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Abstract

Background

In light of the current biodiversity crisis, DNA barcoding is developing into an essential tool to
quantify state shifts in global ecosystems. Current barcoding protocols often rely on short
amplicon sequences, which yield accurate identification of biological entities in a community, but
provide limited phylogenetic resolution across broad taxonomic scales. However, the
phylogenetic structure of communities is an essential component of biodiversity. Consequently,
a barcoding approach is required that unites robust taxonomic assignment power and high
phylogenetic utility. A possible solution is offered by sequencing long ribosomal DNA (rDNA)
amplicons on the MinlON platform (Oxford Nanopore Technologies).

Results

Using a dataset of various animal and plant species, with a focus on arthropods, we assemble a
pipeline for long rDNA barcode analysis and introduce a new software (MiniBar) to demultiplex
dual indexed nanopore reads. We find excellent phylogenetic and taxonomic resolution offered
by long rDNA sequences across broad taxonomic scales. We highlight the simplicity of our
approach by field barcoding with a miniaturized, mobile laboratory in a remote rainforest. We
also test the utility of long rDNA amplicons for analysis of community diversity through
metabarcoding and find that they recover highly skewed diversity estimates.
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Conclusions

Sequencing dual indexed, long rDNA amplicons on the MinlON platform is a straightforward,
cost effective, portable and universal approach for eukaryote DNA barcoding. Long rDNA
amplicons scale up DNA barcoding by enabling the accurate recovery of taxonomic and
phylogenetic diversity. However, bulk community analyses using long-read approaches may
introduce biases and will require further exploration.

Introduction

The world is changing at an unprecedented rate, threatening the integrity of biological
communities [1, 2]. To understand the impacts of change, whether a system is close to a regime
shift, and how to mitigate the impacts of a given environmental stressor, it is important to
consider the biological community as a whole. In recognition of this need, there has been a shift
in emphasis from studies that focus on single indicator taxa, to comparative studies across
multiple taxa and metrics that consider the properties of entire communities [3]. Such efforts
require accurate information on the identity of the different biological entities within a
community, as well as the phylogenetic diversity that they represent.

Comparative ecological studies across multiple taxa have been greatly simplified by molecular
barcoding [4], where species identifications are based on short PCR amplicon “barcode”
sequences. Different barcode marker genes have been established across the tree of life [5, 6],
with mitochondrial cytochrome oxidase subunit | (COI) commonly used for animal barcoding [4].
The availability of large sequence reference databases and universal primers, together with its
uniparental inheritance and fast evolutionary rate, make COI a useful marker to distinguish even
recently diverged taxa. In recent years, DNA barcoding has greatly profited from the emergence
of next generation sequencing (NGS) technology. Current NGS platforms enable the parallel
generation of barcodes for hundreds of specimens at a fraction of the cost of Sanger
sequencing [7]. Furthermore, NGS technology has enabled metabarcoding, the sequencing of
bulk community samples, which allows scoring the diversity of entire ecosystems [8].

However, despite their undeniable advantages, barcoding approaches using short,
mitochondrial markers have several drawbacks. The phylogenetic resolution offered by short
barcodes is very limited, as they contain only a restricted number of informative sites. This
problem is exacerbated by the fast evolutionary rate of mitochondrial DNA, which leads to a
quick saturation with mutations, increasing the probability of homoplasy between divergent
lineages. The accurate estimation of phylogenetic diversity across wide taxonomic scales,
however, is an important component of biodiversity research [9]. Moreover, mitochondrial DNA
is not always the best marker to reflect species differentiation, as different factors are known to
inflate mitochondrial differentiation in relation to the nuclear genomic background. For example,
male biased gene flow [10] or infections with reproductive parasites [11] (e.g. Wolbachia) can
lead to highly divergent mitochondrial lineages in the absence of nuclear differentiation. In
contrast, introgressive hybridization can cause the complete replacement of mitochondrial
genomes (see e.g. [12, 13]), resulting in shared mitochondrial variation between species.

Considering this background, it would be desirable to complement mitochondrial DNA based
barcoding with additional information from the nuclear genome. An ideal nuclear barcoding
marker should possess sufficient variation to distinguish young species pairs, but also provide
support for phylogenetic hypotheses between divergent lineages. Moreover, the marker should
be present across a wide range of taxa and amplification should be possible using universal
primers. A marker that fulfils all the above requirements is the nuclear ribosomal DNA (rDNA).
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As an essential component of the ribosomal machinery, rDNA is a common feature across the
tree of life from microbes to higher eukaryotes [14]. All eukaryotes share homologous
transcription units of the 18S, 5,8S and 28S-rDNA genes, which include two internal transcribed
spacers (ITS1 and ITS2) [15]. Due to varying evolutionary constraints acting on different parts of
the rDNA, it consists of regions of extreme evolutionary conservation, which are interrupted by
highly variable sequence stretches [16]. While some rDNA gene regions are entirely conserved
across all eukaryotes, the two ITS sequences are distinguished by such rapid evolutionary
change that they separate even lineages within species [5, 17]. rDNA markers thus offer
taxonomic and phylogenetic resolution at a very broad taxonomic scale. As an essential
component of the translation machinery, nuclear rDNA is required in large quantities in each
cell. It is thus present in multiple copies across the genome [15] and is readily accessible for
PCR amplification. Due to the above advantages, rDNA already is a popular and widely used
marker for molecular taxonomy and phylogenetics in many groups of organisms [5, 6, 15, 17,
18].

Spanning about 8 kb, the ribosomal cluster is fairly large, and current barcoding protocols, e.g.
using Sanger sequencing or lllumina amplicon sequencing, can only target short sequence
stretches of 150 — 1,000 bp. Such short stretches of 28S and 18S are often too conserved to
identify young species pairs [19]. The ITS regions, on the other hand, are too variable to design
truly universal primers, leading to a considerable amount of taxon dropout during PCR.
Moreover, ITS sequences can show considerable length variation between taxa, and are often
too long for short amplicon-based barcoding [20]. Consequently, it would be ideal to amplify and
sequence a large part of the ribosomal cluster in one fragment. A solution to sequence the
resulting long amplicons is offered by recent developments in third generation sequencing
platforms, which now enable researchers to generate ultra-long reads, of up to 800 kb [21].
Recently, amplicons of several kilobases of the rDNA cluster were sequenced using Pacific
Bioscience (PacBio) technology, to explore fungal community composition [22, 23]. But while
PacBio sequencing is well suited for long amplicon sequencing, it is currently not readily
available to every laboratory due to the high cost and limited distribution of sequencing
machines.

A cost-efficient and readily available alternative is provided by nanopore sequencing
technology. The MinlON sequencer (Oxford Nanopore Technologies) is small in size,
lightweight, allows for sequencing of several Gb’s of DNA with average read lengths over 10 kb
on a single flow cell [24] and is available starting at $1,000. Despite a raw read error rate of
about 12-22 % [21], highly accurate consensus sequences can be called from nanopore data
[25, 26]. The MinlON is well suited for amplicon sequencing, and a simple dual indexing
strategy can be used to demultiplex amplicon samples [27]. This technology offers tremendous
potential for long-read barcoding applications, as recently shown in an analysis in fungi [26].
However, current analyses are still exploratory or limited in taxonomic focus and streamlined
analysis pipelines to establish the method across the eukaryote tree of life are still missing.

Considering this background, we explore the feasibility of nanopore sequencing of long rDNA
amplicons as a simple, cost efficient and universal eukaryote DNA barcoding approach. We
compile a workflow from PCR amplification, to library preparation, to demultiplexing and
consensus calling (see Fig. 1 for an overview). We explore the error profile of nanopore
consensus sequences and introduce MiniBar, a new software to demultiplex dual indexed
nanopore amplicon sequences. We test the utility of the ribosomal cluster for molecular
taxonomy and phylogenetics across divergent plant and animal taxa. A particular focus of our
analysis are arthropods, the most diverse group in the animal kingdom [28], which are highly
threatened by current mass extinctions [29]. Using a dataset of spiders, we compare the
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taxonomic resolution of the ribosomal cluster with that offered by molecular barcoding using
mitochondrial COIl, the currently preferred barcode marker for arthropods. Oxford Nanopore
Technologies’ MinlON is a portable sequencer, and Nanopore based DNA barcoding has been
applied in remote sites outside of conventional labs (see eg. [25, 30, 31]). Such field-based
applications confront researchers with additional complexities and challenges. To highlight the
simplicity of our approach, we tested it under field conditions and generated long rDNA barcode
sequences using a miniaturized mobile laboratory in a Peruvian rainforest.

We also tested the efficacy of long-read rDNA sequencing for metabarcoding of bulk community
samples. A study of bacterial communities [32] suggests Nanopore long-read sequencing as a
powerful tool for community characterization, but also found pronounced biases in the
recovered taxon abundance. Currently, little is known about the utility of long-read sequencing
for animal community analysis. Metabarcoding protocols for community samples need to be
carefully optimized, as they can suffer from pronounced taxonomic biases, e.g. due to primer
binding or polymerase efficiency [33]. Well established lllumina based short read metabarcoding
protocols can account for these biases and allow for a very high qualitative and even
quantitative recovery of taxa in communities [34]. However, additional, yet unexplored, biases
may affect long-read metabarcoding. We thus also test the utility of long-read rDNA barcoding
to recover taxonomic diversity from arthropod mock communities. We compare the qualitative
(species richness) and quantitative (species abundance) recovery of taxa by long-read
sequencing with that based on short read lllumina amplicon sequencing of the 18SrDNA.

Overall, we demonstrate that long rDNA amplification and sequencing on the MinlON platform is
a straightforward, cost effective, and universal approach for eukaryote DNA barcoding. It
combines robust taxonomic assignment power with high phylogenetic resolution and will enable
future analyses of taxonomic and phylogenetic diversity across wide taxonomic scales.

Materials and Methods

DNA extraction, PCR and library preparation

We analyzed 114 specimens of eukaryotes including 17 insect and 42 spider species, two
annelid and nine plant species (Supplementary Table 1). Some feeder insects and the annelids
were purchased at a pet store. The remaining specimens were collected in oak forest on the
University of California Berkeley’s campus or in native rainforests of the Hawaiian Archipelago
(under the Hawaii DLNR permit: FHM14-349). We particularly focused our arthropod sampling
on spiders, which are ubiquitous and essential predators in all terrestrial ecosystems. Recent
phylogenomic work [35] provided us with a solid baseline to test the efficiency of rDNA
amplicons for phylogenetic and taxonomic purposes. We included a taxonomically diverse
collection of 16 spider families from the Araneoidea, the RTA clade and a haplogyne outgroup
species. Within spiders, we additionally focused on the genus Tetragnatha, which has
undergone a striking adaptive radiation on Hawaii.

DNA was extracted from each sample using the Qiagen Archivepure kit (Qiagen, Valencia, CA,
USA) according to the manufacturer’s protocols. The DNA integrity was checked on an agarose
gel. Only samples with high DNA integrity were used for the following PCRs. All DNA extracts
were quantified using a Qubit fluorometer using the high sensitivity dsDNA assay (Thermo
Fisher, Waltham, MA, USA) and diluted to concentrations of 20 ng/ul. We designed a primer
pair of each 27 bases to amplify a ~4,000 bp fragment of the ribosomal DNA, including partial
18S and 28S as well as full ITS1, 58S and ITS2 sequences (18S_F4
GGCTACCACATCYAARGAAGGCAGCAG and 28S_R8


http://dx.doi.org/10.1101/358572
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint first posted online Jun. 29, 2018; doi: http://dx.doi.org/10.1101/358572. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

TCGGCAGGTGAGTYGTTRCACAYTCCT). The primers were designed using alignments of
partial 18S and 28S sequences of ~1,000 species of eukaryotes, with a focus on animals. The
primers targeted highly conserved regions across all analyzed taxa. Degenerate sites were
incorporated to account for variation. We aimed for high annealing temperatures (65-70°C) to
impose stringent amplification. These were calculated using the NEB Tm Calculator
(https://tmcalculator.neb.com/#!/main).

To index every PCR amplicon separately, we used a dual indexing strategy with each primer
carrying a unique 15 bp index sequence at its 5-tail. Index sequences were designed using
Barcode Generator (http://comailab.genomecenter.ucdavis.edu/index.php/Barcode_generator)
with a minimum distance of 10 bases between each index. A total of 15 forward and 16 reverse
indexes were designed. Every sample was amplified separately using the Q5 Hot Start High-
Fidelity 2X Master Mix (NEB, Ipswitch, MA, USA) in 15 pl reactions, at 68°C annealing
temperature, with 35 PCR cycles and using 50 ng of template DNA per PCR. All PCR products
were checked and quantified on an agarose gel and then pooled. The final pool was cleaned
from residual primers by 0.75 X AMpure Beads XP (Beckman Coulter, Brea, CA, USA). DNA
library preparation was carried out according to the 1D PCR barcoding amplicons SQK- LSK108
protocol (Oxford Nanopore Technologies, Oxford, UK). Barcoded DNA products were pooled
with 5 ul of DNA CS (a positive control provided by ONT) and an end-repair was performed
(NEB-Next Ultra Il End-prep reaction buffer and enzyme mix), then purified using AMPure XP
beads. Adapter ligation and tethering was carried out with 20 pl Adapter Mix and 50 pl of NEB
Blunt/TA ligation Master Mix. The adapter-ligated DNA library was then purified with AMPure
beads XP, followed by the addition of Adapter Bead binding buffer, and finally eluted in 15 pl of
Elution Buffer. Each R9 flow cell was primed with 1000 ul of a mixture of Fuel Mix and nuclease-
free water. Twelve pl of the amplicon library were diluted in 75 pL of running buffer with 35 yL
RBF, 25.5 uL LLB, and 2.5 uL nuclease-free water and then added to the flow cell via the
SpotON sample port. The “‘NC_48Hr_sequencing_FLO-MIN107_SQK-
LSK108_plus_Basecaller.py” protocol was initiated using the MinlON control software,
MinKNOW.

Field trial in the Amazon rainforest

A field trial using the protocol described above was conducted in Tambopata, Peru, at the
Refugio Amazonas lodge (-12.874797, -69.409669) using two butterflies, a grasshopper, one
mosquito, unidentified insect eggs and two plant specimens. Collection permits in Peru were
issued by the Servicio Nacional Forestal y de Fauna Silvestre, 403-2016-SERFOR-
DGGSPFFS, 019-2017-SERFOR-DGGSPFFS. DNA extractions, PCR and library preparation
were performed in the field using a highly miniaturized laboratory consisting of portable
equipment. Equipment used for sequencing under remote tropical conditions is described in
further detail in Pomerantz, et al. [25]. DNA extractions were carried out with the Quick-DNA
Miniprep Plus Kit (Zymo Research, Irvine, CA, USA) according to manufacturer's protocol.
PCRs were performed using the Q5 Hot Start High-Fidelity 2X Master Mix and the same primers
as described above. A battery operated portable miniPCR device (Amplyus, Cambridge, MA,
USA) was used to run PCRs. The sequencing on the MinlON was carried out as described
above.

Bioinformatics

Raw data processing and consensus calling

The fastq files generated by the ONT software MinKNOW were de-multiplexed using MiniBar
(see description below), with index edit distances of 2, 3, and 4 and a primer edit distance of 11.
Next, the reads were filtered for quality (>13) and size (>3kb) using Nanofilt [36](
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https://github.com/wdecoster/nancfilt). Individual consensus sequences were created using
Allele Wrangler (https://github.com/transplantation-immunology/allele-wrangler/) for
demultiplexed fastq files with a minimum coverage of 30. Error correction was performed using
RACON [37] (https://github.com/isovic/racon). To do so, we first mapped all the reads back to
the consensus using minimap (https://github.com/Ih3/minimap2). We performed two cycles of
running minimap and RACON. Final consensus sequences were compared against the NCBI
database using BLASTn to check if the taxonomic assignment was correct.

We performed multiple tests to validate and optimize the consensus accuracy of long-read
barcode sequences. To comparatively assess the accuracy, we used consensus sequences of
short 18S and 28SrDNA amplicons, which were previously generated using lllumina amplicon
sequencing for the 47 analyzed Hawaiian Tetragnatha specimens (Kennedy unpublished data).
These sequences were aligned with the respective stretches of our nanopore consensus
sequences using ClustalW in MEGA [38]. All alignments were then visually inspected and edited
manually, where necessary. Pairwise distances between lllumina and nanopore consensus
were calculated in MEGA.

To measure consensus accuracy over the whole ribosomal amplicon, we utilized genome
skimming data [39] for six Hawaiian Peperomia plant species (Lim et al unpublished data). 150
bp paired-end TruSeq gDNA shotgun libraries for the six Peperomia samples were sequenced
on a single HiSeq v4000 lane (lllumina, San Diego, CA, USA). The resulting paired-end reads
were trimmed and filtered using Trimmomatic v0.36 [40] and mapped to their respective
nanopore consensus sequences using bowtie2 [41] under default parameter values and
allowing for minimum and maximum fragment size of 200 and 700 bases respectively. Mapping
coverage of lllumina reads to nanopore consensus sequences ranged between 150 - 600 X with
a mean of ~ 300 X across all six samples. We called Illlumina read based consensus sequences
for each Peperomia species using bcftools [42], and aligned them with the previously generated
nanopore consensus sequences. Pairwise genetic distances were then calculated in MEGA as
described above. We performed two independent distance calculations: 1) excluding indels, i.e.
only using nucleotide substitutions to estimate genetic distances, and 2) including indels as
additional characters.

Our demultiplexing software allows flexible edit distances to identify forward and reverse
indexes from Nanopore reads. Due to the high raw read error rate, too large edit distances
could lead to carryover between samples during demultiplexing. This carryover could possibly
affect the accuracy of the called consensus sequence. On the other hand, too stringent edit
distances may result in very large read dropout. Assuming an average error rate of 12-22 %, 3
bp of our 15 bp indexes should maximize sequence recovery. We thus tested index edit
distances of 2, 3, and 4 bp in MiniBar for the six Peperomia specimens for which we had
generated lllumina based consensus sequences. We counted the number of recovered reads
and estimated the accuracy of the resulting consensus sequence based on the according edit
distances as described above.

A recent study [25] showed that accurate consensus sequences from nanopore data can be
generated using only 30x coverage. We tested 18 different assembly coverages from 10 to 800
sequences for a Peperomia species, to explore optimal assembly coverage. We randomly
subsampled the quality filtered and demultiplexed fastq file for the according specimen each 10
times for each tested assembly coverage. Consensus sequences were then assembled and
genetic distances to the lllumina consensus calculated as described above.

Phylogenetic and taxonomic analysis


http://dx.doi.org/10.1101/358572
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint first posted online Jun. 29, 2018; doi: http://dx.doi.org/10.1101/358572. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

We carried out phylogenetic analyses on two hierarchical levels. First, we built a phylogeny for
all higher eukaryote taxa in our dataset, which included plants, animals and fungi. Second, we
took a closer look into the phylogeny of spiders. The resulting quality checked consensus
sequences of all taxa were aligned using ClustalW in MEGA. The alignments were visually
inspected and manually edited. Due to the deep divergence in the eukaryote data set, the highly
variable ITS sequences could not be aligned and were excluded. For the analyses of spiders,
we retained both ITS sequences and aligned the whole rDNA amplicon. Appropriate models of
sequence evolution for each gene fragment of the rDNA cluster were identified using
PartitionFinder [43]. Phylogenies were built using MrBayes [44], with 4 heated chains, a chain
length of 1,100,000, subsampling every 200 generations and a burnin length of 100,000.

Focusing on the endemic Hawaiian Tetragnatha species, we also tested the utility of the
ribosomal cluster for taxonomic identification, as we also had COI barcodes available for these
species. Our dataset contained ribosomal DNA sequences for 47 specimens in 16 species. We
calculated pairwise genetic distances between and within all species for the whole ribosomal
cluster and for each separate gene region of the rDNA cluster using MEGA. As the 18S and
5.8S did not yield any species level resolution within Hawaiian Tetragnatha, they were not
analyzed separately. To compare the taxonomic resolution of the ribosomal cluster with that of
the commonly used mitochondrial COIl, we calculated inter- and intraspecific distances for an
alignment of 418 bp of the COI barcode region for the same spider specimens (Kennedy et al.
unpublished data). We performed a Mantel test using the R package ade4 [45] to test for a
significant correlation between COIl and ribosomal DNA based distances. A comparison of
intraspecific and interspecific distances for mitochondrial COIl and ribosomal DNA also allowed
us to test for the presence of a barcode gap.

Nanopore based arthropod metabarcoding

To test for the possibility of estimating arthropod community composition from Nanopore
sequencing, we prepared four mock communities of different amounts of DNA extracts from 9
species of arthropods from different orders (see Supplementary Table 2). The samples were
amplified using the Q5 High Fidelity Mastermix as described above at 68 °C annealing
temperature and 35 PCR cycles. We additionally tested two variations of PCR conditions. We
either reduced the annealing temperature to 63 °C or reduced the PCR cycle number to 25.

In order to compare our results with those from an optimized Illumina short read protocol, we
amplified all samples for a ~300 bp fragment of the 18SrDNA using the primer pair
18S2F/18S4R [46]. Amplification and library preparation were performed as described in [47]
using the Qiagen Multiplex PCR kit. The 18S amplicon pools were sequenced on an lllumina
MiSeq using V3 chemistry and 2 x 300 bp reads. Sequence quality filtering, read merging and
primer trimming were performed as described in [34].

A library of 18S sequences for all included arthropod species (from [34]) was used as a
reference database to identify the recovered sequences using BLASTn [48], with a minimum e-
value of 10 and a minimum overlap of 95 %. Despite the high raw error rate of nanopore reads,
taxonomic status of sequences could be assigned using BLAST, as our pools contained
members of highly divergent orders. We compared the qualitative (number of species) and
quantitative (abundance of species) recovery of taxa from the communities by nanopore long-
read and Illumina short read data. To estimate the recovery of taxon abundances, we calculated
a fold change between input DNA amount and recovered reads for each taxon and mock
community. A fold change of zero corresponded to a 1:1 association of taxon abundance and
read count, while positive or negative values indicated higher or lower read counts than the
taxon’s actual abundance.
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MiniBar

We created a de-multiplexing software, called MiniBar. It allows customization of search
parameters to account for the high read error rates and has built-in awareness of the dual
barcode and primer pairs flanking the sequences. MiniBar takes as input a tab-delimited
barcode file and a sequence file in either fasta or fastq format. The barcode file contains, at a
minimum, sample name, forward barcode, forward primer, reverse barcode, and reverse primer
for each of the samples potentially in the sequence file. The software searches for barcodes and
for a primer, each permitting a user defined number of errors, an error being a mismatch or
indel. Error count to determine a match can either be a percentage of each of their lengths or
can be separately specified for barcode and primer as a maximum edit distance [49]. Output
options permit saving each sample in its own file or all samples in a single file, with the sample
names in the fasta or fastq headers. The found barcode primer pairs can be trimmed from the
sequence or can remain in the sequence distinguished by case or color. MiniBar, written in
Python 2.7, can also run in Python 3 and has the single dependency of the Edlib library module
for edit distance measured approximate search [50]. MiniBar can be found at
https://github.com/calacademy-research/minibar along with test data.
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Figure 1. Workflow for the design, amplification, and sequencing of the ribosomal DNA
cluster.

