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Decoding the Peruvian Amazon 
with in situ DNA barcoding of 
vertebrate and plant taxa
Pamela Sánchez-Vendizú et al.#

Species extinctions in the tropics are accelerating, outpacing documentation efforts. 
Meanwhile, DNA barcoding is flourishing in the Global North, backed by extensive 
infrastructure, allowing non-taxonomic experts to identify species from nonlethal, 
minimally invasive, and environmental samples. However, hyper-diverse regions like Peru 
make up only 0.52% (n = 93,246) of the Barcode of Life Database (BOLD). To address this, we 
established three decentralized laboratories with low-cost, portable nanopore sequencers. 
From 2018–2023, we generated 1,858 barcodes in situ using six genetic markers for 1,097 
vertebrates and 76 plants from existing and new biobanks. We present the first genetic 
barcodes for 30 mammal and 196 bird species from Peruvian specimens, increasing the 
number of Peruvian mammal and bird species in BOLD by 110% and 36.5% respectively. We 
also report the first records of the marsupial Marmosops ocellatus and the bat Sturnira lilium 
for Peru. This dataset represents an effort to go from fresh or museum-preserved samples to 
barcodes entirely in situ, avoiding the export of samples outside the country, and facilitating 
local capacity in molecular biodiversity research.

Background & Summary
Species richness alone does not fully capture biodiversity patterns, especially when assigning priority regions 
for conservation1. However, understanding species richness can lead to significant advances in ecological, bio-
geographical, and evolutionary research2. It constitutes a crucial step in the multicriteria decision process for 
prioritizing conservation efforts, including the designation of protected areas and the allocation of conservation 
funding3. This is because species richness is more easily understood by the public and policymakers. Currently, 
biodiversity counts face several significant challenges. First, a slow species identification process is hindered by 
the declining number of scientists capable of identifying wild organisms4,5 and limited access to training and 
financial support for specializations in systematics and taxonomy, known as the “taxonomic impediment”6. 
Second, species populations are rapidly declining and extinction rates are accelerating due to systemic threats. 
For instance, 80% of major global armed conflicts between 1950–2000 occurred within biodiversity hotspots7. 
The Living Planet Index, which monitors over 16,000 wildlife populations, estimates a 60% global decline in 
wildlife population sizes and an 89% decline in Central and South American species over a 44-year period since 
19708. Third, there is a geographic bias towards industrialized countries in temperate regions9,10 leaving poten-
tially millions of taxa in high-diversity biomes facing extinction before they are fully described11–15. Advanced 
technologies like DNA barcoding16, portable low-cost sequencing equipment17,18, and in situ training on these 
technologies19,20 can help to reduce these shortages in local expertise and scientific resources.

Over the last two decades, advancements in DNA sequencing technology have accelerated the acquisition 
of sequences for potential “universal” DNA barcodes, or genetic markers, as tools for rapid species identifica-
tion21,22. This approach, known as DNA barcoding, has expanded the number of researchers who can participate 
in species identification using nonlethal, noninvasive or minimally invasive, and environmental samples23–28. 
However, the effectiveness of DNA barcoding for species identification relies on a large, well-curated, and 
open-access DNA reference database16,29–31. In response to this need, the Consortium for the Barcode of Life 
(CBOL) was established in 200416 bringing together over 200 organizations from 50 countries to publish DNA 
barcodes in a single, publicly accessible curated database.

#A full list of authors and their affiliations appears at the end of the paper. 
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Today, the Barcode of Life Data System (BOLD) serves as the primary repository for the acquisition, storage, 
validation, and analysis of DNA barcodes, advancing our understanding of planetary biodiversity16,32. However, 
genetic biomonitoring is heavily biased by geography and taxonomy, creating large regional taxonomic skews 
and complicating the identification process. For example, in the Americas, as of July 15, 2024, the USA and 
Mexico have generated and deposited three times as many DNA records in BOLD (525,792 sequences for ~ 
40,000 species) compared to similarly megadiverse South American countries (Brazil, Colombia, Ecuador, Peru, 
and Venezuela), with only 165,721 sequences for around 8,000 species combined. Given that South American 
species richness is high33, it is clear that the availability of local research and sequencing infrastructure greatly 
influences the likelihood of generating genetic records for a country’s biodiversity. This disparity often forces 
countries to export samples to foreign institutions for costly sequencing services, which can range from $7 USD 
per gene (e.g. at Macrogen today) or nearly $10.80 USD per species identified in an eDNA sample in 202127. In 
addition, all exports incur additional bureaucratic hurdles that increase the time and cost for species identifica-
tion, and limit opportunity for in-country scientists to conduct sequencing locally and operate on international 
timescales for data generation34,35.

DNA barcoding has traditionally relied on first-generation sequencing techniques, primarily Sanger 
sequencing developed in 197736,37. Second-generation sequencers have been tentatively adopted by some bar-
coding efforts38,39, but these are not cost-effective without highly multiplexed sampling, nor are they equitably 
distributed given that second-generation sequencing technologies are both physically large and out of reach of 
many budgets inside biodiversity hotspots. Recently, third-generation sequencing has leveled the playing field. 
Oxford Nanopore Technology’s MinION MK1b, MK1c, and MK1d which are the size of a modern smartphone, 
along with advances in portable miniaturized equipment for PCR (quantitative or standard), mini centrifuges, 
self-imaging electrophoresis systems, lyophilized reagents, and minimal cold chain requirements, have enabled 
DNA sequencing to be conducted with basic infrastructure17,40–43. Nanopore sequencing has been efficiently 
deployed in challenging field conditions to address time-sensitive biodiversity questions17,43–46. The learning 
curve for this technology is not steep, making it useful in classrooms for hands-on learning in molecular biol-
ogy19,47. Additionally, it has proven to be both efficient and cost-effective in high-throughput applications22,48. 
Most projects have utilized either in situ Sanger sequencing or high-throughput sequencing, but rarely an in situ 
high-throughput sequencing approach.

