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Emerging and re-emerging infectious diseases have given
rise to a large number of human infections, morbidity, and
heavy economic burden, including the Middle East re-
spiratory syndrome caused by a coronavirus in 2012, global
influenza pandemic caused by the H7N9 influenza Avirus in
2013, Ebola epidemic in West Africa in 2014, and Lassa
fever epidemic in Nigeria in 2019. The healthcare war
against viruses deserves constant surveillance due to the
continuous emergence of new viruses and rapid evolution of
existing viruses (Liu and Liu, 2017).
Rapid identification of the causative agents of infectious

diseases and access to their genomes are essential for es-
tablishing therapeutic and preventive measures. In addition,
obtaining a high-quality genome sequence is essential for the
analyses of phylogeny and genetic variation. Traditionally,
pathogen identification and further research have utilized
Sanger sequencing technology and/or next-generation se-
quencing technology (dominantly with Illumina® platforms),
such as the phylogenetic analysis of H7N9 influenza virus
isolated from patients in Guangzhou (Deng et al., 2017),
which typically include amplification of target nucleic acids
by PCR. While next-generation sequencing technology has
been extensively used in pathogen identification, the short

read lengths and GC bias (Pop and Salzberg, 2008) have
limited its performance in subsequent genome assembly,
annotation, and other bioinformatics analyses.
Third-generation sequencing (TGS) technology, including

the Oxford Nanopore Technologies (ONT) platform and the
Pacific Biosciences platform, have been widely applied in
animal, plant, bacterial, and viral samples for the study of
genome assembly, analysis of epigenetic markers, in tran-
scriptomics, and in metagenomics (Mondal et al., 2018; Shin
et al., 2018; Keller et al., 2018). Compared to Pacific Bios-
ciences (PacBio) platforms, Oxford Nanopore platforms
produce longer reads (as long as 2 Mb in length) and are
handier, more affordable, and applicable in real-time detec-
tion of samples in epidemic areas with relatively poor sani-
tary conditions. Considering these advantages, the Oxford
Nanopore platforms are much better suited for on-site se-
quencing and genetic analysis of epidemics.
The Nanopore sequencing platforms sequence DNA or

RNA in one run. Nanopore DNA sequencing technology was
developed first, with lower error rates (the per-nucleotide
error rate is ~5%–15% (Luo et al., 2019)) and higher
throughput than direct Nanopore RNA sequencing (the per-
nucleotide error rate is approximately 17.02% (Harel et al.,
2019)). During the Ebola outbreak in Guinea, Quick et al.
designed an entire sequencing system based on the MinION
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platform of the ONT Company, which could be accom-
modated in a single ordinary test bed, for real-time genome
monitoring of the epidemic (Quick et al., 2016). Even in an
environment with resource-limited areas, it can produce re-
sults in 24 h or less, after receiving a positive Ebola sample,
and the sequencing process takes only 15–60 min, providing
a good example for epidemic surveillance. Both Illumina and
Nanopore platforms were used in this study, and it was a
preliminary demonstration of the broad application prospects
of Nanopore platforms in epidemic research.
Another representative application of Nanopore was in the

recent Lassa fever epidemic. Since January 2019, 327 cases
(324 confirmed and three suspected) and 72 deaths from
Lassa fever (caused by the Lassa fever virus, LASV) have
been reported in just 40 days from 20 states and federal
capital districts of Nigeria. Kafetzopoulou et al. used the
MinION platform to sequence 120 LASV-positive samples,
including plasma, breast milk, and cerebrospinal fluid (Ka-
fetzopoulou et al., 2019). The sequencing results obtained by
the MinION platform showed LASV to have a higher pro-
portion of reads in each sequencing sample, with a maximum
of 42.9% and an average frequency of 4.26%. The higher
virus content allowed them to assemble enough genome
sequences (>70%), making phylogenetic analysis of geno-
mic fragments possible. Phylogenetic analysis of all recent
LASV sequences, including the unpublished sequences from
previous years and virus sequences available in GenBank,
revealed diversification and correlation with the early strains
of LASV. Use of the MinION platform in this epidemic al-
lowed quick understanding of the same. Subsequently, the
results of phylogenetic analysis were transmitted to Nigerian
authorities and the World Health Organization, which alle-
viated public panic regarding human-to-human transmission
in a short period of time.
In the above studies, the MinION platform was mostly