Results

Sequencing, specimen recovery and consensus quality

After quality filtering and trimming, our nanopore run yielded 245,433 reads. We tested edit
distances of two, three and four bases in MiniBar to demultiplex samples. Increasing edit
distances led to a significant increase in read numbers assigned to index combinations


http://dx.doi.org/10.1101/358572
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint first posted online Jun. 29, 2018; doi: http://dx.doi.org/10.1101/358572. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

(Pairwise Wilcoxon Test, FDR-corrected P-value < 0.05). On average, we found 355 reads per
specimen for an edit distance of two, 647 for a distance of three and 1,051 for a distance of four.
However, at an edit distance of four, we found a considerable increase of wrongly assigned
samples. Using lllumina shotgun sequencing-derived consensus sequences of rDNA from six
Peperomia plants, we tested the accuracy of the nanopore consensus assemblies based on the
three edit distances (Fig. 2). While a distance of four yielded the highest number of assigned
reads (1,785 on average), it also led to slightly more inaccurate consensus assemblies, with an
average distance of 2.072 % to lllumina based consensus sequences. We found a significant
increase of consensus accuracy (Pairwise Wilcoxon Test, FDR corrected P < 0.05) for edit
distances of two (0.165 % average distance) and three (0.187 % average distance). Despite
significant differences in assigned reads (1,091 vs. 637 reads on average), there was not a
significant difference in consensus accuracy of edit distances of two versus three bases
(Pairwise Wilcoxon Test, FDR corrected P > 0.05).

Figure 2: Comparison of recovered sequences and consensus accuracy for different
index edit distances in Minibar. A) Number of recovered reads for six Peperomia species at
index edit distances of two, three and four. B) Pairwise sequence divergence between lllumina
and Nanopore based consensus sequences of the same six Peperomia specimens at the same
index edit distances.

We chose a minimum coverage of 30 (see below) and an edit distance of two (which showed
the smallest final consensus error rate) for all subsequent analyses. BLAST analyses suggested
a correct taxonomic assignment for the majority of these consensus sequences. However, we
found some notable exceptions. For two insect specimens, we amplified mite rDNA sequences.
One of these specimens was Drosophila hydei, with the mite taxon being a well known phoretic
associated with arthropods. A different mite taxon was assembled from an unidentified termite
species. A species of isopod and a neuropteran yielded fungal sequences after assembly. The
larva of a butterfly and a feeder mealworm (Zophobas morio) generated consensus sequences
for plants.
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A comparison of our consensus sequences for 47 Hawaiian specimens of the spider genus
Tetragnatha with short lllumina amplicon sequencing-derived 18S and 28S rDNA sequences
suggests a very high consensus accuracy. Except for a single specimen, with a single
substitution error, all nanopore based consensus sequences were completely identical to the
lllumina based consensus. However, the corresponding 18S and 28S fragments did not contain
long stretches of homopolymer sequences, where nanopore raw read errors are known to
accumulate [51]. Despite containing several homopolymers, the nanopore derived Peperomia
consensus sequences were highly accurate (Supplementary Fig. 1). Including gaps in the
alignment, an average distance of 0.165 % to Illlumina based consensus sequences was found.
Errors were clustered in Indel regions. After excluding gaps, the average distance dropped to
0.102 %.

We found only a small effect of sequence coverage on consensus assembly accuracy
(Supplementary Fig. 2). Even at 10-fold coverage, a low average distance of 0.257% to lllumina
consensus sequences was observed. However, at 20-fold coverage, the average distance
significantly decreased to 0.128 % (Pairwise Wilcoxon Test, FDR corrected P < 0.05). A slight,
but not significant, decrease of distance was observed with increasing coverage, with optimal
consensus accuracy at 300-fold coverage (0.031 % distance). At coverages larger than 300, the
consensus accuracy slightly decreased (average distance of 0.103 % at 800 X coverage).

The length of the rDNA amplicon was quite variable between taxa. Compared to animals, plant
specimens showed a significantly shorter amplicon (Pairwise Wilcoxon Test, FDR corrected P <
0.05). The length difference was found for the actual gene sequences (18S, 5.8S, 28S: 3,063 vs
2,781 bp on average; Supplementary Fig. 3A) as well as including the ITS sequences (3,741 vs.
3,241 bp on average, Supplementary Fig. 3B). Within arthropods, we found significant length
differences between arachnid and insect sequences. On average, insects carried a significantly
longer rDNA sequence than arachnids (Supplementary Fig. 4; Pairwise Wilcoxon Test, FDR
corrected P < 0.05). This holds true for the gene sequences (3,154 vs. 3,047 bp for 18S, 5.8S,
28S on average), as well as the whole amplicon, including ITS sequences (4,192 vs. 3,644 bp
on average). While most spiders showed very stable length distributions for the rDNA amplicon
length (average length + standard deviation across all Araneae: 3,629 bp + 81), several insect
orders had rDNA sequences of more variable length (Coleoptera: 4,488 bp + 352; Lepidoptera:
4363 bp + 603).

In contrast to the variable length of the rDNA cluster, we found a very stable GC content across
the whole taxonomic spectrum (46.75 + 2.67 % across all taxa). GC content of plants and
animals was highly similar (Supplementary Fig 3c) (plants: 46.01 £ 1.66 %; animals: 46.82 *
2.74 %). Highly similar GC content was also found between insects (46.67 + 3.73 %) and
arachnids (46.93 + 2.47 %) (Supplementary Fig 4c).
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Figure 5. Section of the same phylogeny as Fig. 4, with expansion of the clade of 16
Hawaiian Tetragnatha species. Different “Spiny Leg” ecomorphs and web architectures are
indicated by branch coloration. Only posterior probability values below 1 are displayed.
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We generated an alignment of 3,656 bp for 117 concatenated 18S, 5.8S and 28S sequences of
plants, fungi, annelids and arthropods. Our phylogeny was well supported (most posterior
support values equal one; Fig. 3). A basal split separated plants from fungi and animals. Within
plants, the genus Peperomia was recovered as monophyletic. Fungi formed the sister group of
animals. Within animals, annelids formed a separate clade from arthropods. Arthropods
separated into arachnids and hexapods. Each separate arthropod order formed well supported
groups. The hexapod phylogeny generally resembled that found in latest phylogenomic work
[52]. The Collembola species Salina sp. formed the base to the insect tree, followed by the
odonate Argia sp. A higher branch led to Blattodea, Hemiptera and Orthoptera. However, the
support values for the relationships between these three orders were comparatively low (~
0.85). Finally, holometabolan insects (Hymenoptera, Coleoptera and Lepidoptera) were
recovered as monophyletic. The two Acari species, together with Opiliones, formed the sister
clade to the monophyletic Araneae clade.

Next, we generated a separate alignment of rDNA sequences for 83 spiders, including both ITS
regions (totaling 4,214 bp). The spider phylogeny was also strongly supported (Fig. 4). Overall,
our phylogenetic tree topology agreed with the most recent phylogenetic work of [53] and [35].
With the haplogyne Segestria sp. (family Segestriidae) forming the root, we recovered the so-
called RTA clade (represented in our dataset by families Agelenidae, Amaurobiidae,
Anyphaenidae, Cybaeidae, Desidae, Eutichuridae, Lycosidae, Philodromidae, Psechridae,
Salticidae and Thomisidae) and the Araneoidea (Araneidae, Linyphiidae, Tetragnathidae,
Theridiidae) as two well supported monophyla. Within these clades, all families and genera
formed well supported monophyletic groups. Similar to recent studies, we found the Marronoid
clade as basal to the rest of the RTA clade; more derived clades were the Oval Calamistrum
and the Dionycha clade. Inter-family relationships also closely matched those found in recent
work: Lycosidae was basal to the clade formed by Psechridae and Thomisidae; Salticidae was
closest to Eutichuridae and Philodromidae, with Anyphaenidae falling basal within Dionycha.
Within Araneoidea, our results differed slightly from recent studies in that we recovered
Tetragnathidae, rather than Theridiidae, as basal.

We recovered Hawaiian Tetragnatha as a well supported monophyletic clade within the
Tetragnathidae. We found two main clades of Hawaiian Tetragnatha (Fig. 5), both of which have
been supported by earlier work [54-57]: the orb weaving clade and the “Spiny Leg clade” of
actively hunting species. All Tetragnatha species formed monophyletic groups, and the
relationships among different species were mostly well supported. Within the Spiny Leg clade,
species fell into one of four ecotypes, each of which is associated with a particular substrate
type: “large brown” (T. quasimodo) with tree bark, “small brown” (T. anuenue, T. obscura and T.
restricta) with twigs, “green” (T. brevignatha and T. waikamoi) with green leaves, and “maroon”
(T. perreirai and T. kamakou) with lichen. While green and maroon ecotypes clustered
phylogenetically, small brown species appeared in three separate clades on the tree. Within the
orb weaving clade, T. hawaiensis, a generalist species which occurs on all of the Hawaiian
Islands, fell basal. The characteristic web structures of some of these species have been
documented [35, 58]. We found a pattern of apparent convergence in web structure for some
species. T. sp. “emerald ovoid” spins a loose web with widely spaced rows of capture silk. T.
hawaiensis and T. sp. “eurylike,” which are distant relatives within the Hawaiian Tetragnatha
clade, both spin webs of medium silk density, i.e. with more rows of capture silk per unit area
than T. sp. “emerald ovoid.” T. perkinsi and T. acuta each spin a web structure that is not
comparable in its silk density or size to any other known Tetragnatha species in this group [58],
and are thus classified as “unique”.
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Taxonomic resolution

Our inferred genetic distances for rDNA sequences within and between Hawaiian Tetragnatha
species were significantly correlated to those found for COI sequences of the same taxa (R? =
0.70, P < 0.001) (Fig. 6a). A Mantel test also suggested highly significant correlation of
mitochondrial COIl and nuclear rDNA based distances (Mantel test, 9999 replicates, P < 0.001).
Hence, the rDNA cluster supported a very similar pattern of genetic differentiation to COI.
However, the faster evolutionary rate of COIl was reflected in lower distances for the whole
rDNA than for COIl. Interspecific distances were significantly higher than intraspecific ones for
COI and rDNA (Fig 6b,c). No overlap of intra and interspecific distances was evident for COlI,
suggesting the presence of a barcode gap. A small overlap of intra and interspecific distances
was evident for the rDNA (Supplementary Table 3). Like the combined rDNA cluster, genetic
distances for different parts of the rDNA cluster all showed significant correlation with COI
based distances, when analyzed separately (R? 28S = 0.57, R* ITS1 = 0.68, R? ITS2 = 0.56, P <
0.001) (Supplementary Fig. 5). While the 28SrDNA showed considerably lower distances than
COl, those for ITS1 and ITS2 were more comparable to COIl (Supplementary Fig. 5b-d). Yet,
interspecific and intraspecific distances for COIl were significantly different from those for any
part of the rDNA cluster (Pairwise Wilcoxon Test, FDR corrected P < 0.05).

Figure 6 Inter and intraspecific genetic distances for the nuclear rDNA and mitochondrial
COlI for Hawaiian Tetragnatha spiders. A) Correlation of pairwise genetic distance between
(red) and within (green) 16 Hawaiian Tetragnatha species based on COI and the full rDNA
amplicon. B) Interspecific and intraspecific genetic distances for the same spider species based
on mitochondrial COIl and C) the whole rDNA amplicon.

Field trial in the Amazon rainforest

On March 26, 2018 we set out to test this method and a portable laboratory (as described in
Pomerantz, et al. [25]) during an expedition to the Peruvian Amazon at the Refugio Amazonas
Lodge (Supplementary Fig. 6). This field site is a “Terra firme” forest in the sector of
“Condenado”, approximately two and a half hours by boat up river from the native community of
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Infierno on the buffer zone of the Tambopata National Reserve. We collected plant and insect
material, extracted DNA, amplified the rDNA cluster, and sequenced material on the MinlON
platform using the MinKNOW offline software (provided by ONT). The first run generated 17,149
reads and the second one 20,167 reads. We generated consensus sequences for five out of the
seven analyzed specimens. One plant sample and the grasshopper could not be assembled
due to too low read coverage. Moreover, BLAST analysis of the reads assigned to the
grasshopper suggested that we had sequenced a mite, instead of the grasshopper DNA. The
unidentified insect eggs resulted in a butterfly consensus sequence, possibly a Pierid species.

Nanopore based arthropod metabarcoding

Figure 7: Relative abundances for nine arthropod species in our four mock communities
(actual), compared to an lllumina amplicon sequencing protocol, and nanopore protocols
at 63 °C and 68 °C annealing temperature

On average, we recovered 2,645 reads for each lllumina sequenced mock community and
1,149 for each nanopore mock community. The optimized lllumina amplicon sequencing based
18SrDNA protocol resulted in a very good taxon recovery. All nine taxa were recovered from all
four mock communities (Fig. 7). Moreover, the lllumina based protocol allowed for accurate
predictions of taxon abundances. The average fold change between input DNA and recovered
read count was closely distributed around zero (Supplementary Fig 6). In contrast, the long-read
nanopore protocol showed very biased qualitative and quantitative taxon recovery (Fig. 7). On
average, only 83.33 % of taxa were recovered per nanopore sequenced mock community.
Moreover, the fold change of input DNA and recovered read count were highly biased between
taxa. Some taxa were considerably over or underrepresented among the read population. This
led to a significantly higher variation of fold change between input DNA and read count
compared to the lllumina amplicon based protocol (Levene’s test P < 0.05; Supplementary Fig.
7). A reduction of PCR annealing temperature did result in a considerable increase of Odonata
sequences, but overall did not have a strong effect on qualitative (77.78 % of taxa recovered) or
quantitative taxon recovery (Fig. 7). The variation of fold change between different PCR
annealing temperatures was not significantly different (Levene’s test, P > 0.05). A reduction of
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PCR cycle number by 10 also did not yield any significant effect on qualitative (88.89 % of taxa
recovered) or quantitative taxon recovery (Supplementary Fig. 7).

Discussion

Phylogenetic and taxonomic utility of long rDNA amplicons

Developments in long-read sequencing hold great promise for molecular taxonomy and
phylogenetics across very broad taxonomic scales. We recovered phylogenetic relationships
across the eukaryote tree of life, which were mostly consistent with the current state of research
(e.g. [52]). Separate orders of arthropods all formed well supported monophyletic groups. Our
spider phylogeny was highly congruent with recent work based on whole transcriptomes [35]
and multi-amplicon data [53]. Moreover, using the rDNA cluster allowed us to resolve young
phylogenetic divergences: the relationships within the recent adaptive radiation of the genus
Tetragnatha in Hawaii confirmed previous research [59, 60].

Besides their high phylogenetic utility, long rDNA amplicons showed excellent support for
taxonomic hypotheses. All morphologically identified species of Hawaiian Tetragnatha were
recovered as monophyletic groups. The divergence patterns and taxonomic classifications of
spiders based on rDNA were strongly correlated to those based on mitochondrial COl, the most
commonly used animal barcode marker [4]. rDNA may thus be ideal to complement
mitochondrial barcoding. A universal and variable nuclear marker as a supplement to COI
barcoding will be particularly useful in cases of mito-nuclear discordance due to male biased
gene flow [10, 61], hybridization [12] or infections with reproductive parasites [11].

Their high phylogenetic utility across very broad taxonomic categories also provide long rDNA
amplicons with a distinct advantage over short read barcoding protocols, which are not well
suited to support broad scale phylogenetic hypotheses [62]. The inclusion of long amplicons
would make it possible to scale up barcoding from simple taxon assignment to community wide
phylogenetic inferences [9]. Recently, the amplification of whole mitochondrial genomes was
suggested for animal barcoding [63]. This would increase taxonomic and phylogenetic
resolution and thus alleviate some disadvantages of short COIl amplicons. However, it is
challenging to develop truly universal primers to target mitochondrial genomes across a wide
range of taxonomic groups [64]. Moreover, mitochondrial genomes will not allow cases of mito-
nuclear discordance to be identified. A straightforward way to achieve highly resolved
phylogenies may be the combination of long rDNA amplicon sequencing with multiplex PCRs of
short mitochondrial amplicons, to amplify multiple mitochondrial DNA fragments [65].

Simple, accurate, universal and cost efficient long-read DNA barcoding

Despite the high raw read error of nanopore data, consensus sequences were highly accurate,
and library preparation and sequencing for our protocol are simple and cost efficient. Using a
single pair of universal primers, long rDNA amplicons can be amplified across diverse eukaryote
taxa. A simple dual indexing approach during PCR allows large numbers of samples to be
pooled before library preparation [27]. Only a single PCR is required per specimen, while
subsequent cleanup and library preparation can be performed on pooled samples. The
simplicity of our approach is additionally highlighted by its effectiveness even under field
conditions in a remote rainforest site. Nanopore sequencing technology is affordable and
universally available to any laboratory. Our ONT MinlON generated about 250,000 reads per
run. Aiming for about 1,000 reads per amplified specimen, 250 long rDNA barcodes could be
generated in single MinlON run. Input DNA amounts for different specimens will have to be
carefully balanced to maximize the recovery. The total reagent costs, including PCR, library
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preparation and sequencing, then amount to less than $4 for each long barcode sequence
generated.

Pitfalls of nanopore based long-read barcoding

While our protocol was generally straightforward and reliable, we found several drawbacks,
which require further considerations and optimization. First, it needs to be noted that long rDNA
amplification will not be possible with highly degraded DNA molecules, e.g. from historical
specimens [66]. Moreover, amplification success of long range PCRs proved less consistent
than that for amplification of short amplicons. We observed a complete failure of some PCRs
when too high template DNA concentrations were loaded. The long range polymerase may be
more sensitive to PCR inhibitors present in some arthropod DNA extractions [67]. PCR
conditions will have to be carefully optimized for reliable and consistent amplification. We also
found that highly universal eukaryote primers may result in undesired amplification, for example
plants from beetle and butterfly larval guts, phoretic mites, or fungal sequences. However, as
long as the DNA of the target taxon is still dominating the resulting amplicon mixture, this
undesired amplification will not affect consensus calling. It may be advisable to check the
taxonomic composition of amplicon samples before assembly, e.g. by blasting against a
reference library. To avoid unspecific amplification, PCR primers could also be redesigned to
exclude certain lineages from amplification. It should also be noted that our approach results in
only a single consensus sequence for each processed specimen. As a diploid marker, the rDNA
cluster can contain heterozygous positions in some specimens, in particular within the ITS
regions. This information is currently lost, and a different assembly approach may be necessary
to recover heterozygosity as well. Furthermore, index length and edit distance are also
important considerations. We used indexes of 15 bp and with a minimum distance of 10 bp to
index both sides of our amplicons. Index edit distance of only 4 bp between samples already led
to considerable cross-specimen index bleeding. It may thus be better to increase the length and
edit distances of indexes. Indexes of 20 or 30 bp could be easily attached to the 5’-tails of PCR
primers without strongly affecting PCR efficiency.

Nanopore based arthropod metabarcoding

It is well known that Illlumina amplicon sequencing of short 18SrDNA fragments can vyield very
accurate qualitative and quantitative taxon recovery in metabarcoding experiments [48], a
finding that is confirmed by our results. In contrast, little is known on the performance of long-
read nanopore sequencing for community diversity assessments [32]. Our long barcode based
approach resulted in the dropout of several taxa and highly skewed relative taxon abundances.
Skewed abundances were already found in microbial community analysis using nanopore [32].
In the simplest case, primer mismatches may be responsible for biased amplification [32, 68].
However, the targeted priming sites in our study were extremely conserved. Also, a change of
PCR cycle number and annealing temperature did not have a strong effect on taxon
abundances, as would be expected in the case of PCR priming bias [69]. Another possibility is
the preferential amplification of template molecules with a certain GC content by the DNA
polymerase [33]. However, we found the GC content of the rDNA cluster to be very stable
across taxa. Yet another potential explanation for the differential recovery of taxa in community
samples is taxonomic bias in DNA degradation [70], but we do not expect DNA degradation to
have played a role in our experiment because we used only high quality DNA extractions
(verified by gel electrophoresis) from fresh specimens. The most plausible explanation appears
to be that variable rDNA lengths are found between different taxa. It is well known that shorter
sequences are amplified preferentially in a PCR, especially after it reaches the plateau stage
[71]. Such dominance of shorter amplicons could explain the observed biases very well. In fact,
the most abundant taxon in our pools was a spider, which also had the shortest amplicon
length. The dominant amplification of shorter sequences may also explain the amplification of
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plant DNA from a butterfly and a flour beetle larva, as plants showed considerably shorter rDNA
amplicons than insects. We found a very high variation of rDNA amplicon length within many
taxonomic groups, this could be a considerable problem for long read metabarcoding
applications. More research into the causes and possible mitigation of these biases will be
required before long-read sequencing can be routinely utilized for metabarcoding applications.

Conclusion

Sequencing long dual indexed rDNA amplicons on Oxford Nanopore Technologies’ MinION is a
simple, cost effective, accurate and universal approach for eukaryote DNA barcoding. Long
rDNA amplicons offer high phylogenetic and taxonomic resolution across broad taxonomic
scales from kingdom down to species. They also prove to be an excellent complement to
mitochondrial COIl based barcoding in arthropods. However, despite the long-read advantages
in the analysis of separate specimens, we found considerable biases associated with
sequencing bulk community samples. The observed taxonomic bias is possibly a result of
taxon-specific length variation of the rDNA cluster and preferential amplification of species with
shorter rDNA. Further research into the sources of the observed bias is required before long
rDNA amplicon sequencing can be utilized as a reliable resource for the analysis of bulk
samples.

Author contributions

HK and SP designed the study. HK, AP, SRK, JYL, VS and JDS collected the specimens.
Laboratory work was carried out by HK, AP and SRK and the data were subsequently analyzed
by HK, AP, JBH, SRK and SP. The paper was writen by HK, AP, JBH, SRK, JYL, VS, JDS,
NHP, RGG, SP.

Acknowledgements

We thank Taylor Liu for help during laboratory work, and Natalie Graham and Tara Gallant for
help during specimen collection. Hitomi Asahara graciously provided access to a laboratory
facility and the necessary software for our MinlON sequencing run. We thank the State of
Hawaii Department of Land and Natural Resources and the Servicio Nacional Forestal y de
Fauna Silvestre, who provided collection permits, Anna Holmquist for providing the Psechrus
sp. specimen, rainforest Expeditions and Gabriela Orihuela for providing assistance and support
with fieldwork in Peru.

References

1. Sala, O.E., Chapin, F.S., Armesto, J.J., Berlow, E., Bloomfield, J., Dirzo, R., Huber-
Sanwald, E., Huenneke, L.F., Jackson, R.B., and Kinzig, A. (2000). Global biodiversity
scenarios for the year 2100. Science 287, 1770-1774.

2. Pimm, S.L., Jenkins, C.N., Abell, R., Brooks, T.M., Gittleman, J.L., Joppa, L.N., Raven,
P.H., Roberts, C.M., and Sexton, J.0. (2014). The biodiversity of species and their rates
of extinction, distribution, and protection. Science 344, 1246752.

3. Rominger, A., Goodman, K., Lim, J., Armstrong, E., Becking, L., Bennett, G., Brewer, M.,
Cotoras, D., Ewing, C., and Harte, J. (2016). Community assembly on isolated islands:
macroecology meets evolution. Global ecology and biogeography 25, 769-780.

4. Hebert, P.D., Ratnasingham, S., and de Waard, J.R. (2003). Barcoding animal life:
cytochrome c¢ oxidase subunit 1 divergences among closely related species.
Proceedings of the Royal Society of London B: Biological Sciences 270, S96-S99.

5. Schoch, C.L., Seifert, K.A., Huhndorf, S., Robert, V., Spouge, J.L., Levesque, C.A,,
Chen, W., Bolchacova, E., Voigt, K., and Crous, P.W. (2012). Nuclear ribosomal internal


http://dx.doi.org/10.1101/358572
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint first posted online Jun. 29, 2018; doi: http://dx.doi.org/10.1101/358572. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

It is made available under a CC-BY-NC-ND 4.0 International license.

transcribed spacer (ITS) region as a universal DNA barcode marker for Fungi.
Proceedings of the National Academy of Sciences 109, 6241-6246.