Here, we present results from a collaborative, high-throughput, in situ, and museum-based sequencing effort 
in Peru. Peru is one of the 10 megadiverse countries in the world, with 573 mammals, 1,894 birds, 637 rep-
tiles, 674 amphibians, 1,607 fishes, and 20,825 known plant species49–54. Despite this diversity, Peru is geneti-
cally under-surveyed and underrepresented. For example, when you consider genetic sequences derived from 
Peruvian specimens, only 55% (180 of 326) of Amazonian mammal species have at least one genetic marker, 
while that number drops to only 4.3% (65 of 1,506) for bird species55,56. Moreover, Peru accounts for only 0.5% of 
total records in BOLD, which spans approximately 1,000 vertebrate species and 8,000 species of plants and inver-
tebrates. Our study increases the genetic representation of the Amazonian region of Peru, within the Western 
Amazonian Forests and Plains bioregion (NT18) (Oneearth.org), and standardizes a method across several 
Peruvian stakeholders for efficiently closing geographic and taxonomic species gaps. We utilized three biosample 
sources: 1) field surveys by biologists in the department of Madre de Dios, 2) wildlife rescue centers, and 3) tissue 
biobanks with curated specimens at the Natural History Museum of San Marcos University (Lima, Peru) from 
12 Peruvian Amazonian departments. This effort marks the first high-throughput DNA barcoding of diverse 
taxa conducted entirely in-country using real-time portable sequencing technologies. We barcoded faunal spec-
imens of birds, mammals, reptiles, and amphibians with universal DNA markers (COI, cytochrome b (cyt b), and 
18S) and flora, which often require multiple markers for reliable identification (matK, rbcL, trnH-psbA)57,58. In 
this dataset, we present: 1) a curated dataset of DNA barcodes for a broad range of Peruvian Amazonian taxa in 
a Barcode of Life (BOLD) repository, 2) an in situ field laboratory sample-to-sequence DNA barcoding pipeline, 
3) a cost-effective approach driven by a multiplexing strategy validated on multiple nanopore chemistries, and 
4) a bioinformatics pipeline that minimizes online resource usage, maximizes sample identification reliability, 
is flexible across any genetic marker and counters common field laboratory contamination. We demonstrate the 
utility of in situ laboratory systems to efficiently and cost-effectively address geographic biases in DNA barcod-
ing efforts and support the expansion of curated DNA reference repositories.

Methods
Study sites and sampling.  Biosamples for this study were obtained from three sources: field surveys, a 
museum biobank representing collections from various sites, and, to a lesser extent, samples donated from res-
cued wildlife at rehabilitation centers (Fig. 1). Overall, samples were collected from the lowland forests of the 
Loreto, Madre de Dios, Ucayali, and Puno departments of Peru (See File 1: collection sites available at Figshare59) 
for details on collection sites). These include 122 collection sites across the following Peruvian ecoregions: Bosque 
Húmedo Amazónico (32.23%), Bosque Muy Húmedo Montano (22.31%), Bosque Muy Húmedo Premontano 
(30.58%), Bosque Pluvial Montano (7.44%), Bosque Seco Oriental (3.31%), Bosque Seco Estacional (1.65%), 
Puna Húmeda Seca (1.65%), and Meso-Andino (0.83%)60.

Field surveys.  The Department of Madre de Dios (MDD) of southeastern Peru (85,300 km2, 200–4,000 m 
a.s.l.) harbors 62,040 km2 of federally protected forest, including the Manu, Bahuaja-Sonene, and Alto-Purus 
National Parks, and the Tambopata National Reserve61. The department is almost entirely covered by humid 
primary rainforest at 200–400 m above sea level and receives an average of 300 cm of precipitation per year, with 
daily temperatures ranging from 20–30 °C61. Surveys for biosamples took place within the lowland rainforests of 
MDD between May 2018 and June 2023 in two formats: 1) during a vertebrate mark-recapture program operated 
by Field Projects International at the Los Amigos Conservation Concession (LACC), and 2) during a plant survey 
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within the Inkaterra Ecological Reserve. Birds, mammals, reptiles, and amphibians were biosampled, marked, 
and released as part of the One Health biosurveillance program of the In Situ Laboratory Initiative (https://insit-
ulabs.org/) at the LACC. Samples included frozen blood stored in Longmire’s buffer62, blood in 1X DNA/RNA 
Shield Buffer (Zymo Research, R1200), feathers stored dry at room temperature, frozen skin biopsies in a 500 
uL of lab-made RNA storage buffer63, and feathers stored dry with silica gel. Additionally, a targeted survey was 
conducted of 110 plant specimens representing 13 known families and 84 unique taxa at the Inkaterra Ecological 
Reserve. For plants, fresh samples of a 30–40 cm portion of a lateral branch with leaves were collected per plant. 
Detailed protocols for animal handling and tissue collection can be found at Protocols.io for work with birds64, 
bats65, non-volant mammals66–68, and reptiles and amphibians69.

Rescue center sampling.  The Taricaya Eco Reserve (12°31′ S, 68°58′ W) and Amazon Shelter (12°38.9′ 
S, 69°12.5′ W) contributed nine blood samples and one biopsy sample from 10 individuals across four species 
(Alouatta sara, Ateles chamek, Lagothrix lagotricha, and Tamarinus imperator) between 2021–2023. Samples were 
obtained during annual health checks and included hair stored in Ziploc bags with desiccant, as well as blood 
in Longmire’s solution62 and on FTA elute cards (Cytiva, Marlborough, MA). The animals are suspected to have 
originated in the wild from areas in the immediate vicinity of the rescue centers. However, due to the nature of the 
rescues, the exact geographic location of each individual cannot be determined with certainty.

