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On-Site MinION Sequencing

Lucky R. Runtuwene, Josef S. B. Tuda, Arthur E. Mongan,
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Abstract DNA sequencing has reached an unprecedented level with the advent of
Oxford Nanopore Technologies’ MinlON. The low equipment investment, ease of
library preparation, small size, and powered only by a laptop computer enable the
portability for on-site sequencing. MinION has had its role in clinical, biosecurity,
and environmental fields. Here, we describe the many facets of on-site sequencing
with MinION. First, we will present some field works using MinION. We will dis-
cuss the requirements for targeted or whole genome sequencing and the challenges
faced by each technique. We will also elaborate the bioinformatics procedures avail-
able for data analysis in the field. MinION has greatly changed the way we do
sequencing by bringing the sequencer closer to the biodiversity. Although numerous
limitations exist for MinION to be truly portable, improvements of procedures and
equipment will enhance MinION’s role in the field.

The arrival of MinION, a portable long read DNA sequencer, has changed many
aspects of DNA sequencing. The low overhead cost, ease of library preparation,
small size, and use of a USB port of a laptop computer as its power supply have
placed DNA sequencing at the frontier of research in the field. Researchers now
have the freedom to perform DNA sequencing in the field where they collect sam-
ples. MinION has proven to be very beneficial in the clinical, biosecurity, and envi-
ronmental fields (Hardegen et al. 2018).

Since its availability on the market through the MinlON Access Program
(MAP) in 2015, MinION has significantly evolved. From the first iteration that
produced only up to 1 GB of data, the most recent flow cell is able to produce up
to10-20 GB of data. The accuracy of MinION has improved dramatically from
65 to 88% (Lu et al. 2016) to greater than 90% (Oxford Nanopore Technologies
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2017). Many options are available in proprietary kits, ranging from a PCR-free
quick preparation to high-accuracy PCR-based kits. Special purposes Kkits are
also available, e.g., barcoding, low input, and ultralow input. Furthermore, many
aspects of DNA sequencing have also been simplified with the prospective
release of equipment, such as Zumbador (simplifying DNA extraction and
library preparation), Voltrax (simplifying library preparation), MinIT (a porta-
ble CPU to substitute the whole laptop), and even further miniaturization of
MinlION itself through sequencing on a smartphone.

The MinION principle relies on the recognition of an electrical current distur-
bance in a nanopore protein. When a strand of DNA is inside the nanopore, the
nucleotides induce a change in the basal electrical current. This electric current
disturbance pattern is specific to kmers and is recognized by sensors and translated
into a sequence of nucleotides by an algorithm. The exclusion of lasers and fluores-
cence, which are commonly used in traditional and high-throughput DNA sequenc-
ers, permits the sequencing technology to be portable and energy efficient.
Base-calling can be performed on-the-go or after sequencing. An online connection
is also optional; thus, sequencing can occur in seclusion.

One of the most powerful aspects of MinION is the ability to sample biodiversity
that is not easily sampled or requires an unmanageable amount of time. Many of the
planet’s biological resources are locked in the countries inaccessible to DNA
sequencers. Consequently, instead of taking the sample to a laboratory, a group of
researchers decided to take DNA sequencing to a remote rainforest of Tanzania
(Menegon et al. 2017). These researchers successfully identified a frog species
based on its DNA barcode, i.e., the small subunit of ribosomal RNA (16s rRNA).
Despite the high error rate of the first generation of flow cell, a generation of con-
sensus sequence exhibited 97% similarity to the reference genome of the frog.
Another group of researchers conducted on-site sequencing in the Ecuadorian
Choco rainforest to sequence the DNA barcodes of a toad and three species of
snakes (Pomerantz et al. 2018), two of which were previously undescribed. These
researchers appreciated how mobile laboratories and portable sequencing can accel-
erate species identification in remote areas. Extreme conditions also complicate the
transport of samples to a laboratory, e.g., in the Canadian high Arctic. In this setting,
MinION has been utilized to identify microorganisms through 16s rRNA sequenc-
ing. These researchers were able to identify bacteria, archaea, and eukaryotes in the
permafrost layer (Goordial et al. 2017). Despite the high error rate, the results were
still comparable to Illumina sequencing. The region resembles the planet Mars and
acts as a test area should the need to identify Martian microorganisms arise.
Similarly, DNA sequencing has been performed in space at the International Space
Station (ISS) (Castro-Wallace et al. 2017). Here, three types of DNA from E. coli
K-12, bacteria phage, and BALB/C mice were sequenced over four MinION runs,
and the results did not differ between the space and Earth, suggesting MinION
makes sequencing in extreme environments possible.

