of Hawai.

Pansu, J., De Danieli, S., Puissant, J., Gonzalez, J.-M., Gielly, L., Cordonnier,
T., Zinger, L., Brun, J.-J., Choler, P., Taberlet, P., & Cécillon, L. (2015).
Landscape-scale distribution patterns of earthworms inferred from
soil DNA. Soil Biology and Biochemistry, 83, 100-105. https://doi.
org/10.1016/j.s0ilbio.2015.01.004

Plummer, M. (2003). JAGS: A program for analysis of Bayesian graphical
models using Gibbs sampling. Proceedings of the 3rd International
Workshop on Distributed Statistical Computing. Vienna

R Development Core Team (2016). R: A language and environment for
statistical computing. Vienna, Austria: R Foundation for Statistical
Computing. Retrieved from https://www.r-project.org/

Riaz, T., Shehzad, W., Viari, A., Pompanon, F., Taberlet, P., & Coissac, E.
(2011). ecoPrimers: Inference of new DNA barcode markers from
whole genome sequence analysis. Nucleic Acids Research, 39(21),
e145. https://doi.org/10.1093/nar/gkr732

Rocha, C. F. D., Vrcibradic, D., Kiefer, M. C., Almeida-Gomes, M., Borges-
Junior, V. N. T., Carneiro, P. C. F., & Van Sluys, M. (2007). A survey
of the leaf-litter frog assembly from an Atlantic forest area (Reserva

Oper

‘Open Access,
Dedicated to the study and use of environmental DNA for basic and applied sciences

Ecoldgica de Guapiacu ) in Rio de Janeiro State, Brazil, with an esti-
mate of frog densities. Tropical Zoology, 20, 99-108.

Rocha, C. F. D., Vrcibradic, D., Kiefer, M. C., Almeida-Gomes, M., Borges-
Junior, V. N. T., Menezes, V. A., & Van Sluys, M. (2013). The leaf-litter
frog community from Reserva Rio das Pedras, Mangaratiba, Rio de
Janeiro State, Southeastern Brazil: Species richness, composition
and densities. North-Western Journal of Zoology, 9(1), 151-156.

Royle, J. A., & Link, W. A. (2006). Generalized site occupancy models allow-
ing for false positive and false negative errors. Ecology, 87(4), 835-841.
https://doi.org/10.1890/0012-9658(2006)87[835:GSOMAF]2.0.CO;2

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, €e32104.
https://doi.org/10.1371/journal.pone.0032104

Shehzad, W.,, Riaz, T., Nawaz, M. A., Miquel, C., Poillot, C., Shah, S. A.,
& Taberlet, P. (2012). Carnivore diet analysis based on next-genera-
tion sequencing: Application to the leopard cat (Prionailurus benga-
lensis) in Pakistan. Molecular Ecology, 21(8), 1951-1965. https://doi.
org/10.1111/j.1365-294X.2011.05424 .x

Sigsgaard, E. E., Carl, H., Mgller, P. R., & Thomsen, P. F. (2015). Monitoring
the near-extinct European weather loach in Denmark based on en-
vironmental DNA from water samples. Biological Conservation, 183,
46-52. https://doi.org/10.1016/j.biocon.2014.11.023

Siqueira, C. C., Vrcibradic, D., Almeida-Gomes, M., Borges-Junior, V. N.
T., Almeida-Santos, P., Almeida-Santos, M., Ariani, C. V., Guedes, D.
M., Goyannes-Araujo, P., Dorigo, T. A., Van Sluys, M., & Rocha, C. F.
D. (2009). Density and richness of leaf litter frogs (Amphibia: Anura)
of an Atlantic Rainforest area in the Serra dos Orgéos, Rio de Janeiro
State. Brazil. Zoologia, 26(1), 97-102. https://doi.org/10.1590/51984
-46702009000100015

Siqueira, C. C., Vrcibradic, D., Dorigo, T. A., & Rocha, C. F. D. (2011).
Anurans from two high-elevation areas of Atlantic Forest in the
state of Rio de Janeiro. Brazil. Zoologia, 28(4), 457-464. https://doi.
org/10.1590/51984-46702011000400007

Siqueira, C. C., Vrcibradic, D., Nogueira-Costa, P., Martins, A. R.,
Dantas, L., Gomes, V. L. R, Bergallo, H. G., & Rocha, C. F. D. (2014).
Environmental parameters affecting the structure of leaf-litter frog
(Amphibia: Anura) communities in tropical forests: A case study from
an Atlantic Rainforest area in southeastern Brazil. Zoologia, 31(2),
147-152. https://doi.org/10.1590/51984-46702014000200005

Su, Y.-S., & Yajima, M. (2015). R2jags: Using R to Run “JAGS”. Retrieved
from  https://cran.r-project.org/web/packages/R2jags/index.html.
Accessed March 17,2016

Taberlet, P., Bonin, A., Zinger, L., & Coissac, E. (2018). Environmental DNA
for biodiversity research and monitoring. Oxford University Press.