China Plant BOL Group, Li, D.-Z., Gao, L.-M., Li, H.-T., Wang, H., Ge, X.-J., Liu, J.-Q.,
Chen, Z.-D., Zhou, S.-L., and Chen, S.-L. (2011). Comparative analysis of a large
dataset indicates that internal transcribed spacer (ITS) should be incorporated into the
core barcode for seed plants. Proceedings of the National Academy of Sciences 708,
19641-19646.

Shokralla, S., Porter, T.M., Gibson, J.F., Dobosz, R., Janzen, D.H., Hallwachs, W.,
Golding, G.B., and Hajibabaei, M. (2015). Massively parallel multiplex DNA sequencing
for specimen identification using an lllumina MiSeq platform. Scientific reports 5, 9687.
Yu, D.W,, Ji, Y., Emerson, B.C., Wang, X., Ye, C., Yang, C., and Ding, Z. (2012).
Biodiversity soup: metabarcoding of arthropods for rapid biodiversity assessment and
biomonitoring. Methods in Ecology and Evolution 3, 613-623.

Graham, C.H., and Fine, P.V. (2008). Phylogenetic beta diversity: linking ecological and
evolutionary processes across space in time. Ecology Letters 11, 1265-1277.
Krehenwinkel, H., Graze, M., Rodder, D., Tanaka, K., Baba, Y.G., Muster, C., and Uhl,
G. (2016). A phylogeographical survey of a highly dispersive spider reveals eastern Asia
as a major glacial refugium for Palaearctic fauna. Journal of Biogeography 43, 1583-
1594.

Hurst, G.D., and Jiggins, F.M. (2005). Problems with mitochondrial DNA as a marker in
population, phylogeographic and phylogenetic studies: the effects of inherited symbionts.
Proceedings of the Royal Society of London B: Biological Sciences 272, 1525-1534.
Bernatchez, L., Glémet, H., Wilson, C.C., and Danzmann, R.G. (1995). Introgression
and fixation of Arctic char (Salvelinus alpinus) mitochondrial genome in an allopatric
population of brook trout (Salvelinus fontinalis). Canadian Journal of Fisheries and
Aquatic Sciences 52, 179-185.

Melo-Ferreira, J., Boursot, P., Suchentrunk, F., Ferrand, N., and Alves, P. (2005).
Invasion from the cold past: extensive introgression of mountain hare (Lepus timidus)
mitochondrial DNA into three other hare species in northern Iberia. Molecular Ecology
14, 2459-2464.

Soltis, P.S., and Soltis, D.E. (1998). Molecular evolution of 18S rDNA in angiosperms:
implications for character weighting in phylogenetic analysis. In Molecular systematics of
plants Il. (Springer), pp. 188-210.

Hillis, D.M., and Dixon, M.T. (1991). Ribosomal DNA: molecular evolution and
phylogenetic inference. The Quarterly review of biology 66, 411-453.

Black IV, W.C., Klompen, J., and Keirans, J.E. (1997). Phylogenetic relationships among
tick subfamilies (Ixodida: Ixodidae: Argasidae) based on the 18S nuclear rDNA gene.
Molecular Phylogenetics and Evolution 7, 129-144.

Powers, T.O., Todd, T., Burnell, A., Murray, P., Fleming, C., Szalanski, A.L., Adams, B.,
and Harris, T. (1997). The rDNA internal transcribed spacer region as a taxonomic
marker for nematodes. Journal of Nematology 29, 441.

Sonnenberg, R., Nolte, AW., and Tautz, D. (2007). An evaluation of LSU rDNA D1-D2
sequences for their use in species identification. Frontiers in zoology 4, 6.

Tang, C.Q., Leasi, F., Obertegger, U., Kieneke, A., Barraclough, T.G., and Fontaneto, D.
(2012). The widely used small subunit 18S rDNA molecule greatly underestimates true
diversity in biodiversity surveys of the meiofauna. Proceedings of the National Academy
of Sciences 709, 16208-16212.

von der Schulenburg, J.H.G., Hancock, J.M., Pagnamenta, A., Sloggett, J.J., Majerus,
M.E., and Hurst, G.D. (2001). Extreme length and length variation in the first ribosomal
internal transcribed spacer of ladybird beetles (Coleoptera: Coccinellidae). Molecular
Biology and Evolution 78, 648-660.


http://dx.doi.org/10.1101/358572
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint first posted online Jun. 29, 2018; doi: http://dx.doi.org/10.1101/358572. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

It is made available under a CC-BY-NC-ND 4.0 International license.

Jain, M., Koren, S., Miga, K.H., Quick, J., Rand, A.C., Sasani, T.A., Tyson, J.R., Beggs,
A.D., Dilthey, A.T., and Fiddes, I.T. (2018). Nanopore sequencing and assembly of a
human genome with ultra-long reads. Nature biotechnology 36, 338.

Heeger, F., Bourne, E.C., Baschien, C., Yurkov, A., Bunk, B., Sprder, C., Overmann, J.,
Mazzoni, C.J., and Monaghan, M.T. (2018). Long-read DNA metabarcoding of ribosomal
rRNA in the analysis of fungi from aquatic environments. bioRxiv, 283127.

Tedersoo, L., Tooming-Klunderud, A., and Anslan, S. (2018). PacBio metabarcoding of
Fungi and other eukaryotes: errors, biases and perspectives. New Phytologist 277,
1370-1385.

Giordano, F., Aigrain, L., Quail, M.A., Coupland, P., Bonfield, J.K., Davies, R.M,,
Tischler, G., Jackson, D.K., Keane, T.M., and Li, J. (2017). De novo yeast genome
assemblies from MinlON, PacBio and MiSeq platforms. Scientific reports 7, 3935.
Pomerantz, A., Penafiel, N., Arteaga, A., Bustamante, L., Pichardo, F., Coloma, L.A.,
Barrio-Amords, C.L., Salazar-Valenzuela, D., and Prost, S. (2018). Real-time DNA
barcoding in a rainforest using nanopore sequencing: opportunities for rapid biodiversity
assessments and local capacity building. GigaScience 7, giy033.

Wurzbacher, C., Larsson, E., Bengtsson-Palme, J., Van den Wyngaert, S., Svantesson,
S., Kristiansson, E., Kagami, M., and Nilsson, R.H. (2018). Introducing ribosomal
tandem repeat barcoding for fungi. bioRxiv, 310540.

Srivathsan, A., Baloglu, B., Wang, W., Tan, W.X., Bertrand, D., Ng, A.H., Boey, E.J.,
Koh, J.J., Nagarajan, N., and Meier, R. (2018). A Min ION™-based pipeline for fast and
cost-effective DNA barcoding. Molecular ecology resources.

Giribet, G., and Edgecombe, G.D. (2012). Reevaluating the arthropod tree of life. Annual
review of entomology 57, 167-186.

Hochkirch, A. (2016). The insect crisis we can’t ignore. Nature News 539, 141.

Quick, J., Loman, N.J., Duraffour, S., Simpson, J.T., Severi, E., Cowley, L., Bore, J.A,,
Koundouno, R., Dudas, G., and Mikhail, A. (2016). Real-time, portable genome
sequencing for Ebola surveillance. Nature 530, 228.

Edwards, A., Debbonaire, A.R., Sattler, B., Mur, L.A., and Hodson, A.J. (2016). Extreme
metagenomics using nanopore DNA sequencing: a field report from Svalbard, 78 N.
bioRxiv, 073965.

Benitez-Paez, A., Portune, K.J., and Sanz, Y. (2016). Species-level resolution of 16S
rRNA gene amplicons sequenced through the MinlON™ portable nanopore sequencer.
GigaScience 5, 4.

Nichols, R.V., Volimers, C., Newsom, L.A., Wang, Y., Heintzman, P.D., Leighton, M.,
Green, R.E., and Shapiro, B. (2018). Minimizing polymerase biases in metabarcoding.
Molecular ecology resources.

Krehenwinkel, H., Wolf, M., Lim, J.Y., Rominger, A.J., Simison, W.B., and Gillespie, R.G.
(2017). Estimating and mitigating amplification bias in qualitative and quantitative
arthropod metabarcoding. Scientific reports 7, 17668.

Fernandez, R., Kallal, R.J., Dimitrov, D., Ballesteros, J.A., Arnedo, M.A., Giribet, G., and
Hormiga, G. (2018). Phylogenomics, Diversification Dynamics, and Comparative
Transcriptomics across the Spider Tree of Life. Current Biology 28, 1489-1497. e1485.
De Coster, W., D'Hert, S., Schultz, D.T., Cruts, M., and Van Broeckhoven, C. (2018).
NanoPack: visualizing and processing long read sequencing data. bioRxiv, 237180.
Vaser, R., Sovi¢, |., Nagarajan, N., and Siki¢, M. (2017). Fast and accurate de novo
genome assembly from long uncorrected reads. Genome Research 27, 737-746.
Tamura, K., Stecher, G., Peterson, D., Filipski, A., and Kumar, S. (2013). MEGAG:
molecular evolutionary genetics analysis version 6.0. Molecular Biology and Evolution
30, 2725-2729.


http://dx.doi.org/10.1101/358572
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint first posted online Jun. 29, 2018; doi: http://dx.doi.org/10.1101/358572. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

It is made available under a CC-BY-NC-ND 4.0 International license.

Straub, S.C., Parks, M., Weitemier, K., Fishbein, M., Cronn, R.C., and Liston, A. (2012).
Navigating the tip of the genomic iceberg: Next-generation sequencing for plant
systematics. American Journal of Botany 99, 349-364.

Bolger, A., and Giorgi, F. Trimmomatic: A Flexible Read Trimming Tool for lllumina NGS
Data. URL http://www. usadellab. org/cms/index. php.

Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with Burrows—
Wheeler transform. Bioinformatics 25, 1754-1760.

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G.,
Abecasis, G., and Durbin, R. (2009). The sequence alignment/map format and
SAMtools. Bioinformatics 25, 2078-2079.

Lanfear, R., Calcott, B., Ho, S.Y., and Guindon, S. (2012). PartitionFinder. combined
selection of partitioning schemes and substitution models for phylogenetic analyses.
Molecular Biology and Evolution 29, 1695-1701.

Huelsenbeck, J.P., and Ronquist, F. (2001). MRBAYES: Bayesian inference of
phylogenetic trees. Bioinformatics 17, 754-755.

Dray, S., and Dufour, A.-B. (2007). The ade4 package: implementing the duality diagram
for ecologists. Journal of statistical software 22, 1-20.

Machida, R.J., and Knowlton, N. (2012). PCR primers for metazoan nuclear 18S and
28S ribosomal DNA sequences. PLoS one 7, e46180.

Krehenwinkel, H., Kennedy, S., Pekar, S., and Gillespie, R.G. (2017). A cost-efficient
and simple protocol to enrich prey DNA from extractions of predatory arthropods for
large-scale gut content analysis by lllumina sequencing. Methods in Ecology and
Evolution 8, 126-134.

Altschul, S.F., Gish, W., Miller, W., Myers, E.W., and Lipman, D.J. (1990). Basic local
alignment search tool. Journal of molecular biology 2715, 403-410.

Levenshtein, V.l. (1966). Binary codes capable of correcting deletions, insertions, and
reversals. In Soviet physics doklady, Volume 10. pp. 707-710.

Sosi¢, M., and Siki¢, M. (2017). Edlib: a C/C++ library for fast, exact sequence alignment
using edit distance. Bioinformatics 33, 1394-1395.

Loman, N.J., Quick, J., and Simpson, J.T. (2015). A complete bacterial genome
assembled de novo using only nanopore sequencing data. bioRxiv, 015552.

Misof, B., Liu, S., Meusemann, K., Peters, R.S., Donath, A., Mayer, C., Frandsen, P.B.,
Ware, J., Flouri, T., and Beutel, R.G. (2014). Phylogenomics resolves the timing and
pattern of insect evolution. Science 346, 763-767.

Wheeler, W.C., Coddington, J.A., Crowley, L.M., Dimitrov, D., Goloboff, P.A., Griswold,
C.E., Hormiga, G., Prendini, L., Ramirez, M.J., and Sierwald, P. (2017). The spider tree
of life: phylogeny of Araneae based on target-gene analyses from an extensive taxon
sampling. Cladistics 33, 574-616.

Gillespie, R.G. (1991). Hawaiian spiders of the genus Tetragnatha: I. Spiny leg clade.
Journal of Arachnology, 174-209.

Gillespie, R.G. (1999). Comparison of rates of speciation in web-building and non-web-
building groups within a Hawaiian spider radiation. Journal of Arachnology, 79-85.
Gillespie, R.G. (2016). Island time and the interplay between ecology and evolution in
species diversification. Evolutionary applications 9, 53-73.

Gillespie, R.G., Croom, H.B., and Hasty, G.L. (1997). Phylogenetic relationships and
adaptive shifts among major clades of Tetragnatha spiders (Araneae: Tetragnathidae) in
Hawai'i.

Blackledge, T.A., Binford, G.J., and Gillespie, R.G. (2003). Resource use within a
community of Hawaiian spiders (Araneae: Tetragnathidae). In Annales Zoologici Fennici.
(JSTOR), pp- 293-303.


http://dx.doi.org/10.1101/358572
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint first posted online Jun. 29, 2018; doi: http://dx.doi.org/10.1101/358572. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

It is made available under a CC-BY-NC-ND 4.0 International license.

Blackledge, T.A., and Gillespie, R.G. (2004). Convergent evolution of behavior in an
adaptive radiation of Hawaiian web-building spiders. Proceedings of the National
Academy of Sciences of the United States of America 701, 16228-16233.

Gillespie, R. (2004). Community assembly through adaptive radiation in Hawaiian
spiders. Science 303, 356-359.

Wilmer, J.W., Hall, L., Barratt, E., and Moritz, C. (1999). Genetic Structure and Male-
Mediated Gene Flow in the Ghost Bat (Macroderma gigas). Evolution, 1582-1591.

Kjer, K.M., Zhou, X., Frandsen, P.B., Thomas, J.A., and Blahnik, R.J. (2014). Moving
toward species-level phylogeny using ribosomal DNA and COI barcodes: an example
from the diverse caddisfly genus Chimarra (Trichoptera: Philopotamidae). Arthropod
Systematics & Phylogeny 72, 345-354.

Deiner, K., Renshaw, M.A_, Li, Y., Olds, B.P., Lodge, D.M., and Pfrender, M.E. (2017).
Long-range PCR allows sequencing of mitochondrial genomes from environmental
DNA. Methods in Ecology and Evolution 8, 1888-1898.

Briscoe, A.G., Goodacre, S., Masta, S.E., Taylor, M.l., Arnedo, M.A., Penney, D., Kenny,
J., and Creer, S. (2013). Can long-range PCR be used to amplify genetically divergent
mitochondrial genomes for comparative phylogenetics? A case study within spiders
(Arthropoda: Araneae). PLoS one 8, €62404.

Krehenwinkel, H., Kennedy, S., Rueda, M., and Gillespie, R. (in press). Low cost
molecular systematics of entire arthropod communities: Primer sets for rapid multi locus
analyses by multiplex PCRs and lllumina amplicon sequencing. . Methods in Ecology
and Evolution.

Krehenwinkel, H., and Pekar, S. (2015). An analysis of factors affecting genotyping
success from museum specimens reveals an increase of genetic and morphological
variation during a historical range expansion of a European spider. PLoS one 10,
e0136337.

Margam, V.M., Gachomo, E.W., Shukle, J.H., Ariyo, O.0., Seufferheld, M.J., and
Kotchoni, S.0. (2010). A simplified arthropod genomic-DNA extraction protocol for
polymerase chain reaction (PCR)-based specimen identification through barcoding.
Molecular biology reports 37, 3631-3635.

Sipos, R., Székely, A.J., Palatinszky, M., Révész, S., Marialigeti, K., and Nikolausz, M.
(2007). Effect of primer mismatch, annealing temperature and PCR cycle number on
16S rRNA gene-targetting bacterial community analysis. FEMS Microbiology Ecology
60, 341-350.

Suzuki, M.T., and Giovannoni, S.J. (1996). Bias caused by template annealing in the
amplification of mixtures of 16S rRNA genes by PCR. Applied and environmental
microbiology 62, 625-630.

Krehenwinkel, H., Fong, M., Kennedy, S., Huang, E.G., Noriyuki, S., Cayetano, L., and
Gillespie, R. (2018). The effect of DNA degradation bias in passive sampling devices on
metabarcoding studies of arthropod communities and their associated microbiota. PLoS
one 13, e0189188.

Wattier, R., Engel, C., Saumitou-Laprade, P., and Valero, M. (1998). Short allele
dominance as a source of heterozygote deficiency at microsatellite loci: experimental
evidence at the dinucleotide locus Gv1CT in Gracilaria gracilis (Rhodophyta). Molecular
Ecology 7, 1569-1573.


http://dx.doi.org/10.1101/358572
http://creativecommons.org/licenses/by-nc-nd/4.0/

GigaScience, 7, 2018, 1-14

n
(GI A) doi: 10.1093/gigascience/giy033
CIEN g E Advance Access Publication Date: 2 April 2018
g\m Research

OXFORD

RESEARCH

Real-time DNA barcoding in a rainforest using
nanopore sequencing: opportunities for rapid
biodiversity assessments and local capacity building

Aaron Pomerantz ©1* Nicolds Penafiel?, Alejandro Arteaga®*°,
Lucas Bustamante?, Frank Pichardo’, Luis A. Coloma®, César
L. Barrio-Amords’, David Salazar-Valenzuela? and Stefan Prosth8:*

Department of Integrative Biology, University of California, Berkeley, CA, USA, ?Centro de Investigacién de la
Biodiversidad y Cambio Climatico (BioCamb) e Ingenieria en Biodiversidad y Recursos Genéticos, Facultad de
Ciencias de Medio Ambiente, Universidad Tecnolégica Indoamérica, Machala y Sabanilla, Quito, Ecuador,
3Richard Gilder Graduate School, American Museum of Natural History, New York, USA, *Department of
Herpetology, American Museum of Natural History, New York, USA, *Tropical Herping, Quito, Ecuador, *Centro
Jambatu de Investigacién y Conservacién de Anfibios, Fundacién Otonga, Quito, Ecuador, “Doc Frog
Expeditions, Uvita, Costa Rica and 8Program for Conservation Genomics, Department of Biology, Stanford
University, Stanford, CA, USA

*Correspondence address. Aaron Pomerantz. Department of Integrative Biology, University of California, Berkeley, CA, USA. Tel: +1 310 9464911,
E-mail:pomerantz_aaron@berkeley.edu © http://orcid.org/0000-0002-6412-9001; Stefan Prost, E-mail: stefanprost.research@protonmail.com

0A16/7/2 poenisge-ajone/eousiosebib/woo dnoolwepese//:sdiy wolj papeojumoq

~
L

Abstract

Background: Advancements in portable scientific instruments provide promising avenues to expedite field work in order to
understand the diverse array of organisms that inhabit our planet. Here, we tested the feasibility for in situ molecular
analyses of endemic fauna using a portable laboratory fitting within a single backpack in one of the world’s most imperiled
biodiversity hotspots, the Ecuadorian Chocé rainforest. We used portable equipment, including the MinION nanopore
sequencer (Oxford Nanopore Technologies) and the miniPCR (miniPCR), to perform DNA extraction, polymerase chain
reaction amplification, and real-time DNA barcoding of reptile specimens in the field. Findings: We demonstrate that
nanopore sequencing can be implemented in a remote tropical forest to quickly and accurately identify species using DNA
barcoding, as we generated consensus sequences for species resolution with an accuracy of >99% in less than 24 hours
after collecting specimens. The flexibility of our mobile laboratory further allowed us to generate sequence information at
the Universidad Tecnolégica Indoamérica in Quito for rare, endangered, and undescribed species. This includes the recently
rediscovered Jambato toad, which was thought to be extinct for 28 years. Sequences generated on the MinION required as
few as 30 reads to achieve high accuracy relative to Sanger sequencing, and with further multiplexing of samples, nanopore
sequencing can become a cost-effective approach for rapid and portable DNA barcoding. Conclusions: Overall, we establish
how mobile laboratories and nanopore sequencing can help to accelerate species identification in remote areas to aid in
conservation efforts and be applied to research facilities in developing countries. This opens up possibilities for biodiversity
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studies by promoting local research capacity building, teaching nonspecialists and students about the environment,
tackling wildlife crime, and promoting conservation via research-focused ecotourism.

Keywords: nanopore sequencing; portable; DNA barcoding; biodiversity; field-based; real-time

Biodiversity is defined as the variety of life found on Earth, in-
cluding variation in genes, species, and ecosystems. While about
1.9 million species have been described to date, there are an es-
timated 5-30 million species in total on the planet, with most
of the diversity contained within tropical rainforests [1-3]. For
instance, Ecuador, despite its small size of 283,561 km? (roughly
1.5% of South America), is one of the most biologically diverse
countries in the world [4, 5]. Biodiversity is fundamentally im-
portant to natural and agro-ecosystems; it provides humans
with an array of foods and materials, contributes to medical dis-
coveries, furnishes the economy, and supports ecological ser-
vices that make life on our planet possible [6]. Today, species
are going extinct at an accelerated rate because of environmen-
tal changes caused by human activities, including habitat loss,
spread of nonnative species, pollution, and climate change [7,
8]. All of these threats have put a serious strain on the diversity
of species on Earth.

In the past decade, an ever-growing body of readily acces-
sible knowledge, coupled with new tools in molecular genet-
ics and bioinformatics, have resulted in species being described
with greater accuracy, in greater detail, and with additional in-
formation on morphological differences. As a result of this in-
crease in quality and content, desirable as it is, the actual pro-
cess of species description has become slower, while the rate at
which species are being lost to extinction has become faster. For
many groups of animals, species delimitation can be challeng-
ing using solely morphological characteristics [9, 10]; this can be
improved by incorporating molecular data [11, 12]. This is rel-
evant for the conservation of threatened animals because pro-
grams and laws can be implemented more effectively when the
existence of a species or population is formally described. DNA
barcoding, which is a diagnostic technique that uses short con-
served DNA sequences, has become a popular tool for a variety
of studies, including species identification and molecular phylo-
genetic inference [13-15]. Ongoing initiatives, such as Barcode of
Life [16], seek to identify species and create large-scale reference
databases via diagnostic DNA sequences using a standardized
approach to accelerate taxonomic progress.

While projects that use standard molecular markers have
grown in popularity in the last decade, a fundamental challenge
remains in transporting biological material to a site where DNA
sequencing can be performed. Furthermore, complex and over-
whelming regulations can impede biological research in biodi-
verse countries and can make it challenging to export material
out of the country of origin [17, 18]. Additionally, many research
institutions in developing parts of the world do not have ac-
cess to conventional sequencing technologies within the coun-
try, further limiting identification options. This is the case for
Ecuador, where most laboratories ship their samples interna-
tionally to be sequenced, often creating a delay of weeks to
months between tissue collection and the availability of the se-
quence data. Performing genetic analyses on site or at a nearby
facility within the country can help to avoid project delays and
decrease the risk of sample quality decline associated with ex-

tensive transport. It is now possible to take portable lab equip-
ment to remote regions, perform in situ experiments, and obtain
genetic information relevant for biological studies and conser-
vation policies in real time.