The advantage of MinlON’s low overhead cost is welcomed by a group of
researchers working with metagenomics in waste sludge (Hardegen et al. 2018).
Sequencing is rarely used for this purpose partially due to the required investment.
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Here, MinION has aided in the analysis of real-time changes in microorganisms in
the biomass industry, increasing the efficiency of the production process. MinION
has been implemented in food security by identifying begomoviruses causing cas-
sava mosaic disease (Boykin et al. 2018), further protecting the loss of productivity
for 800 million people worldwide. The researchers performed the experiments in
Tanzania, Uganda and Kenya, and all of these location lack sequencing facilities.
The benefit of real-time analysis allowed the identification of begomoviruses as
early as 11 s after sequencing. MinION has been applied for genomic surveillance,
e.g., yellow fever outbreak in Brazil. By sequencing 52 whole genome sequences of
yellow fever virus (YFV), the researchers identified an early case of sylvatic trans-
mission. Seventy percent of the new sequences were generated using MinlON
(N. Faria et al. 2018), further demonstrating MinION’s ability to complement and
potentially replace established techniques.

When working on-site to identify the causative agent of a disease, researchers are
puzzled by the available methods to enrich pathogenic nucleic acids. Several meth-
ods might be employed in this setting. Direct metagenomics sequencing is prefera-
ble when the causative agent is not known. However, this method has a direct
correlation with the concentration of pathogens in the sample (Houldcroft et al.
2017). A project in Brazil to improve the molecular surveillance and sequencing of
Zika virus (ZIKV) reported that direct metagenomics is difficult to perform with
MinION when the viral concentration in the sample is low (N. R. Faria et al. 2016).
The sequencing projects were performed in a mobile laboratory across five federal
states in Northern region of Brazil. A total of 1349 samples were tested in 16 days
during this field trip. Due to the low virus concentration, the genomes generated
were fragmented and exhibit less than 50% coverage. A low sample concentration
must undergo repeated sequencing using several flow cells to reach the adequate
depth, which is not feasible in the field where resources are limited. To overcome
this problem, a PCR-amplified tiling sequencing has been developed specifically for
ZIKV (Quick et al. 2017). This technique requires segmental amplification using
multiple sets of primers to amplify the entire genome of a virus. This methodology
can be applied to samples containing as few as 50 genome copies per reaction, and
the result are available 1-2 days following clinical sample acquisition. This tech-
nique can also be applied in other virus genomes. For example, the same technique
was employed in the Ebola outbreak in Africa on 2016. MinION was used to
sequence the entire genome of 146 EBOV samples (Quick et al. 2016). Using
reverse transcription and tiling amplification with PCR, the fastest confirmation of
EBOV infection was attainable within 1 h. Further, by combining the results
obtained in the field with a database, the rate of EBOV mutation is determined.
Again, successful detection depends on the viral titer. While this technique is fea-
sible for small-genome viruses, sequencing viruses with 20-50-kB genomes using
this technique is impractical due to the number of primers needed. The third tech-
nique commonly used to enrich viral genomes is oligonucleotide hybridization.
Specific or degenerate probes bound to a solid phase (e.g., streptavidin bead) bind
to the virus nucleic acids and are pulled down. The captured virus is subsequently
adapter ligated and low-cycle amplified prior to sequencing. However, this technique
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Fig. 1 Portable PCR

has not been tested in an on-site sequencing context; this technique most consis-
tently yields full genome results in the laboratory.