Sample sterility for field-derived specimens.  Standard protocols to maintain sample sterility and pre-
vent disease transmission from or to sampled fauna were followed by collectors. These included the use of face 
masks during handling, changing gloves between study subjects, using new sterile autoclaved collection tubes, 
and a four-step sterilization protocol for biopsy punches and tweezers between uses (immersion in 10% bleach, 
two distilled water rinses, 70% alcohol, and air drying on a sterile surface). Detailed safety measures are also 
available in our taxa-specific collection protocols64–69.

Museum samples.  For museum specimens, we sampled from material currently deposited at the mam-
mal and bird scientific collections in the Museum of Natural History of the National San Marcos University, 
MHN-UNMSM (Lima, Perú). We took biopsies from skin preparations, feathers, or used preserved muscle tissue 
stored in ethanol (97°) at −20 °C.

Ethical statement on sampling.  In this dataset, we utilized biobanked tissues at the MHN-UNMSM, 
an entity affiliated with the Servicio Nacional Forestal y de Fauna Silvestre (SERFOR) as an official, registered 
biobank. Additional field surveys conducted for this study employed mark-recapture methodology to sam-
ple each organism in a minimally invasive way, taking detailed morphological and photographic evidence to 
ensure reliable field identifications. Wildlife handling procedures followed the Animal Behaviour Society 
Guidelines70 and the American Society of Mammalogists’ Guidelines on wild mammals in research71. SERFOR 
granted annual research and collection permits for these field surveys (N° 403-2016-SERFOR-DGGSPFFS, 
N° 193-2015-SERFOR-DGGSPFFS, N° 245-2018-SERFOR-DGGSPFFS, N° 171-2019-MINAGR
I-SERFOR-DGGSPFFS, N° 888-2008-INRENA-ATFFS-TAMBOPATA-MANU). Additionally, the Animal 
Studies Committee of the University of Missouri–St. Louis and the San Diego Zoo Wildlife Alliance approved all 
protocols (1208181-3, 23-011).

The In Situ laboratory network.  Sample storage and processing occurred at three laboratory sites. The 
GreenLab (GL, 2018-) is located 17 km east of Puerto Maldonado (PEM) on the Madre de Dios River at the 
Amazon Field Station by Inkaterra (Fig. 1). It was set up collaboratively by the Inkaterra Association and Field 
Projects International at a materials cost of less than $12,000 by sourcing used items and in-kind donations to 
limit new product purchases. The Los Amigos Wildlife Conservation Laboratory (WCL, 2021-) is situated at the 
Estación Biológica Los Amigos (EBLA), formerly known as el Centro de Investigación y Capacitación Río Los 
Amigos (CICRA), approximately 94 km west of PEM (Fig. 1). It was established collaboratively by the Amazon 
Conservation Association, Conservación Amazónica, San Diego Zoo Wildlife Alliance and Field Projects 
International, with foundational support from the Gordon and Betty Moore Foundation.

Both the GL and WCL are true rainforest field laboratories, accessible only by boat and powered by a combi-
nation of solar and diesel generators. While the GL is a single-room establishment suitable for DNA barcoding 
studies19, the WCL has three separate sterile spaces for high-throughput handling for disease surveillance at a 
biosafety level of 2. The third laboratory in the network is located in Lima at the MHN-UNMSM (2022-) within 
the Mammalogy and Avian scientific collections. The laboratory at MHN-UNMSM was set up by the San Diego 
Zoo Wildlife Alliance in conjunction with the Museum staff under the support of a El Consejo Nacional de 
Ciencia, Tecnología e Innovación (CONCYTEC) grant. Both the WCL and the MHN-UNMSM laboratories 
have high-throughput automated liquid handlers that can extract nucleic acids from 96 specimens in under six 
hours. All sample handling, processing, and sequencing was conducted by Peruvian, Latinamerican, and visiting 
research scientists at each laboratory.

The sample processing pipeline.  We present an end-to-end solution for high-throughput sample process-
ing, DNA barcoding, and sequencing using portable sequencing technology alone (Fig. 2). The method outlined 
in Fig. 2 is the one we advocate other groups use, and corresponds to a particular indexing strategy that we found 
to work the best. The complete pipeline is outlined below, many steps of which are supported by protocols pub-
lished on Protocols.io by the WCL laboratory team and others40.

DNA extraction.  Samples were lysed according to tissue-specific protocols72,73. DNA was extracted 
from 300 µL of lysate per sample into two elutions (50 µL and 30 µL). The automated extraction protocols are 
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documented on Protocols.io (protocols.io/insitulabs) and the slight variations by tissue type and laboratory are 
captured in Tables 1–3. All extracts were quantified on a Quantus fluorometer (Promega, Madison, WI) and 
stored at −20 °C for further use. All elutions generated by magnetic bead kits were cleaned up using SPRI beads 
at 0.8x ratio74.

Fig. 1  A map of sample localities for vertebrates and plants collection in Peru and the three in situ laboratories 
that conducted the sequencing in this study. 1) Museo de Historia Natural of the Universidad Nacional Mayor 
de San Marcos, Lima (MHN-UNMSM); 2) the GreenLab at the Amazon Field Station by Inkaterra (GL), 
Madre de Dios; 3) the Los Amigos Wildlife Conservation Laboratory (WCL), Madre de Dios. Map produced in 
ArcGIS Pro v3.2.0, using basemaps from ESRI and Peruvian ecoregions60. Sampling localities are listed in File 1: 
collection sites available at Figshare59.
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Gene markers and primers.  Three mitochondrial genetic markers were amplified for vertebrates (Table 4): 
cytochrome oxidase subunit I (COI), cytochrome b (cyt b), and 18S.

COI was amplified with a primer cocktail for mammals (C_VFILFt1, C_VRLRt1)72 and primer pair AmphF2_
t1-AmphR3_t1 for herpetofauna75. Primers MTCB-F and MTCB-R76 or MVZ05 and MVZ1677 were used for the 
cyt b gene. For birds, primers BirdF178 and COIbirdR279 were used to amplify the COI gene, and primers L14996.
gyps1 and H379.gyps80 for the cyt b gene. For all vertebrates tested, two primer pairs (G3 and G4) were used to 
amplify the 18S gene81.