The MinION (Oxford Nanopore Technologies) is a recently de-
veloped nanopore-based DNA sequencing platform. This tech-
nology has several advantages over traditional sequencing tech-
nologies, including long-read output, low initial startup costs
relative to other commercial sequencers, portability, and rapid
real-time analysis (reviewed by [19, 20]). Due to its small size
(10 x 3.2 x 2 cm), light weight (90 grams), and ease of power
and data transfer (a single USB connection to a standard lap-
top computer), the MinION has emerged as a valuable tool for
portable sequencing projects. This device has been used at re-
mote sites outside of conventional labs, including West Africa
to monitor the 2014-2015 Ebola outbreak [21] and Brazil for Zika
virus outbreak surveillance [22, 23]. It has also been used in the
Antarctic to sequence microbial communities [24, 25], in Tanza-
nia to sequence frog DNA [26], and in Snowdonia National Park,
Wales, for shotgun genomic sequencing of closely related plant
species [27]. The MinION has even been run aboard the Inter-
national Space Station to evaluate performance off-Earth [28].
Indeed, nanopore sequencing appears to hold promise for a va-
riety of molecular experiments in the field.

Scientists have mused over the possibility of a portable
method for DNA barcoding for more than a decade [29, 15]. In
this study, our goal was to determine if the steps involved in bar-
coding, including real-time sequencing with the MinION, could
be carried out entirely during a field expedition. We specifically
targeted DNA barcodes with existing reference databases be-
cause they are the standard approach in molecular biodiver-
sity studies and allowed us to rapidly produce genetic data for
the identification of several animal taxa by multiplexing. Our
field site was situated in a remote tropical rainforest and did
not offer the commodities of a sophisticated laboratory envi-
ronment, including consistent power sources and Internet ac-
cess. We assessed the feasibility for in situ genetic sequencing
of reptiles and amphibians for rapid species identification us-
ing a portable laboratory fitting within a single backpack at one
of the world’s most imperiled biodiversity hotspots, the Ecuado-
rian Choc6 rainforest. We demonstrate that portable DNA am-
plicon sequencing with the MinION allows rapid, accurate, and
efficient determination at the species level under remote tropi-
cal environmental conditions, as well as quick turnaround time
for DNA barcodes of undescribed and threatened species at a
research facility within the country.

We performed all field-based research in the Canandé Reserve
(0.52993 N, 79.03541 W, 594 m), a 2,000-hectareprotected area
owned by the Jocotoco Foundation [30] in Esmeraldas province,
northwestern Ecuador. The reserve is located in the Chocd
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ecoregion and is approximately 6 hours by car, depending on
road conditions, from the city of Quito. The majority of organ-
isms sampled in this study were located by space-constrained
visual examination of ground-level substrates [1]. The remaining
individuals were detected by turning over logs, rocks, and other
surface objects. All specimens included in the genetic analyses
were morphologically identified based on [2] and [3]. The sample
(a tadpole, CJ 7191) of Atelopus ignescens was provided by the Mu-
seum of Centro Jambatu, Ecuador, and was preserved in ethanol
95%. We took vouchers for all samples collected and processed
them in the field. These were deposited at the Museo de Zoologia
of the Universidad Tecnolégica Indoamérica (MZUTI 5375 Both-
riechis schlegelii, MZUTI 5383 Lepidoblepharis aff. grandis. (Gecko 1),
MZUTI 5384 Lepidoblepharis aff. buchwaldi (Gecko 2).

The main items for portable laboratory equipment included
the following: two MinION devices, a USB 3.0 cable, three Spo-
tON flow cells (R9.5, Oxford Nanopore Technologies (ONT)), one
miniPCR thermocycler (miniPCR), and a benchtop centrifuge
(USA Scientific), as well as standard laboratory pipettes and sam-
ple racks (Fig. 1, Supplementary Fig. S3). The MinKNOW offline
software (ONT) required for operation of the MinION was in-
stalled and ran on a Windows Vaio Sony laptop with an exter-
nal SSD drive (VisionTek, 240GB). All heat block and tempera-
ture cycling steps were performed using the miniPCR machine,
which is a portable thermo-cycler weighing 0.45 kg. The miniPCR
was programmed via an application on the laptop and powered
by an external battery (PowerAdd). The total amount of equip-
ment could fit into one carry-on backpack; a full list of labora-
tory hardware is provided in Supplementary Table S1. Reagents
for sequencing required frozen transport from the United States;
this was achieved by use of packaging with cold packs in a Styro-
foam box and later transfer to a plastic cool box with further cold
packs upon arrival at Quito, Ecuador. MinION flow cells require
storage at +2-8°C and were therefore transferred in a food stor-
age container with chilled cold packs. At the field site, reagents
and supplies were stored inside a local refrigerator and freezer.

Genomic DNA was extracted from fresh blood or tissue sam-
ples stored in 95% ethanol using either the DNeasy Blood & Tis-
sue Kit (Qiagen, Hilden, Germany) according to manufacturer’s
protocol and eluted in 100 xL ddH,O or a modified salt pre-
cipitation method based on the Puregene DNA purification kit
(Gentra Systems) that involved cellular lysis with SDS and pro-
teinase K, protein precipitation using guanidine isothiocyanate,
and DNA precipitation by isopropanol. Tools for manipulating
and lysing tissues were sterilized with a flame in between pro-
cessing samples. We amplified the following mitochondrial DNA
fragments: 16S gene using primers 16Sar-L and 16Sbr-H-R from
[4], CytB gene using primers L14910 and H16064 developed by [5],
and the gene coding for subunit 4 of the NADH dehydrogenase
with primers ND4 developed by [6]. All polymerase chain reac-
tion (PCR) primers contained universal tailed sequences for the
ONT barcoding kit (Supplementary Table S2). We used the ONT
PCR Barcoding Kit that allows up to 12 different libraries (bar-
codes 1-12) to be combined and loaded onto a single flow cell at
the same time. PCR reactions contained approximately 1 pLof
PCR product, 2.5 xL10X PCR buffer, 1 nL25mM MgCl,, 200 M
dNTP mix, 0.2 uM of each primer, and 0.25 Platinum Taq DNA
Polymerase (Thermo Fisher Scientific) in a 25 uL total volume.

All samples for the first PCR run were amplified on the same
miniPCR under the following settings: initial denaturation 94°C
for 2 minutes, 35 cycles of denaturation at 94°C for 45 seconds,
annealing at 56°C for 60 seconds, extension at 72°C for 60 sec-
onds, and a final extension at 72°C for 120 seconds. Then a sec-
ond round of PCR was carried out, including 2 uLof ONT PCR Bar-
code, 2 uL of first-round PCR product, 41 pL H,0, and 50 uLPCR
reaction mix (0.5 uLTaq DNA polymerase, 1 L dNTP mix, 2 uL
MgCl2, 41 L H,0). The second round of PCR barcode conditions
were modified based on ONT protocol for the Platinum Taq Poly-
merase used in this study as follows: initial denaturation at 95°C
for 3 minutes, 15 cycles of denaturation at 95°C for 15 seconds,
annealing at 62°C for 15 seconds, extension at 72°C for 60 sec-
onds, and final extension at 72°C for 120 seconds. For verifica-
tion of samples sequenced in the field, PCR products were sub-
sequently cleaned with Exonuclase I and Alkaline Phosphatase
(MMustra ExoProStar by GE Healthcare) at the Universidad Tec-
nolégica Indoamérica (UTI) in Quito and sent to Macrogen Inc.
(Korea) for Sanger sequencing. All PCR products were sequenced
on an ABI3730XL sequencer in both forward and reverse direc-
tions with the same primers that were used for amplification.

DNA library preparation was carried out according to the 1D PCR
barcoding amplicons SQK-LSK108 protocol (ONT). Barcode DNA
products were pooled with 5 uLof DNA CS (a positive control pro-
vided by ONT) and an end-repair was performed (NEB-Next Ultra
II End-prep reaction buffer and enzyme mix, New England Bio-
labs), then purified using AMPure XP beads. Adapter ligation and
tethering was then carried out with 20 uL ofAdapter Mix (ONT)
and 50 uLof NEB Blunt/TA ligation Master Mix (New England Bi-
olabs). The adapter ligated DNA library was then purified with
AMPure beads, followed by the addition of Adapter Bead binding
buffer (ONT), and finally eluted in 15 pLof Elution Buffer (ONT).
Each R9 flow cell was primed with 1,000 pxLof a mixture of Fuel
Mix (ONT) and nuclease-free water. Then 12 uL of the amplicon
library was diluted in 75 pL of running buffer with 35 4L RBF, 25.5
uL LLB, and 2.5 uL nuclease-free water and added to the flow
cell via the SpotON sample port. The NC_48Hr_sequencing FLO-
MIN107_SQK-LSK108_plus_Basecaller.py protocol was initiated
using the MinION control software, MiInKNOW (offline version
provided by ONT).

The commands used can be found in the Supplementary Mate-
rials and Methods section.

To retrieve the nucleotide sequences from raw signal data
generated by the MinKNOW software, we used Albacore 1.2.5
[31] for base calling and demultiplexing of the ONT barcodes
(Albacore, RRID:SCR_015897). The FASTS files were then con-
verted to fastq files using Nanopolish [7, 32]. We then filtered
the raw reads for quality (score of >13) and read length (>
200bp) using Nanofilt [33], and generated consensus sequences
using both reference-based mapping and de novo assembly.
For the reference-based mapping, we used BWA 0.7.15 (BWA,
RRID:SCR-010910) [8, 34] to align the reads to the reference,
samtools 1.3 (SAMTOOLS, RRID:SCR_002105) [9] to process the
mapping file, and ANGSD [10] to call the consensus sequence.
The de novo assembly of each amplicon was carried out us-
ing Canu (Canu, RRID:SCR_015880) [11, 35], with parameters fit-
ting for our application. Given that we used short amplicons for
the assembly, we set the minimum read length to 200 bpand
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Figure 1: Process of nanopore sequencing in the Ecuadorian Chocé rainforest. (A) Sampling endemic fauna; eyelash pitviper next to MinION. (B) Extraction of blood or
tissue samples. (C) DNA extraction using the DNeasy kit and benchtop centrifuge, and PCR amplification with the MiniPCR. (D) Oxford nanopore library preparation
of DNA barcodes. (E) Bioinformatic processing of nanopore data in the field. (F) Primary equipment used in portable sequencing, left to right: MiniPCR sitting atop
Poweradd external battery, MinION plugged into a Windows laptop displaying Geneious Pro software of raw nanopore data.

the minimum overlap to 50 bp. We subsequently extracted the
consensus sequences using tgStoreDump. After the consensus
calling (for both methods), we mapped the reads back to the
consensus sequence (using BWA mem and samtools as de-
scribed above) and polished the sequencing using Nanopolish
(Nanopolish, RRID:SCR-016157) [7]. Adapters were removed us-
ing Cutadapt (cutadapt, RRID:SCR.011841) [12]. The consensi
were then aligned to the Sanger sequences of the same ampli-
cons to investigate the quality of the consensus sequences gen-
erated from MinION reads using SeaView (SeaView, RRID:SCR_0
15059) [13] and AliView (AliView, RRID:SCR_002780) [14]. Sanger

sequencing reads were edited and assembled using Geneious
R10 software (Geneious, RRID:SCR_010519) [15]; mapping files
were inspected by eye using Tablet [17].

We further tested the impact of coverage on the consensus
accuracy by randomly subsampling three sets of 30, 100, 300, and
1,000 reads, respectively, for the eyelash palm pitviper and gecko
1. Subsampling was performed with famas [36]. These sets were
assembled de novo and processed using the same approach that
was used for the full datasets (see above).

We then created species alignments for all barcodes (using
sequences obtained from GenBank; accession numbers can be
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Figure 2: Bioinformatics workflow summarizing the steps performed during nanopore sequencing analysis with either a de novo approach (left) or reference-based

mapping approach (right) in order to generate a consensus sequences.

found in the phylogenetic tree reconstructions in the Supple-
mentary Material). We inferred the best substitution model us-
ing jModelTest (jModelTest, RRID:SCR_015244) [18] and recon-
structed their phylogenetic trees using the maximum likelihood
approach implemented in Mega 5 [19] with 1,000 bootstrap repli-

cates (for bioinformatics workflow see Fig.2). The output tree
files, including the accession numbers, are provided in the Sup-
plementary Material.
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Figure 3: Species investigated, nucleotide alignments of nanopore and Sanger sequences comparing consensus accuracy, and maximum likelihood trees of 16S se-
quences for (A) eyelash pitviper, Bothriechis schlegelii, (B) two species of dwarf gecko, Lepidoblepharis sp., and (C) the Jambato toad, Atelopus ignescens. Red labels in the
phylogenetic trees indicate the sequences generated by the MinION.
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Figure 4: Species investigated, nucleotide alignments of nanopore and Sanger sequences comparing consensus accuracy, and maximum likelihood trees of 16S se-
quences for (A) Guayaquil blind snake, Trilepida guayaquilensis, and (B) two species of Dipsas snakes. Red labels in the phylogenetic trees indicate the sequences generated

by the MinION.

Results

On 11 July 2017, we arrived at the field site at approximately
1500 hours and collected reptile and amphibian samples from
2000 to 2300 hours. Next, back at the field station, we extracted
DNA and performed PCR amplification for 16S, CytB, and ND4
genes. On 12 July, the PCR barcodes were pooled, the library was
prepared, and sequencing was initiated at approximately 1600
hours on a flow cell using the offline MinKNOW software, gener-
ating 16,663 reads after approximately 2 hours. The MinKNOW
software was then paused in order to assess the reads gener-
ated. Within 24 hours of collecting reptiles and amphibians in
the Ecuadorian Chocé, we successfully generated consensus se-
quences for 16S and ND4 genes of an eyelash palm pitviper (Both-
riechis schlegelii) and 16S for the dwarf gecko (Lepidoblepharis sp.;
gecko 1). The CytB gene was not successfully sequenced, which

was later confirmed at UTI's lab by lack of PCR product on a
gel (Supplementary Table S3, Supplementary Fig. S4). The field-
generated sequence data were analyzed that evening on a laptop
using a number of open source and custom-developed bioinfor-
matic workflows (see Materials and Methods section). Phyloge-
netic trees generated using the nanopore sequences and the pre-
viously generated reference database yielded accurate species
identification (Figs. 3 and 4).

Upon return to UTI’s lab in Quito, we created one additional
DNA barcode library with new samples. With our remaining flow
cell, we were interested in quickly generating genetic informa-
tion for additional specimens that were collected during our
field expedition (gecko 2), undescribed snake species collected
the week before our expedition (Genera: Dipsas and Sibon), an en-
dangered species that would have been difficult to export out of
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the country (Jambato toad), a rare species lacking molecular data
(Guayaquil blind snake), and combinations of barcoded samples
through multiplexing (for the eyelash palm pitviper and gecko
1).

Initially, this second sequencing run appeared to perform
well. However, after using Albacore to demultiplex the reads,
we determined the adapter ligation enzyme likely degraded be-
cause the output primarily consisted of adapter sequences (Sup-
plementary Fig. S1, Supplementary Table S1). Nevertheless, we
were able to generate consensus sequences for 16S of the Jam-
bato toad, the two Dipsas species, the dwarf gecko, and the
Guayaquil blind snake (Figs. 3 and 4).

The pore count of the flow cells appeared to be unaffected
by travel conditions, as indicated by the multiplexer (MUX) scan,
an ONT program that performs a quality check by assessing flow
cell active pore count. The first run in the field had an initial MUX
scan of 478, 357, 177, and 31, for a total of 1,043 active pores;
after approximately 2 hours of sequencing, the flow cell gener-
ated 16,484 reads. The second flow cell ran at UTI had a MUX
scan of 508, 448, 277, and 84, for total of 1,317 active pores; the
run produced 21,636 reads within 2 hours. This is notable since
this run was performed 8 days after arriving in Ecuador and the
flow cell had been stored at suboptimal conditions on site and
during travel. The presence or absence of PCR product and size
was later determined by gel electrophoresis and quantified us-
ing a Quantus Fluorometer (Promega) at UTI. Amplification for
16S and ND4 was successful for all samples. However, amplifica-
tion of CytB was unsuccessful, perhaps due to suboptimal PCR
settings, as samples were run concurrently due to the limita-
tion and time constraint of having only one miniPCR machine
available (Supplementary Fig. S4). While the ONT protocol calls
for equimolar ratios of pooled PCR product, we did not have an
accurate way of quantifying DNA in the field and, as such, had
an overrepresentation of 16S sequences, likely due to PCR bias.
On future field expeditions, an inexpensive device such as the
bluegel DNA electrophoresis (produced by miniPCR) can be used
to assess DNA and PCR products.

Eyelash Palm Pitviper (Bothriechis schlegelii)

The eyelash palm pitviper (B. schlegelii) is an iconic venomous
pitviper species found in mesic forests of central and north-
western South America [3]. One individual was captured on the
evening of the 11July 2017 and sequenced on the MinION the fol-
lowing evening. We obtained 3,696 reads for the 16S fragment,
65 reads for CytB, and 94 for ND4. The 16S reads showed an av-
erage length of 655 bpincluding the sequencing adapters. The
best contig created by Canu was based on 55 reads, to which
3,695 reads mapped for the polishing step. The consensus se-
quence was 501 bpand showed a 100% nucleotide match to the
respective Sanger sequence. For this species, we did not find any
differences between the de novo and the reference-based map-
ping consensus sequences (generated by mapping against a ref-
erence from the same species). The individual clusters with all
other B. schlegelii and B. supraciliaris (considered by some authors
to be conspecific with B. schlegelii) sequences in the phylogenetic
tree (Fig. 3A). While the CytB de novo assembly did not succeed
(no two reads assembled together), the best supported contig for
ND4 (864bp) was based on 50 sequences and achieved an accu-
racy of 99.4% after polishing (using 95 reads that mapped to the
de novo consensus).

Dwarf Geckos (Genus: Lepidoblepharis)

Dwarf geckos (genus: Lepidoblepharis) are small-bodied leaf litter
geckos found in Central and South America. Dwarf geckos can
be difficult to identify in the field, and it is suspected that there
are several cryptic species within this genus in Ecuador. We cap-
tured two individuals on the evening of the 11 July 2017. Because
the two geckos differed in the shape and size of the dorsal scales
(Fig.3B) and were difficult to confidently identify by morphologi-
cal characters, we decided to investigate them further with DNA
barcoding.

Gecko 1 (Lepidoblepharis aff. grandis) Gecko 1 was included in the
first sequencing run in the field. We obtained 4,834 reads for
the 16S fragment, 63 reads for CytB, and 76 for ND4. The con-
sensus sequence (522bp) for this individual showed a 100% nu-
cleotide match to the respective Sanger sequence. We then per-
formed reference-based mapping using L. xanthostigma (Gen-
Bank accession: KP845170) as a reference; the resulting consen-
sus had 99.4% accuracy. We found three insertions compared to
the Sanger and de novo consensus sequences (position 302: G
and 350-351: AA). Next, we attempted assemblies for CytB and
ND4. While the assembly for the CytB reads failed, we were able
to assemble the ND4 reads. However, the polished consensus
sequence showed a relatively high error rate compared to the
Sanger sequence (92.1% accuracy). We then blasted all ND4 reads
against NCBI. For ND4 we found 8 sequences to blast to ND4 from
squamates, 4 to 16S (3 to a viper and 1 to a gecko), 3 to the posi-
tive control, 10 very short hits (negligible hits), and 46 to find no
blast hit. Interestingly, while only 8 reads were hits for ND4 from
squamates, 72 reads mapped to the consensus of the de novo as-
sembly. The higher error rate can thus be explained by the fact
that contaminant reads were used to assemble and correct con-
sensus. The de novo assembled consensus showed an accuracy
of 91.7% compared to 92.1% for the polished sequence.

Gecko 2 (Lepidoblepharis aff. buchwaldi) Gecko 2 was included in
the second sequencing run at UTL. We generated 325 reads (for
more information, see discussion on the possible issue with the
adapter ligation enzyme). After filtering for read quality and as-
sembly, we found the best contig to be supported by 30 reads.
Of the 325 barcoded reads, we found 308 to map to the consen-
sus. After running Nanopolish, we found it to match 98.4% to
the Sanger sequence. All of the observed differences were in-
dels (mostly 1 bp, but also one 4 bp indel; positions: 15, 23, 217,
and 250-253, respectively; Fig.3B). Positions 15 and 23 show an
A in the reference, which is not found in the nanopore consen-
sus (filtered or unfiltered, and polished or not polished). Position
217 is a C in the Sanger reference. None of the consensi for the
nanopore data showed the C. This error can potentially be ex-
plained as it lies within a 6 bp cytosine homopolymer. Interest-
ingly, we saw only a 1 bpmismatch instead of the 4 bpindel at
position 250-253 in the filtered, but not polished, nanopore con-
sensus sequence. After polishing, all sequences (filtered or unfil-
tered) showed the 4 bpindel. Next, we applied reference-based
mapping (same protocol and reference as for gecko 1). The re-
sulting consensus sequence showed an accuracy of 97.9%. Phy-
logenetic tree reconstruction showed that gecko 1 and gecko 2
are clearly two distinct species (see Fig.3B).

Jambato toad (Atelopus ignescens)

Laboratory processing and sequencing for Atelopus ignescens was
carried out in the lab at UTI using a preserved tadpole sample.
We obtained 503 reads for this species. The best supported de
novo assembled contig was based on 56 reads. We then mapped
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the reads back to this contig for the polishing step, which re-
sulted in 491 mapped reads. However, while the total cover-
age was 434x for the segment, the average coverage was only
212x. The discrepancy can be explained by a high percentage
of reads that exclusively consisted of adapter sequences (prob-
ably caused by inefficient adapter ligation; see Discussion sec-
tion; Supplementary Fig. S1). The resulting sequence fits 100%
to the respective Sanger sequence (Fig. 3C). Next, we used the
reference-based approach to construct a consensus sequence,
using Atelopus hoogmoedi (GenBank accession: EU672974) as a ref-
erence; the consensus achieved an accuracy of 100% after polish-
ing. The phylogenetic tree reconstruction clusters our sequence
with samples described as A. sp. aff. ignescens.

Guayaquil blind snake (Trilepida guayaquilensis)

The Guayaquil blind snake (Trilepida guayaquilensis) belongs to
the family of slender blind snakes (Leptotyphlopidae). This fam-
ily is found in North and South America, Asia, and Africa. They
are fossorial snakes adapted to life underground. The Guayaquil
blind snake was only known from one individual described in
1970 and is endemic to Ecuador [20]. For a second specimen col-
lected by Jose Vieira on 3 March 2016 at Pacoche, province of
Manabi, Ecuador (S1.0677 W80.88169 323m), we obtained 756 se-
quences. However, many of those reads were adapter sequences.
The Canu de novo assembled sequence was generated from 16
reads. We then mapped 740 reads back to this consensus. After
polishing, the consensus sequence matched 100% of the Sanger-
generated sequence (Fig.4A; 516 bpconsensus length). We fur-
ther investigated the accuracy of reference-based mapping for
this species. We used Trilepida macrolepis (GenBank accession:
GQ469225) as a reference, which is suspected to be a close rel-
ative of T. guayaquilensis. However, the resulting consensus se-
quence had a lower accuracy (97.7%) compared to the de novo
assembled consensus (100%). Our sequence is sister to the clade
comprising Trilepida macrolepis and all Rena species in the phylo-
genetic tree.

Dipsas snakes (Genus: Dipsas)

Dipsas are nonvenomous New World colubrid snakes that are
found in Central and South America. Here we included two spec-
imens collected one week prior to our expedition.