used for sequencing DNA or reverse transcripted cDNA.
Recently, the Nanopore sequencing technology has been
found to also allow direct RNA sequencing without the need
for reverse transcription or PCR amplification, which en-
ables the study of viral genome in its original state (Garalde
et al., 2018). Since the description of direct RNA sequencing
method, it has been used in the study of genomes of influenza
virus, coronaviruses, and many more (Keller et al., 2018;
Viehweger et al., 2018). Keller et al. modified the direct
RNA sequencing technology of MinION platform, replacing
the oligo T sequence in the adaptor with a universal primer
for influenza virus to enrich it in the samples (Keller et al.,
2018). Sequencing experiments successfully obtained an
influenza viral genome with genome coverage of 100% and a
sequencing depth of 1,377 to 5,161. The successful practice
of enriching target sequences, using genomic features to
design linker sequences, provides a reference for the study of
other viruses. Recently, Wongsurawat et al. have used a

mixture of negative and positive single-stranded (ss) RNA
viruses as an example, including Mayaro virus, Chikungunya
virus, and Zika virus, to complete the sequencing of multiple
ssRNA viruses in a single reaction (Wongsurawat et al.,
2019). In this study, the researchers obtained sequences of
the same length as reference genomes, with identity up to
97%. Results of this laboratory test demonstrated the pos-
sibility of applying direct RNA sequencing to detect viruses
during epidemics.
Nanopore sequencing technology is used as an emerging

and promising technology for viral transcriptomes, structural
variation, and genome re-sequencing studies (Depledge et
al., 2019; Gallagher et al., 2018). Due to the limitation of
read length in the sequencing technology, full-length genome
of the virus cannot be included in one read. Hence, quasi-
species are often used as research units to study viral phy-
logeny and genetic variation. Virus quasi-species generally
refer to highly correlated, yet not identical, and extremely
large dynamic population. Therefore, use of a consensus
sequence to represent all information of a quasi-species is
inaccurate. Although the Oxford Nanopore platforms have
the potential, they are not ready for the genome study of
different individuals in a virus population owing to their poor
single-base accuracy.
At present, single-base accuracy of the Nanopore se-

quencer is approximately 85% (Cretu Stancu et al., 2017),
and accuracy of the corrected consensus sequence is 97%
(Jain et al., 2018). For organisms such as animals or plants
with large genomes and relatively low variability, increasing
sequencing depth can reduce the impact of error rates on the
results of the study. However, impact of high error rate on
viruses, which have small genomes with high mutation rates,
is not negligible, and this limits the use of Nanopore tech-
nology in virus research. Oxford Nanopore Technologies
Limited and many other researchers have been working to
improve the accuracy of sequencing results using the Na-
nopore equipment, reagents, and subsequent analytical al-
gorithms.
It is foreseeable that on-site detection and diagnosis of

emerging and re-emerging infectious diseases, based on
Nanopore sequencing technology, will be a general trend in
the future. However, there are still some issues that need to
be addressed. First, since the samples are collected and de-
tected on site, the proportion of pathogens tends to be low in
the samples. Compared to the NGS platform, Minion se-
quencing has a greater impact on the pathogen content in the
sample because there is no bridge PCR amplification pro-
cess. At the same time, more host information will also affect
subsequent bioinformatics analysis. Therefore, a method for
targeted enrichment of gene sequences is required from the
aspect of sample processing, gene extraction, and genomic
library construction. In addition to the proportion of patho-
gens, higher sequencing error rates also make it difficult to
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use MinION platform, especially direct RNA sequencing
platform) to detect unknown pathogens. While efforts have
been made to upgrade the Nanopore technology, new algo-
rithms are still required to address the error rate of the Na-
nopore sequencing platforms from base calling and
subsequent polish, assembly, and other aspects. With con-
tinuous improvement of sequencing quality and read length
of the Nanopore sequencing platforms, it will be increasingly
useful in the treatment of epidemics in the future.
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