Plants were screened for the following chloroplast barcodes: matK, with primers MatK-390f and MatK-
1326r82, trnH-psbA with the primers trnH-283 and psbA3 f84, and rbcL, with the primers rbcLa-F85 and rbcLa-R86. 
All primers were modified before use by adding a universal ONT adaptor to the 5′ end of the forward (TTT CTG 
TTG GTG CTG ATA TTG C) and reverse (ACT TGC CTG TCG CTC TAT CTT C) primers to make them com-
patible with PCR-based ONT barcoding strategies. Primer details and adapter sequences for the ONT barcodes 
are in Table 5.

Amplification of genetic markers.  At the GL,12.5 µL reactions were used of 0.1 µM of each forward and 
reverse primer, 1X buffer, 1.5 mM MgCl2, 0.05 mM each dNTP, and 0.3 units of GoTaq Hot Start DNA Taq 
Polymerase (Promega, Madison, WI). At the WCL and MHN-UNMSM labs, 12.5 or 15 µL final reactions were 
used, comprising 1X GoTaq G2 Hot Start Green Master Mix, 0.5X of each 10 µM primer, and 2 µL of DNA tem-
plate. Specific PCR mixes and cycling conditions for each gene marker are provided in Table 6 and the automated 
protocol for PCRs is on Protocols.io87.

Indexing strategies.  The pipeline for library preparation involves indexing in one of three ways in each lab - 
Method A at the GL, Method B for Batch 1 of sequecing and Method C for Batch 2 of sequencing at the WCL, and 
Method C at MHN-UNMSM. These methods correspond to the chronological evolution of our indexing strategy 
at these labs over time and reflect demultiplexing ease and an attempt to reduce costs. We now utilize Method C 
as the preferred indexing strategy for future projects.

Method A utilized the PCR barcoding expansion 1–96 kit (Oxford Nanopore Technologies EXP-PBC096), 
which contains 96 barcodes. To accommodate all samples, we multiplexed samples within each barcode group. 
Samples from distinct taxonomic orders were pooled, with an average of 4.01 ± 0.47 samples (range 3–5) and 
2.21 ± 0.42 samples (range 2-3) per barcode in Libraries 1 and 2, respectively, to proportionately reflect the 
number of amplicons they contained. This strategy has been replaced by Method C.

Method B applied a combinatorial indexing approach with 16 ONT-fw primers and combined each of them 
with 19 ONT-rv primers making a total of 304 indexes. To multiplex even higher numbers, for each index pair, 
we included 2–4 amplicons that included COI and cyt b genes of different taxa (herpetofauna, bat or terres-
trial mammal) that are distinguishable bioinformatically. The indexing primers were custom ordered to match 
those in the EXP-PBC096 kit. Indices were annealed using a 15 µL PCR volume, with 1 µL of each barcode, 
0.2 mM dNTPs, 1X buffer, 2.5 mM MgCl2, and 0.075 units of GoTaq Hot Start DNA Taq Polymerase (Promega, 

Fig. 2  An infographic of the laboratory analysis pipeline using a dual indexing strategy (Method C).
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Madison, WI). The indexing PCR involved an initial denaturation for 2 mins at 95 °C, followed by 18 cycles at 
an annealing temperature of 62 °C. Each indexed product was quantified (1 µL), normalized based on the num-
ber of samples they contained (drawing more PCR product from samples multiplexed to a greater extent), and 
pooled into a single tube in equimolar proportions. We generated a custom SPRI-bead cleanup solution using 
1 mL of carboxylated Sera-Mag™ Magnetic SpeedBeads in a binding buffer of 10 mM Tris base, 1 mM EDTA, 
2.5 M NaCl, 20% PEG 8000, and 0.05% Tween 20 at pH 8.088. The libraries were purified using this SPRI-bead 
cleanup in a 1:0.8x ratio. This strategy has been replaced by Method C.

Method C employed a dual-indexing strategy with custom-engineered 24 bp long indices matching 
EXP-PBC096. A second indexing PCR was conducted to attach each index to an amplicon at annealing temper-
ature of 55 °C, and a maximum of 15 cycles, and then cleaned, as in Method B. Once we had pools of up to 96 
samples, a Native Barcode from the Oxford Nanopore Technologies NBD114.24 kit was ligated to the outside of 
each pool. This ensured that every amplicon had a unique inner and outer index combination, and this protocol 
is published online89.

Sequencing.  Sequencing was conducted in situ at each of the three labs on MK1b and MK1c nanopore 
sequencers over the duration of the project (Table 7). At GL and the MHN-UNMSM lab, some sequences were 
produced as part of training workshops with students and staff19. Library preparation for sequencing involved 
normalizing all pools proportional to the number of amplicons they contained, standardizing to ~200 fmols for a 
set of 96 samples. Once normalized, each library pool underwent end-prep and dA-tailing using the NEBNext® 
Ultra™ II End Repair/dA-Tailing Module (New England Biolabs, E7546) and adaptor ligation using the NEBNext 
Quick Ligation Module (New England Biolabs, E6056) as per ONT protocols. In Method C, we also included the 
ligation of Native Barcodes using the NEB Blunt/TA Ligase Master Mix (New England Biolabs, M0367) before 
adaptor ligation.

Throughout the project, ONT’s sequencing chemistries and flowcells have evolved significantly, requiring 
us to adapt our sequencing protocols. Two libraries at GL were sequenced on R9 flowcells with SQK-LSK108 
chemistry, while a third used SQK-LSK109 chemistry. At WCL, all libraries were sequenced with SQK-LSK110 
chemistry, and at MHN-UNMSM, all libraries were sequenced with SQK-LSK114, the most current sequencing 
chemistry. Overall, R9 flowcells were used at GL and WCL, and R10.4.1 flowcells were used at MHN-UNMSM.