When full-genome sequencing of a pathogen is not likely, targeted sequencing is
the method of choice. Parts of the genome can be amplified by multiple methods
and subsequently sequenced. The use of this technique offers the advantage of cost-
effectiveness by mixing amplicons together in one sequence run. The mixture can
be either multiple target genes of a sample or multiple samples of the same gene.
Due to the high output of the most recent flow cell, a researcher can sequence up to
96 amplicons and decrease the cost of a sequencing run to $5.2-9.4 per amplicon.
Multiplexing can be achieved by using the proprietary kit (only available in 1D
rapid sequencing mode) or the self-produced barcodes attached to the forward
primer of target gene (for compatibility with 1D*2 sequencing mode). As a proof-
of-concept, we have performed a multiplex sequencing of amplicons of genes
related to drug resistance in Plasmodium falciparum in the field (Runtuwene et al.
2018). DNA was extracted using spin-columns, and the 1D”2 sequencing protocol
for genomic DNA was employed. Amplification was conducted using the mobile
thermal cycler (Fig. 1), which only requires a USB connection to a laptop computer.
The flow cell contained a mixture of 11 amplicons of nine genes, and the sequenc-
ing was run for 48 h. Consensus sequence was created for each amplicon per sam-
ple, yielding an 84.56% accuracy for sequencing. This seemingly low accuracy
despite the use of flow cell R9.4 (i.e., the recent version) is due to the abundance of
AT-rich and homopolymer tracts in the parasite genome. Nonetheless, we deter-
mined the parasites’ drug-resistance status in Manado (Indonesia) (Fig. 2 presents
the remote laboratory where we performed the sequencing), Thailand, and Vietnam
from blood samples that were either frozen or preserved in an FTA card.

An interesting application for the use of MinION to assist in an outbreak is the
development of a system to detect all of the viruses causing hemorrhagic diseases
(Brinkmann et al. 2017). This technique involves targeted sequencing using two
pools of 285 and 256 primer pairs for the identification of 46 virus species. Target
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Fig. 2 MinlION in the
remote laboratory

genes are amplified with PCR. Using clinical specimens, the panel enables charac-
terization of the causative agent within 10 min of sequencing, and a definitive diag-
nosis can be procured in less than 3.5 h.

Currently, the required starting DNA concentration is approximately 1 pg for
1D”2 and 10-100 ng for 1D sequencing. Clinical samples rarely yield high concen-
trations for pathogen sequencing. In the event of the unavailability of a thermal
cycler, PCR can be substituted with isothermal amplifications to enrich the input
DNA. Many techniques ranging from targeted [e.g., loom-amplified isothermal
amplification (LAMP)] to whole genome isothermal amplifications [e.g., multiple
displacement amplification (MDA)] are possible. LAMP relies on a denaturing-
DNA-polymerase, such as Bst polymerase, to amplify a genome segment flanked by
two to three pairs of primers (Notomi et al. 2000). The denaturing nature of the
polymerase (i.e., simultaneously denatures the double strand of DNA and elongates
the primers) allows the LAMP reaction to be run in isothermal conditions, thus
completely eliminating the need for a thermal cycler. Further, LAMP reagents can
be dried to assure their stability upon transportation to the field (Hayashida et al.
2015). Applying the LAMP technique as the amplification method, we performed a
genomic epidemiology study of dengue virus in Indonesia and Vietnam (Yamagishi
etal. 2017). Up to 141 and 80 DENV-positive samples were amplified isothermally
and sequenced with MinI[ON. We were able to determine the infecting virus sero-
type and reported a successful detection rate of 79%. Serotype can also be deter-
mined despite the 74-80% identity. We also developed LAMP combined with
MinION sequencing to detect and differentiate among five species of malaria para-
sites by sequencing 18 s rRNA genes.