Dipsas oreas (MZUTI 5418) We generated 779 reads for Dipsas
oreas (MZUTI5418). The best supported contig of the Canu de
novo assembly (498 bpconsensus length) was based on 59 reads
and matched the corresponding Sanger sequence to 99% after
polishing (Fig.4B). Three of 5 mismatches were indels in poly-
A stretches (position: 185, 287, 411). The remaining two mis-
matches are a C to G at position 469 and a T to A at position
489 for the nanopore compared to the Sanger sequence. Inter-
estingly, the reference-based consensus sequence (using Dip-
sas sp., GenBank accession: KX283341 as a reference) matched
the Sanger sequence to 99.4% after polishing. We generated 816
reads for the CytB barcode. However, de novo assembly was not
successful as only three reads blasted to CytB. However, the
lengths of the hits were insignificant. Two sequences blasted to
16S, one blasted to a Dipsadine snake and one blastedto Atelo-
pus. One read belonged to the positive control, and 53 showed
insignificantly short hits.

Dipsas oreas (MZUTI 5415) We generated 487 reads for Dipsas
(MZUTI 5415). Sequences with a quality score of >13 were re-
tained, resulting in 193 sequences. The best supported contig of
the Canu de novo assembly was based on 59 reads (498 bpconsen-

sus length). After polishing, the consensus sequence matched
the corresponding Sanger sequence to 98.9% (Fig.4B). The first
two mismatches are typical nanopore errors, namely, indels in
poly-A stretches (positions: 287, 411). The nanopore sequence
shows an insertion of a single G compared to the Sanger se-
quence as position 431. The last mismatch is a three base-pair
deletion compared to the Sanger sequence (positions: 451-453).
The reference-based consensus (using Dipsas sp., GenBank ac-
cession: KX283341 as a reference) achieved a 98.4% match after
polishing. We generated 1,077 reads for the CytB barcode. Again,
de novo assembly was not successful, as only four reads actually
belonged to CytB. Four sequences belonged to the positive con-
trol, 7 to 16S (four blasted to Colubridae and three to squamates),
1 to a Viperidae microsatellite, and 51 gave insignificantly short
hits. The two Dipsas specimens clustered together in the phy-
logeny. They are sister to the clade comprising D. neivai and D.
variegata. However, this part of the phylogeny shows low support
(bootstraps <50).

Sibon sp. (Genus: Sibon)

Sibon snakes are found in northern South America, Central
America, and Mexico [21]. We generated 339 reads for the 16S
barcode of this species. However, we were not able to create a
consensus sequence for this barcode, as almost all the reads
were adapter sequences (all but 11 reads). Furthermore, we gen-
erated 1,425 reads for the CytB barcode but were not able to cre-
ate a consensus sequence.

Subsampling

We further investigated the read depth needed to call accurate
consensus sequences using our approach. We used the eyelash
palm pitviper and gecko 1 to test subsampling schemes, since
we obtained thousands of reads for these samples. We randomly
subsampled to 30, 100, 300, and 1,000 reads (in three replicates;
see Supplementary Table S4). For the eyelash palm pitviper, we
achieved accuracies ranging from 99.4% to 99.8% using only 30
reads, 99.6% to 100% using 100 reads, 99.8% for 300 reads, and
99.8% to 100% for 1,000 reads. For gecko 1, we achieved even
better accuracy overall, with 30 reads ranging from 99.4% to
99.8%, 100 reads from 99.8% to 100%, all 300 reads sets achieved
an accuracy of 100%,and for 1,000 reads all but one set (99.8%)
achieved 100% accuracy.

Multiplexing

We further sequenced multiplexed barcodes (16S and ND4) for
the eyelash palm pitviper and gecko 1. However, we did not ob-
tain reads for this sample from sequencing run 2, most likely
due to the adapter ligation issues. We thus generated artificial
multiplexes for the eyelash palm pitviper, pooling random sets
of 1,000 16S reads with all 96 ND4 reads to investigate the perfor-
mance of the de novo assembly using multiplexed samples. We
assembled the reads de novo and processed them using the same
approach as discussed above. In all three cases, we found the
first two contigs of the canu run to be 16S and ND4 contigs. After
polishing, the 16S consensus sequences achieved a 99.8% accu-
racy (all three assemblies showed a deletion in a stretch of four
Ts compared to the Sanger sequence) and the ND4 sequences a
99.4% accuracy. All errors, but one (which shows a T compared
to the C in the Sanger sequence), in ND4 are deletions in ho-
mopolymer stretches.
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Our objective was to use a portable laboratory in a rainfor-
est to quickly identify endemic species with DNA barcoding.
Our protocols resulted in successful DNA extraction, PCR am-
plification, nanopore sequencing, and barcode assembly, with
a turnaround time of less than 24 hours. We observed that the
MinION sequencing platform performed well in the field after
extended travel, indicating the potential for nanopore-based se-
quencing on future field expeditions. Although we demonstrate
that the successful molecular identification of organisms in a re-
mote tropical environment is possible, challenges with molecu-
lar work in the field remain. Although our field site had inconsis-
tent electrical power, we were able to use a conventional small
centrifuge for several steps of DNA extraction and to power a re-
frigerator for storage of flow cells and some of the reagents, al-
though temperatures were likely suboptimal. Lack of electrical
supply can impede adequate storage of temperature-sensitive
reagents for extended periods of time. Our experiments were
performed during a relatively short field trial, with 10 days be-
ing the longest time period that reagents were kept at inconsis-
tent freezing temperatures. It is uncertain how well nanopore
kit reagents or flow cell integrity would endure over longer pe-
riods without consistent cooling temperatures, and we suspect
the adapter ligation enzyme was compromised during our sec-
ond nanopore run, as demultiplexing led to a majority of bar-
code adapters in each folder (Supplementary Table S3). While
the MinION sequencer fits in the palm of a hand and needs only
a USB outlet to function, bioinformatic analyses can be ham-
pered under remote field conditions, because Internet access,
large amounts of data storage, and long periods of time are of-
ten required for such analytical tasks. In our study, using short
DNA fragments with a relatively small number of samples for
barcoding allowed us to perform all bioinformatic analyses in
the field, but larger data outputs may require additional storage
and more computational resources.

Tropical rainforests, such as the Ecuadorian Chocé, are often rich
in biodiversity, as well as species of conservation concern. The
Chocé biogeographical region is one of the world’s 25 biodiver-
sity hotspots [37], and several studies have identified the Chocd
region of western Colombia and Ecuador as a global conserva-
tion priority [37-39]. We therefore chose this region for proof-of-
principle in situ molecular work to highlight the importance of
expediting field work in order to produce genetic information of
endemic fauna. Our rapidly obtained DNA barcodes allowed us
to accurately identify organisms while in the field. When sam-
ples are not required to be exported out of the country to carry
out molecular experiments, real-time sequencing information
can contribute to more efficient production of biodiversity re-
ports that advise conservation policy, especially in areas of high
conservation risk.

Of particular note in this study was the critically endan-
gered harlequin Jambato toad, Atelopus ignescens. Although not a
denizen of the Chocd rainforests, this Andean toad is a good ex-
ample to demonstrate how nanopore sequencing can aid in the
conservation of critically endangered species. Atelopus ignescens
was previously presumed extinct (it is currently still listed as
“extinct” on the International Union for Conservation of Na-
ture (IUCN) [40]) and was only recently rediscovered [41]. The
last confirmed record of A. ignescens dates back to 1988, and

this species was presumed to be extinct before one population
was rediscovered in 2016, 28 years later. Atelopus is a species-
rich genus of neotropical toads that contains 96 species, most
of which are possibly extinct or endangered. In Ecuador there
are 11 species of Atelopus that are critically endangered (tagged
as possibly extinct [42]). Extinctions of Atelopus (and other anu-
rans) are beyond control and are increasingly exacerbated by a
combination of factors, including habitat loss, climate change,
and pathogens [43-45]. For the many endangered species that
are protected by international laws and treaties, sample trans-
port requires permits that can often be difficult to obtain, even
when research is expressly aimed at conservation, resulting in
project delays that can further compromise sample quality. By
working within the country, under permits issued by Ministerio
del Ambiente de Ecuador to local institutions, we were able to
generate sequence data for the endangered harlequin Jambato
toad A. ignescens within 24 hours of receiving the tissue, whereas
obtaining permits to ship samples internationally in the same
time frame would have not been possible. Rapidly identifying
the phylogenetic affinity of populations of Atelopus toads could
speed up conservation efforts for these animals. Namely, a bet-
ter understanding of the systematics of the group facilitated by
real-time sequencing could help establish species limits, geo-
graphic distributions, in situ conservation actions, and ex situ
breeding programs.

It is important to note that we do not intend for rapidly ob-
tained portable sequence information to substitute for standard
species description processes. Instead, we aim to demonstrate
that obtaining real-time genetic information can have beneficial
applications for biologists in the field, such as raising the inter-
esting possibility of promptly identifying new candidate species,
information that can be used to adjust fieldwork strategies or
sampling efforts. As we have shown, the latter could be espe-
cially important with organisms and habitats that face pressing
threat. Rapidly obtaining genetic sequence information in the
field can also be useful for a range of other applications, includ-
ing identifying cryptic species, hybrid zones, immature stages,
and species complexes.

Furthermore, we acknowledge that in most cases multiple
loci are needed to reliably infer species position in a phyloge-
netic tree. DNA barcoding has been shown to hold promise for
identification purposes in taxonomically well-sampled clades
but may have limitations or pitfalls in delineating closely related
species or in taxonomically understudied groups [46, 47]. How-
ever, our aim in this study was to demonstrate that portable se-
quencing can be used in the field and that the final sequences
have an accuracy needed to achieve reliable identification of a
specimen. While a recent study has demonstrated a field-based
shotgun genome approach with the MinION to identify closely
related plant species [27], DNA barcoding already offers a robust
reference database for many taxa thanks in part to global bar-
coding initiatives (the current Barcode of Life Data System con-
tains 4,013,927 specimens and 398,087 Barcode Index Numbers
[48] as of September 2017).

Finally, while highlighting the value of real-time portable
DNA barcoding in this study, we do not wish to downplay the
significance of taxonomic experts who have invaluable special-
ist knowledge about specific groups of organisms. Even with the
advent of molecular diagnostic techniques to describe and dis-
cover species, placing organisms within a phylogenetic context
based on a solid taxonomic foundation is necessary. An integra-
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tive approach that uses molecular data and morphological tax-
onomy can lead to greater insight of biological and ecological
questions [49]. As noted by Bik [49], “There is much to gain and
little to lose by deeply integrating morphological taxonomy with
high-throughput sequencing and computational workflows.”

While we were able to show that nanopore sequencing results
in high-quality DNA barcode sequences, some challenges during
the read processing remain. To our knowledge, no software solu-
tion specifically designed to assemble DNA barcodes from long
read technologies is available. Here, we created our own pipeline
(Supplementary Fig. S2). This required changing the settings for
Canu [50], a whole genome de novo assembler (see Materials and
Methods in the Supplementary Information and discussion be-
low). However, software geared toward the specifics of assem-
bling DNA barcodes from long read data would be beneficial to
make the bioinformatics analysis easier and more widely appli-
cable.

We were also interested in investigating the minimum cov-
erage needed to create reliable consensus sequences. Therefore,
we used different subsampling schemes. Overall, a coverage of
30reads achieved an accuracy of 99.4-99.8%. With 100x read cov-
erage, almost all assemblies were 100% accurate, indicating that
an excessive number of reads is not needed to produce high-
quality consensus sequences. Furthermore, we applied Nanop-
olish to all consensus sequences. This tool has been shown to
be very effective at correcting typical nanopore errors, such as
homopolymer errors [51, 52]. As can be seen in the section “post-
nanopolish assembly identity” in [52], accuracy of the resulting
consensus increases significantly after polishing. While we did
not measure the improvement in accuracy in our study, we did
notice a high accuracy after polishing. However, as can be seen
in Fig.4B, nanopolish is not always able to accurately correct ho-
mopolymer stretches.

We further tested reference-based mapping vs. de novo as-
sembly because a reference-based mapping approach may intro-
duce bias, making it possible to miss indels. Overall, we saw that
consensus sequences generated using reference-based mapping
had slightly lower accuracy. However, in two cases (the eyelash
palm pitviper and the Jambato toad), an accuracy of 100% was
achieved with reference-based mapping. Interestingly, in the
case of Dipsas sp. (MZUTI 5418), reference-based mapping re-
sulted in a slightly better accuracy than the de novo approach
(99.4% compared to 99%). However, in general, we recommend
the use of a de novo assembly approach as this method can be
applied even if no reference sequence is available and generally
produced more accurate sequences. An alternative approach
would be to generate consensus sequences by aligning the in-
dividual reads for each barcode to one another, which would
not be affected by a reference bias. This method is implemented
in the freely available software tool Allele Wrangler [53]. How-
ever, at the time of submission, this tool picked the first read
as the pseudo reference, which can lead to errors in the con-
sensus if this read is of particularly low quality or an incorrect
(contaminant) sequence. Future developments might establish
this method as an alternative to de novo assembly algorithms,
which are typically written for larger genomes (e.g., the mini-
mum genome size in Canu is 1,000 bp) and can have issues with
assemblies where the consensus sequence is roughly the size of
the input reads (personal communications, Adam Phillippy).

Each of our two runs showed a very high number of reads not
assigned to any barcode sequence after demultiplexing with Al-

bacore 1.2.5 (7,780 and 14,272 for the first and second sequencing
run, respectively). In order to investigate whether these reads
belong to the target DNA barcodes but did not get assigned to
sequencing barcodes or if they constitute other sequences, we
generated two references (one for each sequencing run) com-
prising all consensi found within each individual sequencing
run. We then mapped all reads not assigned to barcodes back
to the reference. We were able to map 2,874 and 4,997 reads to
the reference for the first and the second sequencing run, re-
spectively, which shows that a high number of reads might be
usable if more efficient demultiplexing algorithms become avail-
able. Here, we used Albacore 1.2.5, an ONT software tool, to de-
multiplex the sequencing barcodes. This tool is under constant
development and thus might offer more efficient demultiplex-
ingin later versions. Alternatively, third-party software tools like
npBarcode [54] or Porechop [55] can be used.

Next-generation sequencing technologies are constantly evolv-
ing, along with their associated costs. Most major next-
generation sequencing platforms require considerable initial in-
vestment in the sequencers themselves, costing hundreds of
thousands of dollars, which is why they are often consolidated
to sequencing centers at the institutional level [56]. In this study,
we used the ONT starter pack, which currently costs $1,000and
includes two flow cells and a library preparation kit (six library
preparations), as well as the ONT 12 barcoding kit, which is cur-
rently $250 for six library preparations (for a full list of equip-
ment and additional reagents, see Supplementary Table S1). Us-
ing this setup, each barcode amplicon sequence generated costs
of approximately $45 (this includes cost for the starter pack,
etc.; a detailed cost account can be found in the Supplementary
Material). At this cost, further multiplexing of samples on each
flow cell is necessary to achieve a cost-effectiveness for DNA se-
quencing relative to other commercial options. However, it will
likely not be long until much higher multiplexing (>500 sam-
ples) becomes achievable on the MinION platform, which would
pave the way for MinION-based DNA barcode costs to be reduced
to less than $1, similar to advancements achieved with Illumina
and PacBio-based pipelines (see [57-59]). On the contrary, Sanger
sequencing from UTI in Ecuador shipped internationally for pro-
cessing costs of approximately $10 per sample, independent of
the through-put. Thus, the Oxford Nanopore MinION has the
potential to be a cost-effective sequencing option for resource-
limited labs, especially in developing countries without access
to standard sequencing devices.

The small size and low power requirements of the MinION
will likely continue to enable its evolution as a field-deployable
DNA sequencing device, opening up new avenues for biological
research in areas where the typical laboratory infrastructure for
genetic sequencing is unavailable. With some training, in-the-
field molecular analyses could also potentially be performed by
students (see [60]) or assistants, providing an opportunity for
local teaching and research capacity building, as well as com-
munity involvement via research-focused ecotourism or citizen-
science projects.

Technological developments in lab equipment and reagent
chemistry are increasingly enabling the incorporation of genetic
analyses into field projects. Several portable technologies have
been used to perform molecular experiments in the field, par-
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ticularly for disease diagnostics [61, 62]. Advances in lyophilized
and room-temperature reagents are also promising for field ap-
plications, such as EZ PCR Master Mix [63] and loop-mediated
isothermal amplification [64, 65]. A hand-powered centrifuge
[66] could also act as a substitute for a standard benchtop cen-
trifuge during DNA extraction steps. Automatic devices, such as
VoITRAX (a compact microfluidic device designed to automate
nanopore library preparation; ONT) and improved library con-
struction methods may offer faster and high-throughput meth-
ods for preparing nanopore libraries in the future. As the ONT
MinION evolves, it could greatly advance field researchers’ ca-
pacity to obtain genetic data from wild organisms while in the
field. These technologies currently depend on reagents that re-
quire freezing but can be used at field sites with solar or portable
freezer options. Faster and more automated sample process-
ing, as well as cost reductions, are needed for adoption in low-
income settings.

Beyond short PCR-based amplicons aimed at species iden-
tification, other exciting potential applications of nanopore se-
quencing in the field include sequencing of entire mitochon-
dria from gDNA samples [67] or via long-range PCR, shotgun
genome sequencing [27], analysis of environmental DNA [68,
25], sequencing of direct RNA [69, 70] or cDNA to rapidly profile
transcriptomes ([71], and pathogen diagnostics and monitoring
(such as chytrid fungus [72]). Rapid portable sequencing can also
be applied to wildlife crime in order to perform species identifi-
cation of animals affected by illegal trafficking, as well as serve
to aid in early detection of invasive species that threaten local
biodiversity and agriculture and emerging infectious diseases.

While we live in a period of amazing technological change, biodi-
versity and ecosystem health are decreasing worldwide. Portable
sequencing will not be a silver bullet for conservation biology
but it can be a powerful tool to more efficiently obtain informa-
tion about the diversity of life on our planet. This is particularly
important for many biodiversity hotspots, such as tropical rain-
forests like the Ecuadorian Chocd, which are often under high
risk of habitat loss. Here, we show that portable DNA barcoding
with the MinION sequencer allows rapid, accurate, and efficient
determination at the species level under remote and tropical en-
vironmental conditions. We also demonstrate that portable se-
quencing can allow nimble use of rapidly generating data for
endangered, rare, and undescribed species at nearby facilities
within the country. As portable technologies develop further,
this method has the potential to broaden the utility of biological
field analyses, including real-time species identification, cryptic
species discovery, biodiversity conservation reports, pathogen
detection, and environmental studies.

Raw sequencing data are available in the SRA via bioproject
number PRJNA438544. Other supporting data are available in the
GigaScience GigaDB repository [73].

Supplementary Figure S1: Large portion of adapter sequences
contained in demultiplexed barcodes, indicating possible
adapter ligation degradation for the second nanopore run at
UTIL

Supplementary Figure S2: Bioinformatics workflow summa-
rizing the steps performed during nanopore sequencing analysis
with either a de novo approach (left) or reference-based mapping
approach (right), in order to generate a consensus sequences.

Supplementary Figure S3: Additional images highlighting the
portable lab equipment and setup used for nanopore sequencing
in Ecuador. (A) The handheld MinION DNA sequencer (Oxford
Nanopore Technologies). (B) miniPCR Thermocycler (miniPCR).
(C) Mobile setup for DNA extraction and PCR amplification. (D)
Loading the ONT flow cell in the field. (E) Running the MinION
using offline MinKNOW software. (F) Local collaborator loading
the MinION at a nearby research facility, highlighting the oppor-
tunity for capacity building and community involvement.

Supplementary Figure S4: Gel of PCR product that was pro-
duced in the field using the miniPCR and imaged at UTI in Quito.
Note that 16S and ND4 from samples amplified but CytB did not.

Supplementary Table S1: List of equipment, consumables,
and reagents used for portable nanopore sequencing in Ecuador.

Supplementary Table S2: Primers used in this study. Bold nu-
cleotides indicate the universal tailed ONT sequences for the
barcoding kit.

Supplemental Table S3: Summary of de-multiplexed reads.

Supplementary Table S3: Subsampling report: impact of cov-
erage on the consensus accuracy by randomly subsampling.

ONT: Oxford Nanopore Technologies; PCR: polymerase chain re-
action; UTI: Universidad Tecnolégica Indoamérica.
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Abstract Genetic analyses are well suited to address
many research questions in the study of wild populations,
yet species of interest often have distributions that are geo-
graphically distant from molecular laboratories, necessitat-
ing potentially lengthy transport of biological specimens.
Performing basic genetic analyses on site would avoid the
project delays and risks of sample quality decline associ-
ated with transport, as well as allow original specimens to
remain in the country of origin. Further, diagnostic genetic
assays performed in the field could provide real-time infor-
mation allowing for more nimble adjustments to research
plans and use of resources. To this end, we developed pro-
tocols for reliably performing front-end genetics bench
work in the field, without the requirements of electricity or
permanent shelter. We validated these protocols on buccal
swabs collected during routine capturing of sifaka lemurs
(Propithecus verreauxi) at Beza Mahafaly Special Reserve
in Southwest Madagascar and faecal samples collected
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from captive sifakas (P. coquereli) at the Duke Lemur
Center. Our basic protocol pipeline involves a chelating
resin based DNA extraction followed by whole genome
amplification or polymerase chain reaction using reagents
stored at ambient temperature and portable, compact equip-
ment powered by a lightweight solar panel. We achieved a
high success rate (>80%) in downstream procedures, dem-
onstrating the promise of such protocols for performing
basic genetic analyses in a broad range of field situations.

Keywords Population genetics - Genotyping - Sex-
typing - Field methods - Capacity building - Madagascar

Introduction

Genetic analyses are a valuable tool in the study of wild
populations and, as a result, have been widely adopted to
address questions related to conservation (Taberlet et al.
1997; Goossens et al. 2005; Kohn et al. 2006; Bergl and
Vigilant 2008; Allendorf and Luikart 2009; Quéméré et al.
2010; Gray et al. 2014; Caragiulo et al. 2015), demographic
and population history (Thalmann et al. 2011; Ruegg et al.
2013), social and reproductive organization (Griffin et al.
2003; Castro et al. 2004; Bradley et al. 2005; Alberts et al.
2006), pathogen load (Pallen 2014; Wedrowicz et al. 2016),
and phenotype status of ecologically relevant traits like
color vision phenotypes (Jacobs et al. 2017) or immune
system profile (Schwensow et al. 2008). However, most
genetic assays are performed in specialized molecular
laboratories that are often distant from the species’ natu-
ral geographic distributions. Thus, the biological samples
from which genetic material is derived frequently need to
be transported internationally. There are several disadvan-
tages to this situation. First, without reliable refrigeration
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or freezer systems, it can be challenging to adequately
store specimens to avoid degradation at field sites or dur-
ing transport. Further, for the many endangered species that
are protected by international laws and treaties, transport
requires permits that can often be difficult to obtain, even
when research is expressly aimed at conservation, result-
ing in project delays that can further compromise sample
quality. The removal of samples from the country of origin
also generally precludes the involvement of local collabo-
rators and students in the genetic components of research
projects. Finally, prolonged periods between sample col-
lection and dissemination of results can hinder conserva-
tion efforts, such as surveys of elusive species. In these and
similar cases, real-time and in situ information provided by
diagnostic genetic assays (e.g., species identity, sex-typing)
could be highly beneficial, obviating travel between the lab
and the field and potentially allowing for the active direc-
tion of expeditions while “on the ground.”

To address these issues, we developed and tested proto-
cols for basic genetics laboratory work under field condi-
tions, without access to temperature control, an electrical
grid, or permanent shelter.

Specifically, we used portable equipment that was pow-
ered by a lightweight, fold-up solar panel, along with rea-
gents kept at ambient temperatures, to test a DNA extrac-
tion protocol. Extractions were then followed by either
whole genome amplification or diagnostic sex-typing
polymerase chain reaction (PCR) experiments. We tested
these protocols at a remote field site [Beza Mahafaly Spe-
cial Reserve (BMSR)] in Madagascar and at a naturalistic
captive site [Duke Lemur Center (DLC)] in North Carolina
using buccal swab and faecal samples collected from sifaka
lemurs (genus Propithecus). We obtained a high level of
success, suggesting these protocols can yield rapid results
and facilitate international sharing of samples without the
need for establishing costly on-site laboratories or freezer
storage.