Sample type Sample Storage Lysis Extraction

Leaves 1 cm × 1 cm leaf tissue in silica 
gel at rtp.

Pulverised manually with CTAB-
proteinase-K lysis buffer, incubated at 
65 °C for 12–36 h

Modified CBOL protocol 72 to use Econospin 
mini silica membrane columns (Epoch Life 
Sciences, Missouri City, TX)

Blood Longmire’s Solution, frozen at 
−20 °C

Proteinase-K lysis buffer, incubated at 
65 °C for 12–36 h, till pale yellow

Modified CBOL protocol 72 to use Econospin 
mini silica membrane columns (Epoch Life 
Sciences, Missouri City, TX)

Blood Whatman FTA elute cards None 30 mins at 95 °C, eluted directly into water.

Table 1.  Lysis and extraction protocols for samples processed in this study assessed at Inkaterra Green 
Laboratory.

Sample type Sample Storage Lysis Extraction

Feather Ethanol Mechanical lysis with pestle and proteinase-K lysis 
buffer, incubated at 55 °C overnight

Mag-Bind® Blood & Tissue DNA HDQ 96 Kit 
on an OT2 liquid handler

Pelt biopsy Ethanol Mechanical lysis, and proteinase-K lysis buffer, incubated 
at 55 °C overnight

Mag-Bind® Blood & Tissue DNA HDQ 96 Kit 
on an OT2 liquid handler

Tissue Ethanol Mechanical lysis, and proteinase-K lysis buffer, incubated 
at 55 °C overnight

Mag-Bind® Blood & Tissue DNA HDQ 96 Kit 
on an OT2 liquid handler

Table 3.  Lysis and extraction protocols for samples processed in this study assessed at Museum of Natural 
History (MNH-UNMSM).

Sample type Sample Storage Lysis Extraction

Blood Longmire’s solution or DNA/
RNA Shield Proteinase-K lysis buffer incubated at 55 °C ZymoQuick-DNA/RNA Viral MagBead kit on 

an OT2 liquid handler (Protocols.io, in prep)

Feather Silica gel at rt
Used a lysis buffer from De Volo 73, 
incubation at 55 °C for 24 h or 72 h 
depending on the size of the calamus.

ZymoQuick-DNA/RNA Viral MagBead kit on 
an OT2 liquid handler (Protocols.io, in prep)

Table 2.  Lysis and extraction protocols for samples processed in this study assessed at Wildlife Conservation 
Laboratory Los Amigos.
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Basecalling and demultiplexing sequence data.  The full pipeline is publicly available90 and uses pub-
licly available custom Docker images designed to eliminate the majority of software compatibility issues during 
installation on different operating systems90. The bioinformatics pipeline can be run on a device with a 1Tb SSD 
and 16 GB RAM, which are the minimum requirements to run a MK1b portable sequencer, over the course of no 
more than 3 days.

We used slightly different initial basecalling pipelines on the data, as both data formats produced by ONT and 
basecalling algorithms evolved over the course of the project. For the earliest sequencing data produced at the GL, 
multi-fast5 files were first converted back into single fast5 files using the ONT_fast5_api (https://github.com/ 
nanoporetech/ont_fast5_api) to merge data from all runs into the same pipeline. For runs at the WCL, outputs 
were in multi-fast5 format, while runs at MHN-UNMSM produced output in pod5 formats.

The files generated by GL and WCL were basecalled using Guppy with a high accuracy model (v6.3.5), 
whereas the MHN-UNMSM runs were basecalled on Dorado 0.2.1 and 0.5.1 using a super accuracy model 
(SUP) (dna_r10.4.1_e8.2_400bps_fast@v4.1.0). Nanoplot91 was used to evaluate run quality and read lengths 
overall. Raw reads were filtered for quality (q score > 5) and read length (>150 bp) using Nanofilt (NanoFilt, 
RRID:SCR_016966) for all data. Filtered reads were then demultiplexed using Guppy Barcoder with primer 
trimming enabled and modifications to a dual barcoding configuration as needed to fit custom indices (GL and 
WCL, v6.1.2; MHN-UNMSM, v6.4.6).

Creating consensus sequences per barcode.  To create consensus sequences from data produced by all 
runs at all three labs, we used the NGSpeciesID pipeline92 with a 30X minimum read coverage cutoff for numbers 
of reads required per consensus sequence90. Briefly, NGSpeciesID is a reference-free clustering and consensus 
pipeline for long-reads based on isONclust93 that forms a de novo reference and polishes it repeatedly to reduce 
errors. The pipeline has been validated for wildlife forensics applications94,95, with MinION consensus sequences 
displaying either no difference or very small differences in comparison to Sanger-generated control sequences. 
This study demonstrated that none of the tested MinION consensus sequence replicates deviated from their cor-
responding Sanger sequence by more than a single base pair per ~420 bps of sequence95. A detailed comparison 
of Nanopore-based DNA barcoding with Sanger sequencing can also be found here. Sequencing chemistries and 
raw-read accuracies have improved significantly since this study, which was conducted on R9 chemistry, and 
further validations are underway for these new chemistries (R10 and above) (Vasiljevic, personal communica-
tion). In short, MinION sequencing is now being adopted heavily for larger DNA barcoding efforts, including the 
sequencing of 100,000 amplicons on a single MinION run by the Centre for Biodiversity Genomics in Guelph, 
with over 95% of these sequences being identical to those produced on a PacBio Sequel II96. R10 chemistries have 
been further validated in metabarcoding pipelines, where single raw read accuracies matter much more than in 
DNA barcoding pipelines, and found to average at 99% accurate97.