One of the main bottlenecks of MinlON’s analysis (and all next-generation
sequencing) is the requirement of a bioinfomatician to handle the magnitude of data
generated. At least a basic knowledge in computer science is necessary to start navi-
gating the information encoded in the output files. MinION’s raw data are provided
in an incomprehensible binary language that first must be converted to human
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readable files. Conversion to such files called FASTQ files is performed through
ONT’s proprietary Metrichor, which has been replaced with Nanonet, Albacore,
Guppy, and Scrappie, which are also from ONT. These software programs identify
DNA sequences directly from raw data and subsequently enhance accuracy. The
output FASTQ file is a set of four lines of readable characters that contains a read
identifier, the read sequences, a plus sign, and its quality. At this point, data analysis
depends on the computer skill of the researcher. Realizing that not all researchers
are adept in computer science, ONT has released their suite software to assist with
analysis using a graphical user interface. This program is accessible through
EPI2MEAgent software and is currently a paid service to the members of the
MinION community. What’s in My Pot (WIMP) is an example of one of these soft-
ware programs that takes the FASTQ file as input and maps sequence fragments to
a database to provide a set of possible answers to the question: “What organisms are
likely be sequenced?” A more specific approach is to map the 16s rRNA amplicon
sequences to the 16 s rRNA database through /6s workflow to know the possible
bacteria genus (sometimes species) in the sequenced sample. These software pro-
grams are helpful for the crude identification of an organism, which is one of the
strongest advantages of applying MinION in the workflow. However, the downside
is that an internet connection is required to execute these cloud-based software pro-
grams. A more experienced researcher in bioinformatics will typically use offline
software in a Linux environment.

Acclimatization to a Linux environment represents the other half of the on-site
sequencing pipeline, especially in the field where it is difficult to access the internet.
Linux provides many open-source software programs for biologists. Using these
software programs, endless possibilities for MinlON analysis are available. A
decent and powerful laptop computer is required for most of these programs.
Mapping software programs (or mappers) are the Swiss army knife in on-site
sequencing. These programs map the input FASTQ files to a set of reference
genomes. Burrows-Wheeler Aligner (BWA) is probably the most well-known map-
per as it has served as a staple in complementing Illumina sequencers since the
dawn of the next-generation sequencing. It is designed to be compatible with short
read sequencing; however, it currently has a MinION-mode to use with MinION’s
long reads and somewhat noisy sequencing. LAST is also another mapper that is
comparable to BWA in terms of processing speed. Minimap is a mapper with supe-
rior speed. The second iteration (Minimap2) is threefold and tenfold faster than
BWA-MEM for mapping >100 bp short reads and >10 kb long reads, respectively
(Li 2018).

Although organism identification is sufficiently achieved using a mapper alone,
different tasks require different software tools. For example, variant detection in
real-time Ebola surveillance in Africa used Nanopolish. The software directly
detects variants using the event-level (‘squiggle’) data generated by the MinION to
evaluate candidate variants found in the aligned reads. However, this technique is
not compatible with non-standard genomes (e.g., P. falciparum) given that
Nanopolish tends to yield false positive results. Noisy MinION sequencing can gain
benefits from consensus sequence generation. When we employed this technique to
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detect the SNPs in genes conferring drug resistance in P. falciparum, it improved
accuracy in the obsolete flow cell R7 and the most recent flow cell R9 to 73.46% and
84.56%, respectively (Runtuwene et al. 2018). Nevertheless, these processes were
not straightforward and required knowledge in programming language.

In summary, on-site sequencing has propelled the advance of genome research.
In this field, MinION has greatly reduced the equipment investment cost, simplified
library preparation, and improved the accessibility to biodiversity. Although numer-
ous limitations prevent the complete adoption of MinION as a true portable device,
accessories currently being developed for MinION. They will simplify everything
from DNA extraction to laptop computers and even the sequencer itself, causing
these devices more portable and cheaper in the foreseeable future.
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