Materials and methods
Field sites and sample collection

Remote field site: BMSR encompasses 4600 hectares of
dry forest in Southwest Madagascar and is home to four
species of lemur. The field site is 5 h or more from Toli-
ara, the nearest major city, by car, depending on the con-
ditions of the roads, which vary seasonally. The BMSR
sifaka (Propithecus verreauxi) population has been the
subject of continuous research since 1984 (Richard et al.
2002; Sussman et al. 2012), but the reserve is off the
electrical grid and there is no freezer storage. This long-
term project includes the annual capturing and marking
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of unmarked animals. Animals are demobilized using a
tranquilizer dart launched from a Dan-Inject blowgun.
Typically, unmarked yearlings and immigrants are cap-
tured, and a range of qualitative and quantitative meas-
urements are taken from each anaesthetized animal. The
animals are also given collars bearing an ID number prior
to their release (Richard et al. 2002). We collected buc-
cal cells using foam-tipped swabs from individuals while
anaesthetized during the August capture season. August
corresponds to the austral winter and the dry season in
this region of Madagascar. Sunshine was plentiful, with
around 9 h of direct sunlight reaching the solar panel per
day. One DNA extraction per buccal swab was performed
within an hour of collection.

Naturalistic captive site: We also tested our protocol
on faecal samples, which we collected from captive ani-
mals at the DLC in North Carolina, a research site that
partially mimics naturalistic habitat and conditions (Zehr
et al. 2014). Faecal samples were collected from a closely
related species of sifaka lemur (Propithecus coquereli)
housed at the DLC. Samples were collected in the morning
shortly after the sifakas awake and become active. Fresh
faeces were collected immediately upon deposit from the
floors of enclosures, which included both interior concrete
floors (cleaned daily), and from the forest floor of natural
habitat enclosures. Faecal pellets were gently swabbed with
a foam-tipped swab dipped in sterile DNase-free water.
Swabs were then returned to the sterile wrapper and placed
in a small plastic bag stored at ambient indoor temperature
(~25°C) until extraction.

Equipment and set-up

See Fig. 1 for a schematic of the equipment set-up. All
heat block and temperature cycling steps were performed
using a miniPCR™ machine, which is a portable thermo-
cycler weighing 0.45 kg. The miniPCR was programmed
via an application on an android tablet (Google Nexus,
weight: 0.44 kg). The miniPCR and tablet were powered
by a solar battery (Apollo Pro 23000mAh battery, weight:
0.64 kg, made by PowerAdd). We implemented gel elec-
trophoresis for the sex-typing assay on-site using a portable
gel box with built-in power source and blue light illumina-
tor (blueGel™, weight: 0.34 kg, made by miniPCR). The
gel box was powered by a 27,000 mAh battery with an AC
outlet (weight: 1.08 kg, made by ChargeTech). Batteries
were charged from two fold-up solar panels (a 40 W panel,
weight: 1.08 kg, made by PowerAdd, and a 60 W panel,
weight: 1.63 kg, made by AllPowers). Standard laboratory
pipettes and sample racks were used. The total weight of
this equipment was around 10 kg and the total cost, exclud-
ing pipettes, was just over US$2000.
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Fig. 1 Depiction of equipment and field setting

DNA extraction

Swabs were swirled for a few seconds in 1.5 ml tubes con-
taining approximately 300 pl of Chelex® 100 chelating
resin (BioRad) in solution and then discarded. For buccal
swabs, a 10% Chelex solution was prepared, and for fae-
cal swabs, a 20% Chelex solution was used to counteract
potential inhibition from compounds in the faeces. Chelex
solution was then split between at least two 0.2 ml PCR
tubes that were subsequently incubated at 95 °C for 10 min
in the miniPCR unit. Samples were set to cool for 10 min,
after which time, the supernatant was used as template in
downstream amplification steps (Fig. 2; see Supplemental
File 1 for protocol sheet). Quantification of DNA extrac-
tions was possible using a NanoDrop 2000 (Thermo-Fisher
Scientific) spectrophotometer at the captive site.

Amplification

Option A: whole genome amplification and downstream
PCR

Four whole genome amplifications (WGAs) per individual
were performed immediately following DNA extraction

1 Fold-up solar panel Poweradd 40W
solar charger

2 Solar battery PowerAdd Apollo Pro
23000mAh solar battery

3 Portable PCR machine miniPCR
4 Android tablet running miniPCR app

5 Shelf stable whole genome
amplification kit illustra Ready-to-go
GenomiPhi whole genome amplification
or PCR shelf stable PCR reagents
(MasterMix, primers, BSA, Hz0)

6 Break-n-Shake Instant Cold Pack
Dynarex

7 Swabs Foam tip

8 Portable gel rig miniPCR

9 10% Chelex Solution Biorad Chelex
100 resin diluted in ddH20

1

Collect swab sample from animal or faeces

|
2

Chelex extraction from swab

Swirl swab in Chelex and incubate at 95°C for 10min

|
3

Use supernatant as template

in whole genome amplification (WGA) or PCR run in miniPCR machine

|
4

(optional)

Run PCR products out

on agarose gel for real-time diagnostic assay

Fig. 2 Flow chart of the basic protocol
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from buccal swabs using the illustra Ready-to-go Genomi-
Phi™ v3 whole genome amplification kit (GE Life Sci-
ences). All reagents in this kit are shelf stable and the
protocol consists of three basic incubation steps: a dena-
turation step, an amplification step, and a deactivation
step. Denaturation step: In a strip of 0.2 ml PCR tubes,
10 ul denaturation buffer was added, followed by 8 pl ster-
ile DNase-free water, and 2 pl of template DNA. Samples
were incubated for 3 min at 95°C after which they were
cooled on instant ice packs (Dynarex). In the meantime, a
cooling program was begun on the miniPCR that was set
up for incubation at the lowest temperature setting (20 °C),
which results in continuous blowing of the miniPCR fans.
Kit-provided strip tubes containing reagent cakes were
placed in the miniPCR unit with the lid left open, and the
20 pl samples were then transferred to these tubes. Amplifi-
cation step: all samples were incubated at 30 °C for 90 min
in the miniPCR. Deactivation step: samples were incubated
at 65°C for 10 min in the miniPCR and then removed for
storage at ambient temperature. All steps in this protocol
and the preceding extraction from the buccal swabs were
performed at a basic picnic table.

WGAs were kept at ambient temperature during storage
in the field (~30°C during the day) and transported back
to the United States within 5-15 days, after which they
were stored at —80°C. Success of WGAs was assessed via
visualization on a 2% agarose gel pre-stained with GelRed
(Biotium). WGAs were then used as template in down-
stream PCRs targeting seven microsatellite loci that had
already been characterized in this sifaka population (Lawler
et al. 2001). Microsatellite PCRs using fluorescently
labelled primers were performed in duplicate for each sam-
ple. Amplicons were run out on an agarose gel to confirm
amplification of products of the target length and fragment
analysis was performed using capillary electrophoresis with
an ABI 3730x1 96-Capillary Genetic Analyzer at the DNA
Analysis Facility at Yale University. GeneMarker v2.6.3
(SoftGenetics) was used to visualize the electropherograms
and call genotypes. Homozygote genotypes were confirmed
in a minimum of four independent PCRs. Allele frequency
analysis was performed using CERVUS 3.0 (Kalinowski
et al. 2007).

Option B: direct PCR

PCR reactions targeting the UTX/UTY sex-typing loci
(Villesen and Fredsted 2006) were performed in the min-
iPCR using template from the faecal swabs. Most reactions
were performed directly after extraction. This assay uses
three primers to target an X-Y homologous portion of the
ubiquitously transcribed tetratricopeptide repeat protein
gene (Villesen and Fredsted 2006). The two target regions
differ in length by 41 bp (X=127 bp and Y =86 bp) so that
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they may be visually distinguished via gel electrophoresis.
Males will present as heterozygotes (two distinct bands)
while females present as homozygotes (one band) (Fig. 3).

Reactions included 4 pl template DNA, 12.5 pl of EZ
PCR Master Mix (miniPCR), 2 pl Ambion Ultrapure non-
acetylated Bovine Serum Albumin (40 pg), 1 pl UTY/UTX
primer (forward primer for both UTX and UTY regions),
4 pl UTY reverse primer, and 0.25 pl UTX reserve primer
(all at a concentration of 10 pM), and 1.25 pl sterile
DNase-free water. The Master Mix, primers, and BSA were
stored frozen prior for use in these PCRs, but all of these
reagents are stable at ambient temperature for a month or
longer (based on manufacturer specifications and direct
experience). Cycling conditions were as follows: 94 °C for
30 s, 59°C for 40 s, 72°C for 60 s for 35 cycles preceded
by an activation step at 95°C for 15 m and followed by a
final extension step at 72 °C for 7 min. PCR products were
visualized on a 2% agarose gel pre-stained with GelGreen
(Biotium) in a portable gel box with built-in power source
and blue light illuminator (blueGel, weight: 0.75 1bs, made
by miniPCR). Gels were pre-made and stored wrapped in
tinfoil inside a sealed plastic bag at room temperature for
up to 2 weeks.

Results and discussion

During the August 2015 capture season at BMSR, we col-
lected buccal swabs from 26 anaesthetized sifakas (21 year-
lings and five adults) from which we extracted DNA and
performed WGAs. The WGAs performed in field condi-
tions showed a high rate of successful amplification (72%
overall), as determined by gel electrophoresis visualiza-
tion. Downstream microsatellite PCRs performed using
successful WGAs as template also showed a high rate of
successful amplification. We were able to call genotypes
successfully from fragment analyses of the amplicons 89%
of the time. (individual locus success rates were 80-97%;
Table 1). These outcomes are similar to those we typically
observe following our traditional microsatellite genotyping
workflow based on silica column extractions from exported

g & ¢ ¢ ¢ ¢ o o d
;;—"-""2-;:

Fig. 3 Gel showing successful amplification of sex-typing PCR
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Table 1 Protocol success rates

Procedure Test N Success rate
Test Typical
Trial 1: Buccal WGA
Microsatellite genotyping success rate
WGAs 104 72% 87%
Locus
PV1 40 85% 86%
PV4 40 78% 77%
PV6 40 97% 87%
PV8 40 95% 91%
PV14 40 87% 91%
PVI15 40 93% 87%
PV16 40 87% 89%
Total 280 89% 87%
Trial 2: Faecal PCR
Sex-typing PCRs 42 94% 91%
Median DNA concentration (ng/pl) 53 15

Median DNA molecular weight (ng) 3975* 2100

Trial 1: WGA success rate was determined as visible DNA following
gel electrophoresis and microsatellite genotyping success rate deter-
mined as callable genotypes from electropherograms resulting from
fragment analysis. Trial 2: Sex-typing PCR success rate was deter-
mined by visualization via gel electrophoresis. Typical success rates
determined by these same procedures from “typical” sifaka samples
in our hands (from gDNAs derived from tissue samples exported to
the US and processed using traditional methods in the laboratory) are
also shown

aTotal DNA, likely includes high levels of bacterial DNA

tissue samples (Table 1). Genotypes for these individuals
were not obtained using our traditional workflow because
original samples remain in Madagascar, precluding a direct
comparison. However, two adult males in our sample had
been captured during previous field seasons and genotype
data generated from our traditional protocol was available.
In these cases, the genotypes derived for these individu-
als from both protocols matched, except in the case of one
allele at one locus in which the estimated length was shifted
by 2 bp, likely reflecting an error in allele calling due to
stutter. Our sample size was too low to estimate deviation
from Hardy—Weinberg, but the rates of observed versus
expected heterozygosity did not markedly differ from what
we typically observe.

We tried a variation on the incubation step of the
WGA protocol to potentially conserve electricity in
which we left samples at ambient temperature, which
was around 30 °C, for 90 min rather than incubating them
inside the miniPCR. We found that the WGAs incubated
in the miniPCR amplified much more successfully (92%
success rate) than those incubated at ambient temperature
(43%), as determined by gel electrophoresis. In contrast,

we found no relationship between the number of days that
WGASs were stored at ambient temperature and amplifica-
tion success.

Fresh faeces were collected from 11 sifakas at the DLC
that were used in the faecal swab and downstream sex-
typing PCR protocol. The median concentration of faecal
swab extractions was 53 ng/pl, as measured on the Nan-
oDrop spectrophotometer, which measures total DNA
concentration and, in the case of faecal-derived DNAs like
these, could include relatively high concentrations of bac-
terial DNA. The median volume of supernatant was 75 pl.
94% of the UTX/UTY PCRs performed using supernatant
directly after extraction from freshly collected samples
showed amplification, as determined by gel electrophore-
sis visualization. PCRs using template DNA from extrac-
tions or samples stored at ambient temperature overnight
or longer did not amplify as reliably; however, successful
amplification was achieved from faecal swabs that were up
to 13 days old. Sex genotypes based on multiple amplifi-
cations matched the known sex of the animals. One of the
challenges we faced was optimizing extractions from non-
invasively collected samples. While at BMSR, we oppor-
tunistically collected ten faecal samples that were used in
our extraction-WGA protocol. In place of the swab, we
dunked and swirled the faecal pellet in the tube containing
Chelex solution with tweezers. However, few of the WGAs
performed from these extractions showed amplification,
as determined by gel electrophoresis, after returning to
the lab. In our subsequent attempts at the DLC, we found
that swabbing the exterior of the pellet to be critical as this
likely disproportionately targeted host cells and avoided
inhibiting compounds. We also increased the concentration
of the Chelex solution used in faecal swab extractions from
10 to 20% to more effectively remove compounds in the
faecal samples that could potentially inhibit downstream
PCR.

The equipment proved functional, resilient to our field
conditions, and easily transportable. Solar energy was suffi-
cient to perform the planned number of analyses, and rates
of DNA extraction and amplification were high. The Pow-
erAdd and ChargeTech batteries functioned fully when left
in direct sun, however additional types of lithium ion bat-
teries proved unable to withstand similar temperatures dur-
ing charging.

Our success was likely in part due to favourable field
conditions; specifically, these included plentiful sunshine
and an arid climate without extreme heat, which benefits
sample preservation. In contrast, overcast climate or denser
forest conditions could present challenges for obtaining suf-
ficient power. Nevertheless, our protocol could likely be
adjusted to suit such conditions with alternative equipment.
For example, we also successfully ran the miniPCR from a
car battery.

@ Springer
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These experiments were also performed during a rela-
tively short field season, with 15 days being the longest
time period that reagents and WGAs were kept at ambient
temperature. It is uncertain how well WGA integrity would
hold up over longer periods without freezing. We tried stor-
ing WGAs on FTA cards, which could potentially extend
the longevity of nucleic acid at ambient temperatures;
however, attempts to extract WGA template from the cards
failed. Similarly, pre-cast agarose gels are unlikely to hold
up well during longer field excursions and in those cases it
would be preferable to heat agarose solutions to cast fresh
gels in the field. Alternatively, a number of suppliers offer
gel cassettes that might be used.

Our protocols resulted in a success rate comparable
or superior to the rate we typically observe in equivalent
analyses performed in a dedicated molecular lab using
samples transported internationally from BMSR. Recent
technological developments in lab equipment, solar energy,
and reagent chemistry will increasingly enable the incor-
poration of genetic analyses into field projects. A num-
ber of portable and semi-portable technologies have been
used in molecular analyses, particularly for disease diag-
nostics (Marx 2015), and some of these technologies have
allowed for genetic analyses to be performed in field labo-
ratories (Bunting et al. 2014). Further, emerging portable
genomics devices like the Oxford Nanopore MinlON could
greatly advance field researchers’ capacity to obtain vast
amounts of genetic data from wild organisms while in the
field. These technologies currently depend on reagents that
require freezing, but could potentially be used at field sites
with solar and/or portable freezer options.

Our protocol offers a method that is highly portable,
can be performed immediately upon sample collection
in the field, and has the potential to be powered by green
energy. These protocols also have an advantage in avoiding
research delays related to permit applications. For example,
U.S. Fish and Wildlife Services and the Center for Disease
Control do not currently require permits for the import of
synthetic nucleic acids. Further, the relative low cost and
ease of use of the components of this “portable lab” could
provide a means for researchers to incorporate genetic com-
ponents into projects that previously did not include these
analyses, without having to invest in a molecular lab. With
some training, these analyses could also potentially be per-
formed by local students or assistants, providing an oppor-
tunity for capacity building and community involvement.
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Health care-associated infections (HAIs) and drug-resistant pathogens have become a major health care issue with
millions of reported cases every year. Advanced diagnostics would allow clinicians to more quickly determine the most
effective treatment, reduce the nonspecific use of broad-spectrum antimicrobials, and facilitate enroliment in new
antibiotic treatments. We present a new integrated system, polarization anisotropy diagnostics (PAD), for rapid de-
tection of HAI pathogens. The PAD uses changes of fluorescence anisotropy when detection probes recognize target
bacterial nucleic acids. The technology is inherently robust against environmental noise and economically scalable for
parallel measurements. The assay is fast (2 hours) and performed on-site in a single-tube format. When applied to
clinical samples obtained from interventional procedures, the PAD determined the overall bacterial burden, differ-
entiated HAI bacterial species, and identified drug resistance and virulence status. The PAD system holds promise as

a powerful tool for near-patient, rapid HAI testing.

INTRODUCTION

Health care-associated infections (HAIs) and the emergence of drug-
resistant pathogens are major health care issues. On any given day, 1 of
25 hospitalized patients becomes infected and as many as 1 of 9 succumb
to death (I). HAIs incur a significant socioeconomic burden arising
from prolonged hospital stays, lasting disability, and demand for
new antimicrobials. In the United States, it is estimated that more than
600,000 patients develop HAIs every year (1), and HAI-related costs
amount to $100 billion to $150 billion per year (2). Rapid, sensitive de-
tection of pathogenic bacteria is a key to initiating timely treatment with
proper antibiotics, preventing disease spread, and identifying infection
sources in hospitals, homes, and other field settings (3-5).

Although bacterial culture is the clinical gold standard, it has draw-
backs including long process times (up to several days), personnel cost,
and the need for specialized equipment and species-specific protocols. As
an alternative, nucleic acid (NA) testing has been increasingly adopted
in clinical laboratories. On the basis of polymerase chain reaction
(PCR) amplification of bacterial nucleotides, NA tests allow for com-
prehensive pathogen identification. The target sequence library is also
rapidly expanding to empower these tests, aided by advances in bacterial
whole-genome sequencing (6). Technical challenges, however, still re-
main in translating NA tests into routine clinical workflows. First, system
operation can be complex, requiring trained operators. Although fully
automated systems are available, they tend to be bulky and expensive. Sec-
ond, assay costs are often higher than those for conventional screening,
For example, in sequence-specific detection (for example, TagMan, Mo-
lecular Beacon, and LightCycler), specialized probes for each NA target
should be designed. Finally, NA tests are susceptible to false positives
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due to accidental contamination by amplified products. To minimize
the potential for cross-contamination, it is necessary to have the pre- and
post-PCR areas in different spaces or PCR workstations. These con-
straints limit the penetration of NA tests to centralized hospital labora-
tories. For prompt, effective HAI control, assay platforms that can bring
NA testing to the patient level (for example, community clinics and
doctor’s offices) are needed.

Here, we report a new detection system designed for rapid, cost-
effective HAI diagnostics. Termed polarization anisotropy diagnostics
(PAD), the system measures changes in fluorescence anisotropy when
detection probes recognize target bacterial NAs (7). The detection is ratio-
metric, independent of fluorescence intensity, which makes the assay
robust against environmental factors. We advanced the PAD to enable
multilevel, on-site HAI diagnostics. Specifically, we have (i) developed a
compact device with a disposable cartridge for sample preparation and
multiwell detection, (i) optimized the assay to perform NA amplification
and detection without washing steps, (iii) embedded contamination con-
trol in the assay protocol, and (iv) created a library of sequence-specific
probes to assess bacterial burden, pathogen types, antibiotic resistance,
and virulence. As proof of concept, we applied PAD to detect clinically
relevant HAT pathogens (8, 9): Gram-negative Escherichia coli, Klebsiella
preumoniae, Acinetobacter baumannii, and Pseudomonas aeruginosa
and Gram-positive Staphylococcus aureus. The PAD demonstrated detec-
tion sensitivity down to the single bacterium level and determined drug
resistance and virulence status. With clinical samples, the PAD achieved
an accuracy comparable to that of bacterial culture; however, the PAD
had a much shorter turnaround time (~2 hours) and allowed for on-
site operation.

RESULTS
Polarization anisotropy diagnostics

Figure 1A shows the assay scheme. Following bacterial lysis, target NAs
[for example, regions in 16S ribosomal RNA (rRNA) or mRNA] are
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Fig. 1. PAD system. (A) Assay procedure. Bacteria are lysed, and total RNA is extracted. Following the RT-PCR amplification, samples containing amplicons
and DNA polymerase are incubated with an all-in-one master mix that has the detection key and the reporter. The resulting fluorescence anisotropy of the
sample is then measured. (B) Photograph of a disposable RNA extraction cartridge made in plastic. The device has an RNA extraction chamber packed with
glass beads (inset). (C) Photograph of a portable system for fluorescence anisotropy detection. Four separate optical cubes can be plugged into an electronic
base station. (D) PAD measurement is controlled through a custom-designed application in a smartphone. The PAD device and the smartphone communicate

via Bluetooth.

amplified via asymmetric reverse transcription PCR (RT-PCR). Next,
an all-in-one PAD mix is added. The mix consists of two reagents: (i) a
detection key that is derived from an aptamer (specific to DNA poly-
merase) adjoined with a complementary sequence to target NAs (7) and
(ii) a reporter DNA with a fluorophore. The detection key, stabilized
through hybridization with the target NA, locks into DNA polymerase
and deactivates its enzymatic activity. The reporter DNA then retains its
structure and assumes high fluorescence anisotropy (r) due to slow dif-
fusional motion. Conversely, the anisotropy is low in the absence of the
NA targets, because unlocked DNA polymerase cleaves the reporter’s
fluorophore during the extension reaction. The assay is fast (2 hours for
completion) and is performed without any washing steps.

PAD system
To enable on-site HAI detection, we implemented a compact PAD system
(Fig. 1, B and C). The system had two major parts: a disposable sample-
processing cartridge and a compact reader for fluorescence anisotropy
detection. The cartridge was used to extract bacterial NAs (see fig. S1 for
the device structure). It had a fluidic chamber packed with glass beads
(diameter, 30 pm) to create an on-chip filter (fig. S1A) (10): negatively
charged NAs could be adsorbed to the positively charged bead surface
under high-salt condition and then be eluted by changing the salt con-
centration. We implemented the device in poly(methylmethacrylate) via
injection molding (see Materials and Methods for details). When com-
pared to a commercial column filter, the fluidic cartridge showed com-
parable performance, extracting RNA with good quality (fig. S2). The
RNA integrity numbers (RINs), ranging from 1 (poor) to 10 (best), were
9.6 + 0.3 (fluidic cartridge) and 9.5 + 0.2 (column filter). By using the
on-chip cartridge, however, we could remove centrifugal washing steps.
The detection system was designed for portable, parallel PAD assays.
It had a modular structure consisting of a base unit for signal processing

Park et al. Sci. Adv. 2016;2:e1600300 6 May 2016

and four plug-in optical cubes (Fig. 1C and fig. S3). Each optical cube
could be customized to accommodate differently sized sample containers
and fluorescence optics. The packaged PAD system had a small form
factor (8 x 8 x 8 cm’) and weighed ~400 g. The system wirelessly com-
municated with a computer or a smartphone through Bluetooth connec-
tion, which further improved system portability and simplified the
assay setup. We designed a smartphone application for system
operation as well as for data logging with geographic information
(Fig. 1D and fig. S4).