Ascribing sequence IDs to consensus sequences.  Validated consensus sequences (see Technical 
Validation) were cross-referenced against the nt GenBank (release 228) and BOLD databases using nucleotide 
blast (blast + 2.12.0; “blastn” with parameters ‘-remote -db nt -outfmt “7 std stitle” -max_target_seqs. 10 -evalue 
1e-6’) and BOLD’s online identification engine (Fig. 3). Accession number and species identity of each top refer-
ence hit were merged with the data of each indexed sample (in indexing strategies A and B), matching sequences 
to their taxonomic groups based on BLAST output.

Once a final curated dataset was created, specimen data were uploaded to BOLD [DS-ISLPE24]98 and 
GenBank along with individual sequences for each amplicon. All metadata, including images curated per spe-
cies (either live in hand during field surveys, or from specimens at the museum), were then attached to the 
completed dataset, and shared on Figshare59.

Gene Forward Primer Sequence Reverse Primer Sequence

Mammal Cocktail

LepF1_t1 TG TAA AAC GAC GGC CAG TAT TCA ACC AAT 
CAT AAA GAT ATT GG VF_t1 TG TAA AAC GAC GGC CAG TTC TCA ACC 

AAC CAC AAA GAC ATT GG

VF1d_t1 TG TAA AAC GAC GGC CAG TTC TCA ACC AAC 
CAC AAR GAY ATY GG VF1i_t1 TG TAA AAC GAC GGC CAG TTC TCA ACC 

AAC CAI AAI GAI ATI GG

LepR1_t1 CA GGA AAC AGC TAT GAC TAA ACT TCT GGA 
TGT CCA AAA AAT CA VR1_t1 CA GGA AAC AGC TAT GAC TAG ACT TCT 

GGG TGG CCR AAR AAY CA

VR1d_t1 CA GGA AAC AGC TAT GAC TAG ACT TCT GGG 
TGG CCA AAG AAT CA VR1i_t1 CA GGA AAC AGC TAT GAC TAG ACT TCT 

GGG TGI CCI AAI AAI CA

COI BirdF1 TT CTC CAA CCA CAA AGA CAT TGG CAC CO1birdR2 AC GTG GGA GAT AAT TCC AAA TCC TGG

COI AmphF2_t1 TG TAA AAC GAC GGC CAG TTT CAA CWA AYC 
AYA AAG AYA TYG G AmphR3_t1 CA GGA AAC AGC TAT GAC TAD ACT TCW 

GGR TGD CCR AAR AAT CA

Cyt b MTCB-F CC HCC ATA AAT AGG NGA AGG MTCB-R WA GAA YTT CAG CTT TGG G

Cyt b MVZ05 CGA AGC TTG ATA TGA AAA ACC ATC GTTG MVZ16 AAT AGG AAR TAT CAY TCT GGT TT

Cyt b L14996.gyps1 ATC TCH GCH TGA TGA AAY TTY GG H379.gyps AGG GTT TGT CCG ATG TAT GG

18S
G3F1 GCC AGC AGC CGC GGT AAT TC G3R1 ACA TTC TTG GCA AAT GCT TTC GCA G

G4F3 CAG CCG CGG TAA TTC CAG CTC G4R3 GGT GGT GCC CTT CCG TCA AT

Table 4.  Primers used to amplify genetic markers for vertebrates.
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Data Records
The dataset is available at BOLD [DS-ISLPE24]98. This reference dataset contains the following information: 
1) sample ID, 2) catalog number (for Museum specimens), 3) collection date, 4) field ID, 5) voucher type, 6) 
collection site coordinates when available, 7) names of specialists who provided the field ID, and 8) images from 
multiple angles when available. For each genetic marker, the following information is also available: 1) gene 
name, 2) primers utilized, including their sequences, 3) sequence length, and of course, 4) the genetic sequence 
of the barcode itself. All barcode sequences, specimen metadata, primer metadata, and specimen images 
from this study are stored on BOLD. The sequences have also been published on GenBank under Accession 
numbers: PV251947-PV251993 for matk, PV251903-PV251946 for rbcL, PV391297-PV391873 for cyt b, 
PV402776-PV403636 for COI, PQ887451-PQ887718 for 18S, and PQ884100-PQ884132 for trnH-psbA. Since 
these sequences are generated by high-throughput sequencing and not Sanger sequencing, there is no trace file 
(the spectrogram produced with typical Sanger sequencing). BOLD relies heavily on this to assign if a sequence 
is barcode compliant, a standard that cannot be met with high-throughput sequencing techniques of any plat-
form, including the nanopore sequencing we utilized here. Thus, barcode compliance cannot be achieved for 
this or any modern dataset generated by multiplexing samples on a high-throughput sequencer; however, we 
are hopeful that future iterations of BOLD will be able to provide modified requirements that make barcode 
compliance a possibility.

We successfully generated 1830 barcodes for 430 species from 1169 individuals across 35 orders, 81 families, 
and 303 genera (Fig. 4). Of these, 239 specimens were barcoded at the GL, 577 specimens at the WCL, and 357 
specimens at the MHN-UNMSM. The majority of the specimens derived from the MDD, although 11 other 
departments were also represented in this dataset (Fig. 4). This dataset includes 50 specimens of amphibians, 497 
birds, 534 mammals, and 16 reptiles. Within the dataset, 835 specimens had at least one barcode that produced a 
genetic ID that matched the field identification, and this was used to declare the species name for the specimen. 
The distribution of barcodes generated across each marker for the classes are listed in Table 8.

Overall, we were able to identify 14 samples only to genus level. Of these, 11 were plants identified in the field, 
and matching consensus sequences to existing reference databases did not allow for the identification of a single 
best match; often multiple plant sequences showed >99% identity to our consensus sequence. This implies that 
these plants require a formal identification, which was not possible with this collection since only imagery was 
saved and no pressed specimen.