Taberlet, P., Coissac, E., Hajibabaei, M., & Rieseberg, L. H. (2012).
Environmental DNA. Molecular Ecology, 21(8), 1789-1793. https://
doi.org/10.1111/j.1365-294X.2012.05542.x

Taberlet, P., Coissac, E., Pompanon, F.,, Gielly, L., Miquel, C., Valentini,
A., Vermat, T., Corthier, G., Brochmann, C., & Willerslev, E. (2007).
Power and limitations of the chloroplast trnL (UAA) intron for plant
DNA barcoding. Nucleic Acids Research, 35(3), el4. https://doi.
org/10.1093/nar/gkl938

Taberlet, P., Prud’homme, S. M., Campione, E., Roy, J., Miquel, C., Shehzad,
W., Gielly, L., Rioux, D., Choler, P., Clément, J.-C., Melodelima, C.,
Pompanon, F., & Coissac, E. (2012). Soil sampling and isolation of ex-
tracellular DNA from large amount of starting material suitable for
metabarcoding studies. Molecular Ecology, 21(8), 1816-1820. https://
doi.org/10.1111/j.1365-294X.2011.05317.x

Tedersoo, L., Bahram, M., Pélme, S., Kéljalg, U., Yorou, N. S., Wijesundera,
R., Ruiz, L. V., Vasco-Palacios, A. M., Thu, P. Q., Suija, A., Smith, M.
E., Sharp, C., Saluveer, E., Saitta, A., Rosas, M., Riit, T., Ratkowsky,
D., Pritsch, K., Példmaa, K., ... Abarenkov, K. (2014). Global diversity
and geography of soil fungi. Science, 346, 1052-1053. https://doi.
org/10.1126/science.1256688

85U8017 SUOWILIOD BA1e81D) 8|qeotidde ay) Aq psussnob ae ssppile O '8sn J0 Sa|Nn 10) Areiq18ul|UO A1 UO (SUORIPUOD-PUR-SULBY WD AB | 1M ARIq 1 BUIIUO//:SHNY) SUONIPUOD PUe SWIS | 8U) 89S " [¥20Z/0T/80] U0 Akeidiaulju 48| ‘Ssuoebinsanu| ap luoideN oksuod 13DINOD Aq ZyT"€Upe/z00T 0T/10p/Loo A8 | im Akeid i jpul|uoy/:sdny woy pepeojumod ‘€ ‘1202 ‘Sr62£92


https://doi.org/10.1016/j.ejsobi.2017.04.003
https://doi.org/10.1111/j.1755-263X.2010.00158.x
https://doi.org/10.1111/j.1755-263X.2010.00158.x
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1111/2041-210X.12729
https://doi.org/10.1111/2041-210X.12729
https://doi.org/10.1128/AEM.00335-09
https://doi.org/10.1128/AEM.00335-09
https://doi.org/10.1111/mec.15594
https://doi.org/10.1111/mec.15594
https://doi.org/10.1111/1755-0998.12643
https://doi.org/10.1111/1755-0998.12643
https://doi.org/10.1111/1755-0998.12648
https://doi.org/10.1111/1755-0998.12648
https://doi.org/10.1080/00222933.2013.769641
https://doi.org/10.1080/00222933.2013.769641
https://doi.org/10.1016/j.soilbio.2015.01.004
https://doi.org/10.1016/j.soilbio.2015.01.004
https://www.r-project.org/
https://doi.org/10.1093/nar/gkr732
https://doi.org/10.1890/0012-9658(2006)87%5B835:GSOMAF%5D2.0.CO;2
https://doi.org/10.1371/journal.pone.0032104
https://doi.org/10.1111/j.1365-294X.2011.05424.x
https://doi.org/10.1111/j.1365-294X.2011.05424.x
https://doi.org/10.1016/j.biocon.2014.11.023
https://doi.org/10.1590/S1984-46702009000100015
https://doi.org/10.1590/S1984-46702009000100015
https://doi.org/10.1590/S1984-46702011000400007
https://doi.org/10.1590/S1984-46702011000400007
https://doi.org/10.1590/S1984-46702014000200005
https://cran.r-project.org/web/packages/R2jags/index.html
https://doi.org/10.1111/j.1365-294X.2012.05542.x
https://doi.org/10.1111/j.1365-294X.2012.05542.x
https://doi.org/10.1093/nar/gkl938
https://doi.org/10.1093/nar/gkl938
https://doi.org/10.1111/j.1365-294X.2011.05317.x
https://doi.org/10.1111/j.1365-294X.2011.05317.x
https://doi.org/10.1126/science.1256688
https://doi.org/10.1126/science.1256688

540 Environmental DNA

LOPES ET AL.

o

Dedicated to the study and use of environmental DNA for basic and applied sciences