PAD optics
Figure 2A shows the schematic of an optical cube in the PAD system.
We used a light-emitting diode (LED) as an affordable light source. The
illumination light passed through a linear polarizer and focused onto a
sample to excite fluorophore (Fig. 2A, inset). The intensity of emission
light was then measured by a pair of photodiodes. We measured both the
parallel (I) and perpendicular (I,) components relative to the polarized
excitation light and calculated the fluorescence anisotropy (r) as r =
(I - LI, + 2Iy)‘1. The optics was encased into an opaque plastic
body to minimize the interference from adjacent modules (fig. S3B).
For robust signal detection, we adopted the lock-in measurement
technique. Exploiting the fact that r is intensity-independent, we modu-
lated the intensity of the excitation light at the carrier frequency of
1 kHz. The emission signals were then frequency-locked through the
homodyne signal path (Fig. 2B). The scheme significantly improved
the signal-to-noise ratio (>28 dB; Fig. 2C) and allowed for reliable system
operation under ambient light. Data acquisition was directed by a
microcontroller unit (MCU; Arduino). A multichannel digital-to-analog
converter (DAC) was used to deliver a tunable, modulating signal to the
driver in each optical cube. The signal from a photodetector was am-
plified by a current amplifier, passed through an analog lock-in circuit,
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Fig. 2. Optical detection design. (A) Schematic of an optical cube. The
optical excitation module has an LED, a linear polarizer, and a focusing lens.
The emission light is measured by a pair of detector sets, each consisting of a
lens, a polarization filter, and a photodiode (PD). (B) Circuit diagram. The on-
board computer controls the entire system and communicates with a smart-
phone. To enhance the signal-to-noise ratio (SNR), the system uses the optical
lock-in detection scheme. The intensity of the excitation light is amplitude-
modulated, and the resulting emission intensities are mixed with the carrier
frequency. The dotted box indicates an optical cube. BPF, band-pass filter;
LPF, low-pass filter; AMP, ampilifier. (C) The lock-in method significantly improved
the signal-to-noise ratio (630 times, 28 dB). (D) The accuracy of the PAD was
benchmarked against a commercial plate reader. The measured values show
excellent agreements (R* = 99%). Experiments were performed in triplicate,
and the data were displayed as means + SD. Horizontal and vertical error bars
were from the plate reader and the PAD measurements, respectively.

and digitized by a multichannel analog-to-digital converter (ADC).
The MCU was programmed to serially poll the optical cubes, control
all peripheral components, and communicate with external devices via
Bluetooth (fig. S5).

We benchmarked the PAD system against a commercial plate reader
(Sapphire 2, Tecan). To prepare samples of different fluorescence an-
isotropy, we varied the ratio between free fluorescein-labeled DNA (FAM-
DNA; high fluorescence anisotropy) and template-bound FAM-DNA
(low anisotropy; see Materials and Methods). The observed r values
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Fig. 3. Universal bacteria detection. (A) The universal capture key (UNI key)
detects a conserved bacterial sequence (N = A for Escherichia, Klebsiella, and
Acinetobacter; N = T for Pseudomonas and Staphylococcus). The reporter is
composed of a primer, a template, and FAM-DNA. (B) Five different HAI
pathogens (10° CFU/ml) were detected with the PAD. The signal levels were
statistically identical among concentration-matched bacterial samples. (C) De-
tection sensitivity. Samples with different bacterial concentrations (E. coli,
107" to 108 CFU/ml) were prepared through serial dilution. The limit of detec-
tion (LOD) was at the level of a single bacterium. The threshold was set at
3x SD above background signal of the sample without bacteria. All experiments
were performed in triplicate and the graphs are displayed as means + SD.

showed agreement (R* > 99%) between the plate reader and the PAD,
which served to confirm the accuracy of the PAD system (Fig. 2D).

Universal key to measure bacterial load

We first used the PAD to detect the overall bacterial burden. We de-
signed a single, universal key (UNI key) that targets a conserved region
of 16S rRNA in different bacterial species (Fig. 3A and Table 1). We
also prepared a common reporter probe that was composed of FAM-
DNA, its primer, and its template (Fig. 3A). The PAD output was de-
fined as Ar = r - r,, where 1, is the fluorescence anisotropy of control
samples containing DNA polymerase and the reporter only.

We applied the designed assay (UNI-PAD) to detect representative
HALI pathogens (E. coli, K. pneumoniae, A. baumannii, P. aeruginosa,
and S. aureus). Across different bacterial species, we observed consistent
Ar values in concentration-matched samples [Fig. 3B; P = 0.8857, one-
way analysis of variance (ANOVA)]; this result supported the use of the
UNI-PAD in estimating total bacterial load. We next performed titra-
tion experiments with serially diluted bacterial samples (Fig. 3C; see
Materials and Methods for details). The PAD assay achieved the dynam-
ic range spanning >10* colony-forming units (CFU); the limit of detec-
tion was down to single-digit CFU.

Assay optimization for point-of-care operation

We optimized the PAD system for its point-of-care (POC) applications.
One major issue in POC NA testing is to control false positives caused
by sample contamination with PCR products (that is, carryover
contamination) (11, 12). To minimize such effects, we adopted
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Table 1. Sequence of detection keys designed for the PAD (see table S1 for other targets). PVL, Panton-Valentine leukocidin.

Category Target DNA sequence (5' to 3')
UNI Universal CAATGTACAGTATTGTGGAGCATGTGGTTTAATTCGA
HAI Escherichia CAATGTACAGTATTGTGGAGGAAGGGAGTAAAGTTAAT
Klebsiella CAATGTACAGTATTGTGGAGGCAAGGCGATAAGGT
Acinetobacter CAATGTACAGTATTGTTCTAGTTAATACCTAGGGATAGTG
Pseudomonas CAATGTACAGTATTGTGGAGGAAGGGCAGTAAGTTAA
Staphylococcus CAATGTACAGTATTGTGGGAAGAACATATGTGTAAGTAAC
ARV nuc CAATGTACAGTATTGTTGCTTCAGGACCATATTTCTCTAC
femB CAATGTACAGTATTGTCCAGAAGCAAGGTTTAGAATTG
mecA CAATGTACAGTATTGTCTGCTATCCACCCTCAAACAG
PVL CAATGTACAGTATTGTCGGTAGGTTATTCTTATGGTGGAG
A : tested the efficacy of this contamination control. As a carryover contam-
Carryover Dagradation . dUT .. C d VA li iked i
coniaminant T o™ T inant, dUTP-containing PCR products (10" amplicons) were spiked into
INOEN o IOTH s Wil Lo samples. Without UDG treatment, the negative control with no bacterial
—_— — targets showed false positives (Fig. 4B). This signal was eliminated with
ea— 1 : o [T IV the addition of UDG, and only samples containing true bacterial targets
Tarpet DNA T yielded high Ar (Fig. 4B).
To maximize system portability, we further combined the PAD
A duTP with a miniaturized thermocycler (miniPCR, Amplyus) (15). The per-
B Conarinaied sampies c i forrpance of the POC system matc.h.ed that of copvennonal benchtop
L - equipment (fig. S7). We also lyophilized all chemical reagents (for ex-
404 Frash Lyophilizad K - -
- - 404 st E ample, detection keys and reporters) to facilitate their transport and
g 3 é 304 storage (see Materials and Methods for details). The reagents retained
w 20 X a9 their activity after >2 weeks of storage in ambient conditions; we ob-
E 10 4 1ol served statistically identical Ar values (P > 0.64, two-tailed ¢ test) with
| fresh and stored agents (Fig. 4C and fig. S8).
ol L 1! e | | 0l -
Bacteria - 4 & g . . e
oG s L & &° & &Y Differential keys for pathogen classification

Fig. 4. Assay optimization for POC operation. (A) Schematic illustration
of UDG-mediated control on carryover contamination. Uracil-containing
carryover contaminant was specifically broken down by UDG, which allows
for the amplification of the true target DNA only. (B) Uracil-containing con-
taminants (107 copies) were added to all samples. Contaminated samples
produced high signal even in the absence of target bacteria. When samples
were treated with UDG, the false-positive signal was eliminated. (C) The PAD
reagents were lyophilized to facilitate their transport and extend their shelf
life. After 4 weeks of storage in ambient condition, the reagents were used
for bacterial detection. No difference was observed between fresh and lyo-
philized reagents. Bacterial samples in (B) and (C) contained E. coli (10° CFU/ml).
All experiments were performed in triplicate, and the data are displayed as
means = SD. RT, room temperature.

the uracil-DNA glycosylase (UDG) method (13, 14). By substituting
deoxythymidine triphosphate (dTTP) with deoxyuridine triphosphate
(dUTP) during PCR, we rendered all amplicons to have a uracil-
containing DNA backbone. Applying UDG cleaved these amplicons,
which selectively destroyed carryover contaminants from PCRs while
keeping bona fide DNA templates (Fig. 4A). We confirmed that the
method was compatible with the PAD assay. The signal level remained
the same when dUTP replaced dTTP in DNA targets (fig. S6). We next
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To differentiate HAI-causing pathogens, we designed a set of detection
keys (HAI keys) in which each key targets the hypervariable region of
16S rRNA in different bacterial species (Table 1; see table S1 for
extended targets). The sequence homology among genus types was kept
<50% to minimize nonspecific binding. When tested, the HAI keys
assumed high specificity. For example, the Escherichia key (Fig. 5A)
showed high signal (Ar) only with its intended target, whereas off-target
signals were negligible even in high biological background (10° CFU of
other bacterial species; Fig. 5B). Similarly, other HAI keys displayed ex-
cellent specificity with minimal crosstalk (Fig. 5C). Electrophoretic
band-shift analysis confirmed that the detection keys, in the presence
of complementary target amplicon, bound to DNA polymerase and
inhibited its catalytic activity (fig. S9).

We next prepared probes for antibiotic resistance and virulence (ARV
keys) for further bacterial phenotyping. These keys targeted bacterial
genes that make pathogens antibiotic-resistant or highly virulent. As a
model system, we profiled samples for mecA, PVL, nuc, and femB genes.
mecA is the determining factor conferring MRSA, a common multidrug-
resistant HAI pathogen (16). PVL, nuc, and femB are virulence factors
that contribute to the pathogenicity of S. aureus. We used two represent-
ative MRSA strains that have the following known genotypes: health
care-associated MRSA (mecA", PVL") and community-acquired MRSA
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Fig. 5. Bacteria typing with PAD. (A) A set of detection keys specific for HAl pathogens was designed (HAI keys). An Escherichia key is shown as an example.
(B) The specificity of HAI keys was tested. The signal was high only in the presence of the target species even in the mixture of other bacterial species. An
example of E. coli (10° CFU/ml) detection is shown. (C) Heat map of Ar values obtained for HAI detection. Bacterial concentration was 10° CFU/ml. (D) Detection
keys for antibiotic resistance and virulence (ARV keys) were designed for further typing. Two types of methicillin-resistant S. aureus (MRSA; 10° CFU/ml), health
care-associated MRSA (HA-MRSA) and community-acquired MRSA (CA-MRSA), were identified by targeting the specific regions in mecA and PVL genes. Three
pathogens [methicillin-sensitive S. aureus (MSSA), E. coli, and P. aeruginosa; 10° CFU/ml] were included as controls. All experiments were performed in triplicate.

The heat map displays mean values and the bar graphs display means + SD.

(mecA*, PVL"). Control samples were MSSA (mecA”), E. coli (mecA™,
PVL’, nuc’, femB"), and P. aeruginosa (mecA”, PVL’, nuc’, femB") (table
S2) (17-20). The ARV-PAD correctly genotyped bacteria, agreeing with
a quantitative real-time PCR (qPCR) (Fig. 5D and fig. S10).

Clinical application
Finally, we applied the PAD for clinical HAI diagnostics. The assay
started with bacterial lysis, followed by the NA collection using the
plastic cartridge. Following the NA amplification, the samples were ana-
lyzed in parallel for total bacterial burden (UNI key), HAI pathogens
(HAI keys), and antibiotic resistance and virulence status (ARV keys)
(fig. S11). The total assay time was ~2 hours, and the required sample
volume was ~40 ul.

We acquired patient samples and aliquoted them for the PAD test
(2 hours) and conventional culture (3 to 5 days) in a clinical micro-
biology laboratory. Test results for all detection keys (UNI, HAI, and
ARV) are shown in Fig. 6A and fig. S12. Samples negative with UNI-
PAD were also negative with HAI-PAD, suggesting the potential use of
universal detection for sample triaging. Among six UNI-PAD-positive
samples, the HAI-PAD detected HAI pathogens in five samples, and
the differentiation results matched the bacterial culture readouts (Fig. 6B).
One patient (no. 6) was positive with bacterial load but was negative
with HAI keys; the patient was later found to be infected with Providencia
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rettgeri (nontargeted in the current HAI-PAD). For the sample pos-
itive for S. aureus (patient no. 2), the ARV-PAD showed mecA” status
(that is, MSSA); this result matched the MRSA-negative pathology re-
port and qPCR (Fig. 6 and fig. S13).

DISCUSSION

HAIs have become a ubiquitous, recalcitrant, and costly problem in
modern health care. They increase the emergence of antibiotic
resistance, cause significant morbidity and mortality, and prolong hos-
pital stays. One of the key mandates to control this endemic is to
equip local hospitals and community centers with more effective sur-
veillance systems. The PAD platform presented here could enable rapid
HAI detection in those settings. The detection system is compact and
user-friendly with minimal operation complexity. The assay is compre-
hensive, assessing for overall bacterial burden, pathogen types, anti-
biotic resistance, and virulence factors.

Several features make the PAD ideal for field operation. First, the
sensing scheme (fluorescence anisotropy) is inherently robust against en-
vironmental noise. We further incorporated the optical lock-in technique
to significantly enhance the sensitivity. Second, the assay flow involves
minimal complexity and hands-on time. A disposable plastic chip is used
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Fig. 6. Clinical application of PAD for HAI detection. (A) Nine samples from different patients were processed by the PAD for bacterial load (UNI), pres-
ence of the HAI species (HAI), and resistance/virulence status (ARV). (B) The clinical samples were also tested by a clinical pathology laboratory (culture and

gPCR). The PAD and pathology reports agreed with each other.

to collect NAs, and the remaining processes are performed in a single
tube without washing steps. The assay protocol is also refined to auto-
matically dissolve carryover contaminants, thereby minimizing false pos-
itives. Third, the platform is highly affordable. The PAD device has
simple electronics and can readily be expanded for parallel detection.
Making an injection-molded cartridge brings advantages including high
performance reproducibility, less cross-contamination between samples,
and lower cost. Finally, the PAD is scalable for comprehensive screening.
Decoupling detection and signaling probes enables such assays to be
cost-effective, because a common fluorescence reporter can be used
for all detection targets. We have already designed detection probes
for >35 targets (table S1); the incremental assay cost for additional
targets is ~$0.01.

In a pilot clinical test, PAD accuracy was comparable to that of
bacterial culture. In contrast to the culture, the PAD assay was fast
(~2 hours), multiplexed, and cost-effective (<$2 per assay). However,
we note the following limitations in the current study. First, no clinical
samples were found to contain drug-resistant strains. Further studies
with larger cohorts are needed to verify PAD’s capacity for drug
resistance screening. Second, the PAD may present ambiguous results
when target NAs overlap. For example, the current ARV keys would fail
to discern community-acquired MRSA (mecA”, PVL") from the mix-
ture of health care-associated MRSA (1mecA*, PVL") and MSSA (mecA™,
PVL"). Such incomplete classification is an inherent issue with NA-based
tests. We expect that this issue would be overcome as more bacteria ge-
nomic data are accrued from whole-genome sequencing efforts.

The current prototype system could be further improved. First, we
envision a self-contained, closed system in which sample preparation,
thermocycling, and detection functions are all housed in a single device.
Such a system would effectively eliminate erroneous results from sam-
ple contamination, user interference, or both and proffer “sample-in and
answer-out” tests. Second, the current assay time could be shortened, par-
ticularly for DNA amplification. One promising direction is to adopt a
photonic thermocycling system, which can complete the entire PCR in
<5 min (21). Isothermal amplification is also an alternative; some iso-
thermal reactions can be completed in 20 min, which could bring down
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the total assay time to <1 hour (22). Using isothermal amplification
would simplify the hardware requirement and make a battery-powered
device feasible. In the future, we plan to expand the test library for
broader pathogen and antibiotic resistance screening. The modular
nature of PAD probes should facilitate incorporating new targets such
as host-response factors (for example, interleukin-4, platelet-derived
growth factor B chain, monocyte chemoattractant protein-1, and C-
X-C motif chemokine 10) (23), as well as other viral, fungal, and
parasitic markers.

MATERIALS AND METHODS

Fabrication of the plastic cartridge

The device was made in plastic via injection molding. A metal block of
the mold was first machined to have surface structures such as channels,
chambers, and ports negatively shaped to those on the top and bottom
parts of the plastic cartridge. To confine microbeads in the RNA capture
chamber, a weir-shaped physical barrier was designed at the outlet side
of the chamber. The top and bottom parts of the device were injection-
molded in a foundry (Korea Institute of Machinery and Materials).
More than two devices were produced per minute. The top and bottom
parts were glued together and the three-way valve was inserted.
Fluidic connection was made by inserting polyethylene tubes in the
fluidic ports.

Device preparation

The fluidic cartridge was filled with glass beads (diameter, ~30 pum;
Polysciences). Beads were suspended in 75% ethanol (Sigma) and in-
troduced through the inlet. The beads were retained in the RNA capture
chamber due to the weir-style physical barrier in the outlet side of the
chamber (fig. S1A). Following bead capture, excess ethanol was collected
and removed. The entire device was then flushed with cycles of RNaseZap
(Life Technologies), ribonuclease (RNase)—free water (Life Technologies),
and ethanol, and dried. All fluidic flow was generated by manually

operating syringes.
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Detection system

The illumination source in the optical cube consisted of an LED (A =
470 nm; Thorlabs), a dichroic film polarizer (polarization efficiency,
>99%; Thorlabs), and a convex lens [focal length (f) = 8 mm]. The de-
tection part had a convex lens (f = 8 mm), a long-pass filter (EL0500,
Thorlabs), a dichroic film polarizer, and a photodiode (S1223, Hama-
matsu). A 16-bit DAC (LTC1597, Linear Technology) was used to
deliver the modulated control signal to a custom-designed LED driver
(LF356, Texas Instrument). The signal from the photodiode was ampli-
fied by a custom-designed current amplifier (AD549, Analog Devices).
For the lock-in detection, the amplified signal was passed through a
band-pass filter (center frequency, 1 kHz; bandwidth, 100 Hz), mixed
with a carrier signal, and passed through a low-pass filter (time constant,
1 ms). The conditioned signal was digitized by a 16-bit ADC (LTC1867,
Linear Technology). A microcontroller (Arduino MEGA 2560) was
programmed to control the light sources for multiplexing, to perform
real-time data recording, and to communicate with an external device
(for example, computers and smartphones) via a USB 2.0 or a Bluetooth
interface. The entire system was powered by a 9-V battery housed inside
the base station. A typical power consumption during a single optical
measurement (one cube) was ~400 mW, and each test took ~30 s.

Smartphone application

We created a custom-designed Android application to facilitate system
operation and data recording. Control software was designed using
MIT App Inventor 2. The application connected the smartphone to
the PAD system and sent the triggering signal for the fluorescence anisot-
ropy detection. The measured data were sent back to the phone and com-
bined with a time stamp and Global Positioning System coordinates.

Signal detection

Fluorescence anisotropy values were measured with the excitation and
emission wavelengths of 470 and 525 nm, respectively. Fluorescence
anisotropy (r) was calculated using the following equation: r =
(Ix - L)-(I + 2L ! where I, and I, are emission intensities when the
emission polarizers are in parallel with and perpendicular to the excita-
tion polarizer, respectively. The LOD was estimated by setting the
threshold at 3x SD above the background signal of samples without
bacteria. For comparison with the benchtop equipment (Sapphire 2,
Tecan), we measured Ar = r — rpan, Where rpap is the fluorescence
anisotropy only in the presence of FAM-DNA (62.5 nM) and r is the
fluorescence anisotropy in the presence of FAM-DNA (62.5 nM) along
with its template. We varied the template concentrations (10, 20, 30, 40, 50,
and 60 nM) to produce different amounts of hybridized FAM-DNA.

Probe design

DNA oligonucleotides were synthesized by Integrated DNA Technologies.
The list of DNA sequences is summarized in Table 1 and tables S1
and S3. For the universal and species-specific detection of pathogenic
bacteria, individual 16S rRNA sequences of different bacterial genera
[from the National Center for Biotechnology Information (NCBI) nucle-
otide database] were aligned using MegAlign software (DNASTAR), and
both conserved and variable regions were selected as target sequences
(24). To detect ARV factors, the specific regions of nuc, femB, mecA,
and PVL (from the NCBI nucleotide database) were selected as target
sequences (17-20). The detection keys were designed to have a hairpin
structure joined by a single-stranded capture sequence (~20 to 25
nucleotides in length) (7, 25).
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Lyophilization of master mix

An all-in-one PAD mix (20 pul) was concocted by mixing a detection
key (400 nM), a reporter (150 nM), a primer (150 nM), and FAM-
labeled DNA (125 nM) in 20 mM tris-HCl (pH 8.3), 20 mM KCl, 5 mM
(NH,4),SO,, and 6 mM MgCl,. The mixture was first frozen in liquid
nitrogen and then dried in VirTis Freezemobile 25EL Freeze Dryer (SP
Scientific). The lyophilized reagents were stored at room temperature
and reconstituted before use by adding 20 pl of UltraPure DNase/
RNase-free distilled water (Life Technologies).

Experiment with cultured bacteria

All bacteria were purchased from the American Type Culture Collec-
tion (ATCC). Bacterial cultures were grown to mid-log phase in vendor-
recommended medium: E. coli (#25922) in LB medium (BD Biosciences);
P. aeruginosa (#142), K. pneumoniae (#43816), and MRSA (#BAA-1720
and #BAA-1707) in tryptic soy broth (BD Biosciences); A. baumannii
(#15149) in nutrient broth (BD Biosciences); and S. aureus (#25923)
in Staphylococcus broth (BD Biosciences). Bacteria were collected via
centrifugation (6000g, 10 min), and pellets were resuspended with the
preheated TRIzol (Life Technologies). The resuspended cells were
transferred to 2-ml Safe-Lock tubes (Eppendorf) containing sterilized
disruptor beads (0.1 mmy; Scientific Industries) and lysed using a vortex
mixer. After centrifugation, the supernatant was transferred to a new tube.

RNA extraction

Bacterial lysate mixed with an equal volume of ethanol was flown
through the RNA extraction chamber, in which RNA was captured
by packed glass beads. Subsequent flushing with Direct-zol RNA Pre-
Wash (Zymo Research) and RNA Wash Buffer (Zymo Research) was
done to remove traces of impurities and chaotropic salts. Finally, RNA
was eluted in RNase-free water. For comparison of the fluidic cartridge
with a commercial column (Zymo-Spin column, Zymo Research), bac-
terial lysate was divided into two aliquots. One sample was processed by
the commercial column and the other by the fluidic cartridge. We
checked the quality of the extracted RNA through an electrophoretic assay
(2100 Bioanalyzer, Agilent). RNA molecular weight ladder provided in
the kit (RNA 6000 Nano Chip, Agilent) was used as reference, and
electrophoretic runs were performed per the manufacturer’s protocol.
The analysis assigned RINs to samples, ranging from 1 to 10, where
1 indicates highly degraded RNA and 10 completely intact RNA.