Gene Forward Primer Sequence Reverse Primer Sequence

MatK MatK-390f CG ATC TAT TCA TTC AAT 
ATT TC MatK-1326r TC TAG CAC ACG AAA GTC GAA GT

trnH-psbA psbA3 f GT TAT GCA TGA ACG TAA 
TGC TC trnH-2 CG CGC ATG GTG GAT TCA CAA TCC

rbcL rbcLa-F AT GTC ACC ACA AAC AGA 
GAC TAA AGC rbcLa-R GT AAA ATC AAG TCC ACC RCG

Table 5.  Primers used to amplify genetic markers for plants.

Gene Primers (uM each) Buffer (X) MgCl2 (mM) dNTPs (mM) Taq (U) Template (uL)

MatK 0.5 5 1.5 0.2 0.1 2

trnH-psbA 0.1 5 2.5 0.05 0.3 4

rbcL 0.1 5 2.5 0.05 0.3 4

Mammal COI 0.1 5 2.5 0.05 0.3 2

Bird COI 0.1 5 2.5 0.05 0.3 2

cyt b 0.1 5 2.5 0.05 0.3 2

18S 0.4 5 2.5 0.05 0.3 2

Table 6.  PCR mix concentrations for DNA barcoding.

Run Name
Flowcell 
Chemistry

Sequencing Output After Quality Filtering and Demultiplexing

# of Reads
Total bases 
(Mb)

Mean Q 
score

Median Q 
score # of Reads

Total bases 
(Mb)

Mean Q 
score

Median Q 
score

Percent 
Retained (%)

Green Lab R9 Minions 1,245,861 753 6.3 7.4 719,774 511 7.8 8.3 57.8

WCL: Batch 1 R10 Minion 463,205 280 9.1 9.2 81,053 22 10.5 11.7 17.5

WCL: Batch 2 R10 Minion 4,636,626 3159 11.7 12.4 3,534,301 2414 10.6 12.8 76.2

Museum: Batch 1 R10 Flongle 18,783 15 9.7 10.0 3,392 3 12.9 13.9 18.1

Museum Batch 2 R10 Minion 8,096,306 6077 9.9 13.2 5,297,405 3008 13.5 15.8 65.4

Museum Batch 3 R10 Minion 563,246 352 9.3 13.7 176,853 101 11.5 13.7 31.4

Table 7.  Sequencing run outputs and reads retained after demultiplexing. Average read qualities are also listed.

https://doi.org/10.1038/s41597-025-05697-z


9Scientific Data |         (2025) 12:1545  | https://doi.org/10.1038/s41597-025-05697-z

www.nature.com/scientificdatawww.nature.com/scientificdata/

The remaining three samples identified to genus only were mammals: a) one Eptesicus sp. (MUSM 18431) 
matched with 94.5% identity to a potential new species informally named Eptesicus sp. Peru, FMNH 174918/
Genbank accession number OP137039.199 b) two samples of Callicebus sp. (MDPRM017-22) matched Callicebus 
sp. 2 MH-2016 (KX353795) with 98% similarity based on the cyt b gene. This specimen was described as a differ-
ent lineage from Calllicebus cupreus and C. toppini100. Further examination of both cyt b and COI in the LACC 
is warranted due to previously described coloration variation101.

In addition, our data support the first records of Marmosops ocellatus for Peru, a marsupial of the family 
Didelphidae that is reported presently only with the Amazonian region of Brazil and Bolivia102. We report two 
specimens housed at the MHN-UNMSM (LT14-18 and MUSM54152) that have COI genetic sequences and one 
(MUSM54152) that has the cyt b gene sequenced. While the cyt b gene of our specimen matches with 99.5% 
identity with M. ocellatus in Genbank (OP380991, from Brazil, Acre, Río Blanco)103, there are no recorded COI 
sequences in any repository, making our COI barcodes the first for this species globally.

We also report the first record of Sturnira lilium for the country of Peru, a bat of the family Phyllostomidae, 
from specimens collected at the Los Amigos Conservation Concession. We have COI barcodes for two spec-
imens (FPI0007409 and FPI0007439), and cyt b only for FPI0007439. The cyt b sequence matches 100% with 
Sturnira lilium (genbank accession number: KC753800 /FMNH 162524104 from Tarija, Bolivia and the COI 
sequence matches 100% with Sturnira lilium (BOLD:AAA1220/Genbank Accession code:OM978245 from 
Barueri, Brazil). Further study on additional samples and the collection of a voucher is warranted at this site, 
including considerations of possible mito-nuclear discordance105,106.

Recent barcoding gap analyses in DNA barcoding of birds55 and mammals56 for Peru provide a basis for 
evaluation of the novel contributions of this dataset for those two groups; a similar evaluation could not be 
performed for plants, reptiles or amphibians at this time. For mammals, Pacheco et al.56 report that of the 326 
Amazonian mammals in Peru, 180 (55.2%) have at least one genetic barcode in a public database. Our study 
added the first genetic marker for 30 additional species (across 100 barcodes), bringing the total to 210 out of 
326 (64.4%), an increase of 9.2%. This includes barcodes of COI for 74 species (raising representation from 
11.7% to 22.7% of mammals, a 2 fold increase), cyt b for 26 species (51.2% to 59.2%), and 18S for 32 species of 
Peruvian mammals (baseline yet unknown) (File 2 available at Figshare59).

Similarly, Amazonian avian species in Peru comprise 1,506 species (79.5% of the 1,894 total avian species 
reported in Peru)55. Of these, 87.4% (1,316 species) have at least one genetic marker (1239 spp with COI and 897 
spp with cyt b), but considering markers generated from Peruvian specimens alone, that figure drops to only 
4.3% (n = 64, COI). In this study, we produced the first COI barcodes for 192 additional Peruvian avian species 
generated from birds within Peru, an increase of 12.7%, contributing to 17.0% of Peruvian Amazonian birds 
with at least one genetic marker. When considering barcodes generated for birds on Peru’s country list from 
globally collected specimens, we contributed markers to 65 species (COI and cyt b), increasing numbers by 1.2% 
(COI) and 6.8% (cyt b). Finally, we generated 38 novel barcodes for 17 species that had no prior genetic reference 
material, based on the gap analysis55 (File 2 available at Figshare59).