Thomsen, P. F., Kielgast, J., Iversen, L. L., Wiuf, C., Rasmussen, M., Gilbert,
M. T. P, Orlando, L., & Willerslev, E. (2012). Monitoring endangered
freshwater biodiversity using environmental DNA. Molecular Ecology,
21, 2565-2573. https://doi.org/10.1111/j.1365-294X.2011.05418.x

Tréguier, A., Paillisson, J.-M., Dejean, T., Valentini, A., Schlaepfer, M. A.,
& Roussel, J.-M. (2014). Environmental DNA surveillance for inverte-
brate species: Advantages and technical limitations to detect invasive
crayfish Procambarus clarkii in freshwater ponds. Journal of Applied
Ecology, 51(4), 871-879. https://doi.org/10.1111/1365-2664.12262

Valentini, A., Taberlet, P., Miaud, C., Civade, R., Herder, J.,, Thomsen, P. F.,
Bellemain, E., Besnard, A., Coissac, E., Boyer, F., Gaboriaud, C., Jean,
P., Poulet, N., Roset, N., Copp, G. H., Geniez, P., Pont, D., Argillier,
C., Baudoin, J.-M,, ... Dejean, T. (2016). Next-generation monitoring
of aquatic biodiversity using environmental DNA metabarcoding.
Molecular Ecology, 25, 929-942. https://doi.org/10.1111/mec.13428

Vitousek, P. M., & Sanford, R. L. (1986). Nutrient cycling in moist
tropical forest. Ecology, 17(1986), 137-167. 0.1146/annur
ev.es.17.110186.001033

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

Yang, C., Wang, X., Miller, J. A, de Blécourt, M., Ji, Y., Yang, C., Harrison,
R. D., & Yu, D. W. (2014). Using metabarcoding to ask if easily col-
lected soil and leaf-litter samples can be used as a general biodi-
versity indicator. Ecological Indicators, 46, 379-389. https://doi.
org/10.1016/j.ecolind.2014.06.028

Yoccoz, N. G., Brathen, K. A, Gielly, L., Haile, J., Edwards, M. E., Goslar,
T., Von STEDINGK, H., Brysting, A. K., Coissac, E., Pompanon,
F., Sgnstebg, J. H., Miquel, C., Valentini, A., De BELLO, F., Chave,

J., Thuiller, W., Wincker, P., Cruaud, C., Gavory, F., ... Taberlet,
P. (2012). DNA from soil mirrors plant taxonomic and growth
form diversity. Molecular Ecology, 21(15), 3647-3655. https://doi.
org/10.1111/j.1365-294X.2012.05545.x

Zinger, L., Chave, J., Coissac, E., Iribar, A., Louisanna, E., Manzi, S.,
Schilling, V., Schimann, H., Sommeria-Klein, G., & Taberlet, P. (2016).
Extracellular DNA extraction is a fast, cheap and reliable alternative
for multi-taxasurveys based onsoil DNA. Soil Biology and Biochemistry,
96, 16-19. https://doi.org/10.1016/j.s0ilbio.2016.01.008

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.), Advances in Ecological Research (pp. 331-373). Elsevier.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, Sasso T, et al.
Power and limitations of environmental DNA metabarcoding
for surveying leaf litter eukaryotic communities. Environmental
DNA. 2021;3:528-540. https://doi.org/10.1002/edn3.142

85U8017 SUOWWOD SAIERID 3dedt|dde aup Ag pausenob ale se[oie YO ‘8Sh J0 S8|nJ 0} A%iq1T8UlUO A8]IM UO (SUOPUOD-PUE-SWLIBYWOD A8 | 1M ARe.q 1 BUIUO//SdIY) SUOTIPUOD pue swie | 8y} 88S *[7202/0T/80] Uo ARIq1T8ul|uo A8|1M ‘seuoioebiiseAu| ap feuoieN 0fsuod 13DINOD Ad ZyT'€UpS/Z00T 0T/I0p/woo" A3 1M Aeiq 1 jpuljuo//sdny woiy pepeojumod ‘€ ‘T20Z ‘Ev6r.E92


https://doi.org/10.1111/j.1365-294X.2011.05418.x
https://doi.org/10.1111/1365-2664.12262
https://doi.org/10.1111/mec.13428
0.1146/annurev.es.17.110186.001033
0.1146/annurev.es.17.110186.001033
https://doi.org/10.1080/10635150500234625
https://doi.org/10.1080/10635150500234625
https://doi.org/10.1016/j.ecolind.2014.06.028
https://doi.org/10.1016/j.ecolind.2014.06.028
https://doi.org/10.1111/j.1365-294X.2012.05545.x
https://doi.org/10.1111/j.1365-294X.2012.05545.x
https://doi.org/10.1016/j.soilbio.2016.01.008
https://doi.org/10.1016/bs.aecr.2020.01.001
https://doi.org/10.1016/bs.aecr.2020.01.001
https://doi.org/10.1002/edn3.142