PAD assay

The single-stranded complementary DNA (cDNA) was synthesized
using random priming with Promega’s Reverse Transcription System
as per the manufacturer’s protocol. The asymmetric PCR amplification
was then carried out in a total reaction volume of 25 pl containing 2.5 ul
of cDNA, 0.8 uM excess primer, 0.08 pM limiting primer (table S3),
1x PCR buffer [20 mM tris-HCl, 20 mM KCl, 5 mM (NH,),SO,, and
2 or 3 mM MgCL], 0.2 mM deoxyadenosine triphosphate (dATP),
deoxyguanosine triphosphate (dGTP), and deoxycytidine triphosphate
(dCTP), 0.4 mM dUTP (Thermo Scientific), 2 U of Antarctic Thermo-
labile UDG (New England Biolabs), and 2.5 U of Maxima Hot Start Taq
DNA polymerase (Thermo Scientific). For the asymmetric PCR on a
miniaturized thermocycler (miniPCR, Amplyus), we used the following
cycling conditions: 25°C for 10 min and 94°C for 4 min; 35 cycles of
30 s at 94°C, 30 s at 56°C, and 30 s at 72°C; and an extension step of
10 min at 72°C. With a benchtop thermocycler (MasterCycler, Eppendorf),
the reaction conditions were 25°C for 10 min and 94°C for 4 min;
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35 cycles of 5 s at 94°C, 15 s at 56°C, and 15 s at 72°C; and a final 10 min
at 72°C. The PCR solution (20 pl) was mixed with an all-in-one PAD
mix composed of a detection key (200 nM) and a reporter that was pre-
formed with a template (75 nM), a primer (75 nM), and FAM-labeled
DNA (62.5 nM) at room temperature for 15 min, making a total volume
of 40 pl in 20 mM tris-HCI (pH 8.3), 20 mM KCl, 5 mM (NH,),SO,,
and 4 mM MgCl.

UDG-mediated control of carryover contamination

To mimic the carryover contamination, we spiked dUTP-containing
amplification products (carryover contaminants) into new reaction
samples. The copy number of carryover contaminants was ~10”; a
single aerosol after PCR typically contains as many as 10° amplification
products (26). The dUTP-containing amplicons were prepared following
the same procedures outlined above except that equal amounts of limiting
and excess primers were used. The obtained amplicons were purified
using the Zymoclean Gel DNA Recovery Kit (Zymo Research) and
quantified by measuring the absorbance at 260 nm with NanoDrop
1000 (Thermo Scientific). The copy number was estimated on the basis
of the conversion factor (26 kD per amplicon).

Clinical samples

This study was approved by the Partners Institutional Review Board.
Excess and discarded samples were collected from nine subjects with
clinical suspicion for infected bodily fluid or abscess and referred for drain-
age. Specimens were collected using routine image-guided approaches
by Massachusetts General Hospital Interventional Radiology physi-
cians and analyzed blindly using the PAD assay. Specimens (500 pl)
were mixed with 1.5 ml of TRIzol LS (Life Technologies) which is more
concentrated than TRIzol, and the same RNA extraction procedure was
applied as in pure bacterial cultures.

Electrophoretic band-shift experiment

Solution containing 100 or 200 nM detection key, PCR products, and
12.5 U of Taq DNA polymerase (New England Biolabs) in 20 mM tris-
HCI (pH 8.3), 20 mM KCl, 5 mM (NH,4),SO,, and 4 mM MgCl, was
incubated at room temperature for 20 min. The solution was mixed
with 6x loading buffer and subjected to electrophoresis on a 20% poly-
acrylamide gel (Life Technologies). The analysis was carried out in 1x
TBE (100 mM tris, 90 mM borate, 1 mM EDTA) at 150 V for 160 min
at 4°C. After GelRed (Biotium) staining, gels were scanned using an
ultraviolet transilluminator. DNA polymerase was neither fluorescent
nor stained by the dye (27).

Quantitative real-time PCR

The cDNA derived from in vitro cultured bacteria or clinical samples
was mixed with 1x PowerUp SYBR Green Master Mix (Life Technol-
ogies) and 0.4 uM specific primers used in the PAD assay. Thermal
cycling was then carried out on the 7500 Fast Real-Time PCR system
(Life Technologies) with the following conditions: UDG activation
(50°C, 2 min), initiation (95°C, 2 min); 40 cycles of denaturation (95°C,
5 s); annealing (56°C, 15 s); extension (72°C, 30 s). The 7500 Fast
software automatically calculates the C; value, which represents the first
PCR cycle at which the fluorescence signal exceeds the signal of a given
uniform threshold. No-template control (NTC) remained undetected,
not crossing the established threshold for 40 cycles, and was arbitrarily
given a C, value of 41. The AC, was generated by subtracting the C,
value of the specimen from the C; value of NTC (28).

Park et al. Sci. Adv. 2016;2:e1600300 6 May 2016

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/5/e1600300/DC1

table S1. Target sequences recognized by established detection keys.

table S2. Summary of a set of ARV factors targeted in this study.
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fig. S9. Electrophoretic band-shift assay.
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Abstract: A small and inexpensive thermal cycler (PCR machine), known as the MiniPCR™ Mini8 Thermal
Cycler (Amplyus, Cambridge, MA, USA), was developed. In this study, the performance of this PCR machine
was compared with the GeneAmp® PCR system 9700 (Applied Biosystems) using four autosomal short tandem
repeat (STR) Kkits, a Y-chromosome STR kit, and a mitochondrial DNA HV1/HV2 sequence analysis. The
sensitivity and stochastic effects of the STR multiplex kits and the quality of the DNA sequence analysis were
similar between the two PCR machines. The MiniPCR™ Mini8 Thermal Cycler could be used for analyses
at forensic DNA laboratories and crime scenes. The cost of the PCR is so economical that school laboratories
and individuals could use the machines.

2 o FH2 &l S0l ArE A7} Aol MEARY SolA ARgol Thssi, thE ARl )
S0 Blal] 714 o] 1/100]8k2 A g ate] 7t ARE-E 4= 9l& MiniPCR™ mini8 Thermal Cycler (Amplyus,
Cambridge, MA, USA)7} /I =1tk B A4 DNAZA o dukad o2 AR E T ] 71/ E579] 4
A STR 5% 71EE3} & 79 Y 944 STR $371E, 223 v]EF =2l DNA HVI/HV2
o A7/ E EE S AFE3F] MiniPCR™ mini8 Thermal Cycler2] 435S Applied BiosystemsA+<]
GeneAmp® PCR system 97009} |3} tt. STR UES-E7|E 7|EES] Wtws} $F E48 J=E ¥
wF A3 7 PCR AR]oA & 2ozt gIleH, vlEE =0} DNA HVI/HV2S 97148 &4 d3e
534tk MiniPCR™ mini8 Thermal Cycler= DNA 7H4] AgAe E2o]|7 7}40] A &Es) kel 7)
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Key words: MiniPCR™ mini8 Thermal Cycler, GeneAmp® PCR system 9700, performance, STR multiplex
kits, mtDNA HVI1/HV2
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Fig. 1. MiniPCR™ mini8 Thermal Cycler (source: http:/www.
minipcr.com)
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Identifiler amplification kit (13} ID), AmpFI/STR Iden-
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PCR amplification kit(Applied Biosystems, Foster City,
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Table 1. Constitution of PCR mixtures and PCR protocols for STR Multiplex kits

ID? ID plus® GF*¢ Fusion® Y23°¢
Master mix 6.3 8 7.5 5 5
Primer Set 1.8 4 2.5 5 2.5
Reagents Tag gold 0.3 - - _ _
(uL) D.W. 4.6 6 13 13 15.5
Target DNA 2 2 2 2 2
Total Volume 15 20 25 25 25
Initial step 95 °C (11 min)  95°C (11 min) 95 °C (1 min) 96 °C (1 min) 9 5°C (2 min)
PCR Denaturation 94 °C (1 min) 94 °C (20 sec) 94 °C (10 sec) 94 °C (10 sec) 94 °C (10 sec)
Annealing 59 °C (1 min) . 59 (1 min) 61 °C (1 min)
Protocol 59°C (3 59°C (90
FOROOT Extension 72 °C (1 min) (3 min) ©O0se0) 25 30 sec) 72 °C (30 sec)
Final 60 °C (60 min) 60 °C (10 min) 60 °C (10 min) 60 °C (10 min) 60 °C (20 min)

AAmpF/STR Identifiler amplification, "AmpFISTR Identifiler Plus amplification, ‘GlobalFiler™ PCR, “PowerPlex® Fusion system amplifica-

tion, “PowerPlex®Y23 system
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Fig. 2. PCR product (A) and plot of PowerPlex Fusion system(B) amplified by MiniPCR and 9700.
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Fig. 3. Comparison of peak heights with regard to six STR multiplex kits using MiniPCR and 9700.
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Successful amplification of DNA aboard the International

Space Station
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As the range and duration of human ventures into space increase, it becomes imperative that we understand the effects of the
cosmic environment on astronaut health. Molecular technologies now widely used in research and medicine will need to become
available in space to ensure appropriate care of astronauts. The polymerase chain reaction (PCR) is the gold standard for DNA

analysis, yet its potential for use on-orbit remains under-explored. We describe DNA amplification aboard the International Space
Station (ISS) through the use of a miniaturized miniPCR system. Target sequences in plasmid, zebrafish genomic DNA, and bisulfite-
treated DNA were successfully amplified under a variety of conditions. Methylation-specific primers differentially amplified bisulfite-
treated samples as would be expected under standard laboratory conditions. Our findings establish proof of concept for targeted
detection of DNA sequences during spaceflight and lay a foundation for future uses ranging from environmental monitoring to on-

orbit diagnostics.
npj Microgravity (2017)3:26; doi:10.1038/s41526-017-0033-9

INTRODUCTION

On Earth, human health is continually improved by the use of
molecular diagnostic techniques, however, these technologies
remain largely untested in space conditions. It is well established
that exposure to microgravity can result in profound impacts to
the human body. For example, the human immune system’s
function is impacted in space, and may result in a decreased
response to extracellular pathogens and an altered autoimmune
response.'? In order to preserve the health of astronauts during
long-duration space missions, it will be important to rapidly detect
molecular changes such as alterations in gene expression and
epigenetic modifications. The polymerase chain reaction (PCR), a
method to amplify DNA is routinely used on Earth to detect
changes in DNA and gene expression and to diagnose infections
among other applications.®> In this investigation, we sought to
determine the conditions under which PCR can be carried out in
microgravity to enable DNA analysis and to establish the basis for
a PCR-based assay to monitor crewmember health during long-
term missions. This student-led investigation resulted from the
winning proposal of the first Genes in Space Competition.*

RESULTS AND DISCUSSION

To test hardware performance and its capacity to amplify DNA
under a variety of conditions in space, we conducted four runs in
the miniPCR thermal cycler. The first “dry run” experiment,
without biological samples, confirmed that the temperature
profiles during thermal cycling were comparable to those
obtained on Earth (Supplementary Fig. 1). The second and third
experiments were used to determine the baseline conditions for

efficient DNA amplification, and the fourth experiment attempted
to detect changes in DNA methylation patterns in genomic DNA.
For each experiment duplicate reactions were prepared, stored
under similar conditions, and amplified on Earth in parallel with
those in the International Space Station (ISS).

The first experiment with a biological sample attempted to
amplify plasmid DNA, as it provides a high-quality, low-complexity
template that yields robust amplification on Earth. We conducted
extensive stability studies of complete reactions on Earth and
determined that reactions were viable after prolonged storage
periods of at least 3 months (Fig. 1a), more than the time expected
to lapse between sample preparation on Earth and operations at
the ISS. “Complete” reactions, including template DNA, primers,
polymerase, deoxynucleotides and reaction buffer were prepared
on Earth and launched frozen on an ISS National Lab mission to
the 1S5* (Fig. 1b). Aboard the ISS, the miniPCR device was
connected to the onboard computer in the maintenance work
area (MWA) for the duration of the experiment and then stowed
away for later use (Fig. 1c). To determine whether optimal
conditions for PCR amplification differed in the ISS environment,
we varied several experimental parameters. Changes in fluid
dynamics such as reduced convection, and changes in surface
tension in the 1SS>® might impact heat transfer throughout
samples and liquid distribution in the reaction vessels, potentially
impacting amplification efficiency due to incomplete DNA
denaturation, poor primer annealing, or reduced polymerase
efficiency. To determine whether the altered fluid dynamics would
impact DNA amplification, we prepared reactions in total volumes
of 12.5, 25, and 50 pl, which span the range of volumes typically
used in laboratories. We also varied the amount of template DNA
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Fig. 1 a Long-term stability studies. Complete reactions using Hot Start Tag (NEB) were prepared at the same time and stored at —80, —20, or
4°C for either 6 or 12 weeks as indicated. Samples were then thawed or removed from the fridge, amplified using PCR and run on a 1.5%
agarose gel. ntc: no template control. First and last lanes contain 0.25 pg 100 bp ladder (NEB). b Prepared eight-tube PCR strips were stored
inside two zip bags, sealed with Kapton® tape and frozen. The samples remained frozen through all transportation steps until operations on
the ISS. ¢ Maintenance work area (MWA) on the ISS showing the miniPCR device connected to a laptop computer for programming and
monitoring of experiments. Astronaut Tim Peake programmed and operated the miniPCR device
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Fig.2 Samples were returned to Earth frozen and run on a 2% agarose gel. a Top: All samples with plasmid DNA were successfully amplified
on ISS regardless of sample volume or amount of template DNA. Bottom arrow indicates expected amplicon size. Top arrow indicates input
DNA visible in samples with 10 nanograms starting DNA. Bottom: Samples derive from the same experiment and were processed in parallel to
run on the gel. Photograph of tubes corresponding to samples in the gel, showing the different reaction volumes. b Top: Experimental
overview: Danio rerio embryos were harvested at 0 h and 6 h post fertilization (hpf) and genomic DNA was purified. DNA for each timepoint
was divided and either left untreated or treated with sodium bisulfite. PCR was performed on untreated (unconv) DNA in lanes 2 and 3 or
bisulfite-treated DNA in lanes 4 through 8. CM: primers specific to sequences that were methylated. CU: primers specific to sequences that
were not methylated. DNA in lanes 2 and 3 was amplified with CU primers. Lane 1 contains 0.25 pg 100 bp ladder (NEB). Samples derive from
the same experiment and were processed in parallel to run on the gel

between 0.1 and 10ng, and utilized two different DNA For example, such an assay could aid in the detection of immune

polymerases, Tag polymerase and Q5° polymerase. We found
that DNA amplification in the ISS was successful under all
experimental conditions tested (Fig. 2a), indicating that PCR can
be conducted aboard the ISS without modification of standard
protocols. Since the Genes in Space-1 studies were performed,
two other independent efforts, NASA WetlLab-2 and Water
Monitoring Suite, have also amplified DNA aboard the ISS
(unpublished).

It is becoming increasingly clear that altered epigenetic profiles
can lead to a variety of disorders, and that spaceflight produces
measurable changes to the epigenome.”® An assay to evaluate
epigenetic changes such as DNA methylation during spaceflight
would aid our understanding of the effects of spaceflight on the
epigenome and would allow monitoring of crewmembers’ health.

npj Microgravity (2017) 26

system alterations that may to lead to increased susceptibility to
autoimmune disease, allergies, and other diseases in space.”'® The
standard method used to evaluate the methylation profile of DNA
is bisulfite conversion."" During bisulfite treatment unmethylated
cytosines are converted to uracil through deamination, while
methylated cytosines are protected from the conversion. These
resulting alterations can be revealed using primers specific to
converted or non-converted sequences.'?> We sought to deter-
mine whether such epigenetic changes could be detected using
PCR technology on the ISS through the use of methylation-specific
primers. We used zebrafish embryos as an experimental system
because its methylation patterns have been studied in detail at a
genome-wide level."”® We selected to study the promoters of
Hoxb3a, a developmental gene, and Interleukin 4 (IL4), an immune
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gene, as the methylation patterns for these genes have been
shown to change in embryos between 0 and 6 h post-fertilization.
DNA for each time point was prepared, divided and either left
untreated or treated with sodium bisulfite. Complete amplification
reactions to detect converted and non-converted DNA were
prepared on Earth and sent frozen to ISS. PCR performed on
untreated DNA (Fig. 2b, lanes 2 and 3) resulted in robust
amplification of /L4 and Hox in space samples and ground
controls. At 6 hpf IL4 space-amplified samples with primers
specific to sequences that were methylated (Fig. 2b, top gel, lane
5) amplified more robustly than samples with primers specific to
sequences that were not methylated (Fig. 2b, top gel, lane 4).
These results mirror the ones from samples amplified on Earth
(Fig. 2b, bottom gel, lanes 4 and 5), suggesting that methylation-
specific PCR can be conducted in space without modifications.
Reactions targeting the Hox promoter that contained bisulfite-
treated DNA resulted in poor amplification in both space samples
and ground controls (Fig. 2b, lanes 6-9), likely due to the
increased fragility of bisulfite-treated DNA.'

Taken together, our experiments reveal that PCR can be
robustly carried out in a microgravity environment without
adaptations to the hardware, consumables, or reagents, opening
the door to DNA analysis in space. Additionally, we found that
differences in DNA methylation are detectable in this microgravity
environment. Furthering our ability to evaluate molecular changes
in space is essential to both our understanding of the effects of
spaceflight on the human body and the maintenance of astronaut
health to enable long-term missions. Recent reports of DNA
sequencing aboard the ISS using samples prepared on Earth,'” in
combination with the successful on-orbit DNA amplification
reported in this article, suggest that a complete sample-to-
sequence DNA analysis workflow in space will be plausible in the
near future.

MATERIALS AND METHODS
Equipment and consumables used for PCR
The mini8 miniPCR is manufactured by miniPCR (www.minipcr.com). The

0.2 ml PCR tubes were purchased from Eppendorf (Cat. No. 0030124359)
and consist of 8-tube strips with hinged lids.

Long-term stability studies

“Complete” reactions containing 25 ul Q5°® Hot Start High-Fidelity 2X
Master Mix (NEB M0494), 5 ul primer mix (5 pM each), 19 pl water and 1 pl
0.1 ng/pl pUC19 (see below) were stored at the indicated temperatures for
6 or 12 weeks. pUC19 was replaced for water in no template controls.
Samples were then thawed and immediately amplified. Two sets of
primers, B and C, were tested (primer sequences in Supplementary
Methods). Primer set B was selected for experiments conducted in ISS and
ground controls. pUC19 was obtained in purified form from New England
Biolabs (N3041). pUC19 is isolated from E. coli ER2272 (dam™ dcm™ EcoK
M") by a standard plasmid purification procedure. Amplification conditions
for long-term stability studies were as following: 98°C/30s [98°C/15s,
64 °C/15s, 72 °C/60 s]1x30, 72 °C/5 min.

Space plasmid amplification

For space samples, complete reactions were prepared as described above
and placed in 0.2 ml PCR tubes in 12.5, 25, and 50 pl aliquots as indicated.
Samples were kept frozen until operations aboard the ISS. Amplification
conditions for space samples and ground controls were as following: 95 °C/
305 [95°C/15s, 50°C/15's, 68 °C/60 s]x30, 68 °C/5 min.

DNA purification from Danio rerio embryos

Zebrafish lines were maintained in accordance with AAALAC research
guidelines, under a protocol approved by Yale University IACUC. Embryos
were obtained from natural crosses of TU-AB and TLF strains, with mating
pairs selected from random pools of wild-type females and males.
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DNA was extracted from embryos using previously described nuclei
isolation protocols.” In brief, embryos were first chemically dechorionated
(Pronase 1 mg/ml) and allowed to develop till the desired stage. Batches of
embryos were disrupted in 1 ml lysis buffer (10 mM Tris-Cl [pH 8.0], 10 mM
NaCl, 0.5% NP-40) using a 20G needle. Nuclei were collected by
centrifugation at 3500xg for 5min at 4°C. Unless otherwise noted, 500
and 100 embryos were used for 0 hpf and 6 hpf, respectively. Nuclei were
resuspended in 1 ml nuclei lysis buffer (50 mM Tris-Cl [pH 8.0], 10 mM
EDTA, 1% SDS) with 1 ul of RNase Cocktail (100 mg/ml, QIAGEN) and 10 pl
Proteinase K Solution (Invitrogen). Following a 10-minute incubation at 55 °
C, equal volume phenol:chloroform (Invitrogen) was added and samples
centrifuged at 4°C for 30 min at 14,000 rpm. The aqueous phase was
collected and transferred to a new microcentrifuge tube. To further reduce
the large maternal messenger RNA contribution, 1 pl of RNase Cocktail was
added and samples incubated for at least 3 h at 37 °C. A second phenol:
chloroform extraction was performed as detailed above and DNA
precipitated by adding 1.2 volume of isopropanol and 1/10 volume 3 M
sodium acetate at —80 °C for one hour. Samples were centrifuged at 4 °C
for 30 min at 14,000 rpm and the supernatant discarded. Afterwards, the
DNA pellet was twice washed in 70% ethanol and spun at 14,000 rpm for
15 min at 4°C. The DNA pellet air dried for 10 min at room temperature
and was resuspended in nuclease-free water.

Bisulfite treatment

Sodium bisulfite treatment was performed using the EZ DNA methylation
lightning reagents (Zymo) according to the manufacturers recommenda-
tions. Briefly, 500 ng of DNA was denatured and converted by incubating
at 98 °C for 8 min followed by a 54 °C, 60 min step using the conversion
reagent. Desulphonation and cleanup of converted DNA was performed
using a DNA-binding spin column. Converted DNA was eluted in 10 pl of
nuclease-free water.

Methylation-specific PCR of Danio rerio genomic DNA

“Complete” reactions containing 12.5 ul Q5® dU Bypass Master Mix (2x)
(NEB M0598), 5 pl primer mix (5 uM each), 6.5 pl water and 1 pl genomic
DNA. Samples were kept frozen until operations aboard the ISS.
Amplification conditions for space samples and ground controls were as
following: 94°C/60's [94 °C/10's, 63 °C/30's, 72 °C/30 s]x35, 72 °C/2 min.

Sample preparation and ISS operations

The Genes in Space-1 samples flew to the ISS on a Space X Dragon vehicle
mated to a Falcon rocket. The samples were prepared on the ground and
then delivered frozen to the Kennedy Space Center (KSC) as “Late Load.”
Samples were kept frozen during transit using —20 °C phase change cold
packs (Cryopak) and were delivered to KSC approximately 3 days before
launch where they were kept in the POLAR freezer on the Dragon vehicle
with a set point of —35 °C. At ISS samples were placed in the MELFI freezer
at —95°C and stored until the miniPCR run would take place.

During operations, ISS crew removed the sample from the freezer and
allowed 5 min for it to thaw before placing in the miniPCR. Parameters for
thermal cycling were programmed by crew through the onboard
computer and uploaded to the miniPCR via a USB cable. After upload
the operations continued unattended. When the run was complete, the
miniPCR data from the run was saved and all power was removed. After 30
min to allow for cool down, the sample was removed from the miniPCR
and placed back into an ISS freezer (GLACIER), where it stayed until loaded
back into a Space X Dragon for return. Samples were returned in an
unpowered coldbag that was held at +4°C via coldbricks. Upon splash-
down, the vehicle was unloaded and the samples were put into a freezer
for return to the Johnson Space Center, then turned over to the Boeing
team and packaged in Fedex cold storage shipper (ice packs) for return to
miniPCR for final analysis.

Data availability

All data generated or analyzed during this study are included in this
published article (and its supplementary information files).
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