As of July 25, 2024, there were 93,246 sequences from specimens collected in Peru publicly visible on BOLD. 
Of these, 2,413 were from Aves, 699 were from Mammalia, 352 were from Amphibia, 76 from Reptilia, and 3,873 
from Magnoliopsida. With this study, we raise these numbers by 26.55% for Aves (to 3285 barcodes), 52.16% for 
Mammals (to 1,461 barcodes), 12.7% for Amphibia (to 403 barcodes), 21.7% for Reptilia (to 97 barcodes), and 
3.10% for Magnoliopsida (to 3997 barcodes). Overall, this increases the total number of public barcodes for Peru 
on BOLD by 1.92%, to 95,076 barcodes.

Fig. 3  A flowchart of the consensus sequence screening performed to quality check each sequence before 
accepting it into the final dataset.
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Technical Validation
Blank filtering.  Two extraction blanks per batch were included in all DNA extractions, and 1 PCR blank was 
included in each PCR run. All blanks were taken through to sequencing and subject to the same rigorous filtering 
criteria applied to all samples. Gel electrophoresis was performed to conduct initial screening for appropriate 
amplicon sizes after PCR1, and gels after PCR2 were examined to confirm a ~50 bp increase to pools once indices 
were added.

Sequence quality.  Despite early sequencing runs being conducted on earlier chemistries, we saved all raw 
data and basecalled them again using more accurate algorithms to improve overall read quality scores. Post 
sequence filtering was conducted (for length -per marker- and quality score cutoff of seven) to eliminate poor 
quality reads before demultiplexing. Once consensus sequences were formed, any consensus sequences with < 30 
supporting reads were discarded. In cases with multiple consensus sequences, the sequence with the closest 
expected length and the highest coverage was chosen. The sequences of coding genes (cyt b, COI, rbcl, and matk) 
were visually inspected and manually revised to avoid stop codons using Geneious (v7.1.3 Biomatters Ltd). If a 
stop codon was detected, we blasted our sequences and checked the potential cause for the stop codon. In 12% 
of the 1830 sequences a stop codon was due to an extra base pair in a homopolymeric region, a known cause of 
erroneous bases during sequencing for ONT107; in these cases, we eliminated the extra base.

Laboratory error or contamination.  Consensus sequences were meticulously screened using an itera-
tive process described in Fig. 3. To detect potential laboratory errors (e.g., a pipetting error causing sample or 
index cross-contamination) and correct them, the file containing all consensus sequences was split into higher 
taxonomic groups per genetic marker. Each file was then aligned in MAFFT version 7 (online platform, https://
mafft.cbrc.jp/alignment/server/index.html) using default parameters with the “adjust direction” option enabled. 
To create a quick and efficient way to find these errors, we used a Neighbor Joining (NJ) tree built with default 
parameters adjusted to match a Jukes Cantor substitution model of 1,000 bootstrapped iterations. Each tree was 
then visually inspected in FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/) to ensure that species within 
the same genus formed a monophyletic group. Any species found nested within an unexpected taxonomic order 
were discarded. We include detailed examples of this process in File 3: error correction available at Figshare59.

Mismatches of field and genetic IDs.  The top reference sequence from GenBank/BOLD was identified 
as the one with the highest maximum bit score, which correlated with high percent identity and query coverage 
and low e-values. Mismatches were identified using a cutoff of 95% identity between the consensus and reference 
sequences. For 340 specimens, one or more barcodes displayed a percent identity >  = 95% to a species that was 
different from the field identification made during a field survey. In these cases of a well-supported mismatch to 
a different species, we examined the imagery obtained during the survey, checked for newly described species or 
if the group was subject to a recent taxonomic or systematic revision, and retained the genetic ID if supported by 

Fig. 4  A representation of the percent of individuals analysed (a) per Department of Peru, (b) per order of class 
Mammalia (n = 534), (c) per order of class Amphibia (n = 50), (d) per order of class Reptilia (n = 16), (e) per 
order of class Aves (n = 493), and (f) per order of class Magnoliopsida (n = 76).
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these lines of evidence (n = 327 specimens). In a subset of 189 specimens, field identification beyond order was 
missing due to collection of the specimen by a non-expert during the field survey, and we were able to successfully 
determine species identification from DNA barcode results. In cases where percent identification was <95%, we 
first checked our dataset to see if any other marker with > = 95% identity existed for the same specimen. If this 
was the case, we would assign these barcodes the same species as this existing marker. If our dataset didn’t contain 
such a marker, we searched again for any newly published sequences for the species, to eliminate the possibility of 
a recent taxonomic reclassification. Only in the absence of evidence in this regard, did we conclude that this could 
be indicative of a potentially new genetic marker for the species. We include detailed examples of this process in 
File 3: error correction available at Figshare59.

Usage Notes
The recommended workflow for this project is straightforward to repeat and is fully documented for both the 
laboratory89 and the bioinformatics pipelines90. All processed data and analysis details herein described are 
made available through open-access resources. Please review the Methods section and online protocols for ques-
tions pertaining to data collection, handling, and analysis. If any information seems missing, send an inquiry to 
the corresponding author.

Code availability
All analyses for this project were carried out using open source software tools. The majority of required software 
has been packaged into a public Docker image that functions on any operating system that supports Docker.  
A few additional tools are freely accessible online, such as MAFFT and Posit Cloud for collaborative analyses 
using R. The full data analysis workflow and associated scripts are available and annotated as a public protocol90. 
There are no restrictions to access or reproducibility. Software versions remain static within Docker images, and 
image updates are versioned on Docker Hub.
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