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Abstract

This review provides an in-depth discussion of the development, principles and utility of nanopore sequencing technology
and its diverse applications in the identification of various pulmonary pathogens. We examined the emergence and advance-
ments of nanopore sequencing as a significant player in this field. We illustrate the challenges faced in diagnosing mixed
infections and further scrutinize the use of nanopore sequencing in the identification of single pathogens, including viruses
(with a focus on its use in epidemiology, outbreak investigation, and viral resistance), bacteria (emphasizing 16S targeted
sequencing, rare bacterial lung infections, and antimicrobial resistance studies), fungi (employing internal transcribed spacer
sequencing), tuberculosis, and atypical pathogens. Furthermore, we discuss the role of nanopore sequencing in metagen-
omics and its potential for unbiased detection of all pathogens in a clinical setting, emphasizing its advantages in sequenc-
ing genome repeat areas and structural variant regions. We discuss the limitations in dealing with host DNA removal, the
inherent high error rate of nanopore sequencing technology, along with the complexity of operation and processing, while
acknowledging the possibilities provided by recent technological improvements. We compared nanopore sequencing with
the BioFire system, a rapid molecular diagnostic system based on polymerase chain reaction. Although the BioFire system
serves well for the rapid screening of known and common pathogens, it falls short in the identification of unknown or rare
pathogens and in providing comprehensive genome analysis. As technological advancements continue, it is anticipated that
the role of nanopore sequencing technology in diagnosing and treating lung infections will become increasingly significant.

1 Third-Generation Sequencing 1.1 SMRT Sequencing
and Principles of Nanopore Sequencing

The PacBio SMRT chip contains nano-sized zero-mode
Compared with conventional sequencing, third-generation ~ waveguides, which anchor DNA polymerases (DNAPs) to
sequencing is characterized by it not requiring polymer-  the bottom of the pores. When single-molecule sequenc-
ase chain reaction (PCR) amplification, which prevents ing is performed, the fluorescence signals of the bases
the introduction of amplification bias, and third-generation  inserted during DNA elongation are excited by the laser
sequencing can sequence each DNA molecule individually. ~ emitted from the bottom of the zero-mode waveguides and
Therefore, it is also known as single-molecule sequencing  are then detected [3]. Simultaneously, modified bases are
[1]. The major methods include single-molecule real-time  detected based on the DNAP binding time being longer for
(SMRT) sequencing, developed by Pacific Biosciences of ~ paired deoxynucleoside triphosphates (ANTPs) than that
California, Inc. (PacBio, Menlo Park, USA), and nanopore  for free dNTPs [4]. Therefore, the sequencing read length
sequencing developed by Oxford Nanopore Technologies  is associated with the activity of DNAPs, and the activity
Limited (ONT, Oxford, UK) [2]. of DNAPs is influenced by the duration of laser irradia-

tion. SMRT can achieve ultralong read lengths of up to 20

kb, which is approximately 100 times longer than that of

5 Feng Xu second-generation sequencing, with a run time of several
xufeng99 @zju.edu.cn hours [5]. Therefore, it has a considerable advantage over
1 ' ' . second-generation sequencing for the identification of the
Department of Infectious Diseases, The Second Affiliated loci of disease-causing genes in fields such as oncology and

Hospital, Zhejiang University School of Medicine,

Hangzhou 310009, Zhejiang, China genetics [6, 7]. However, SMRT sequencing still relies on
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Key Points

Nanopore sequencing technology plays a valuable role
in the rapid and accurate detection of pathogens that
are difficult to identify using conventional methods and
the quick detection of antimicrobial resistance, thus
guiding appropriate antimicrobial therapy.

We have also illustrated the scope of the utility of nanop-
ore sequencing in metagenomics and epidemiology.

However, we also acknowledge the limitations of this
technology, including its inherently high error rate and
complexity of data processing.

DNAPs. This process requires waiting for the polymerase
to synthesize a new DNA strand and record all fluorescence
signals before obtaining complete sequencing information;
thus it cannot achieve real-time sequencing. The high cost
and a relatively high single-read error rate of approximately
15% are also important limitations.

1.2 Nanopore Sequencing

Compared with other third-generation sequencing tech-
nologies, a key feature of nanopore sequencing is that it
does not rely on DNAPs during the sequencing process but
directly reads DNA or RNA molecules through nanopores,
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Fig. 1 Principle of nanopore sequencing. Nanopore sequencing tech-
nology is based on the utilization of nanoscale protein pores, referred
to as nanopores, as biosensors embedded within an insulating poly-
mer membrane. By applying a constant voltage across the polymer
membrane, negatively charged single-stranded DNA or RNA mol-
ecules are driven from the negatively charged side (cis) to the posi-
tively charged side (trans) of the membrane. The motor protein pos-
sesses helicase activity that unwinds the double-stranded DNA or
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achieving real-time sequencing in its true sense. Nanopore
sequencing is performed by immersing a biological mem-
brane containing nanopores in an ionic solution, applying
a voltage to both sides of the phospholipid bilayer to gen-
erate an ionic current through the nanopore channels [8],
and then driving the uncoiled single-stranded molecules
to be tested through the nanopores (Fig. 1). For example,
the most commonly used a-hemolysin nanopore chan-
nels with a pore size of 2.6 nm only allow the passage of
single-stranded RNA or DNA. Thus, each polymer, which
is an extended strand, blocks a channel when crossing the
membrane, causing a change in the ionic current level
[9]. Based on the measured changes in the current level,
the information of the bases can be read, and epigenetic
modifications, such as DNA methylation, can be detected
directly [10]. As this process can be performed in real
time, data can be generated and analyzed simultaneously.

However, the identification of DNA passing through
nanopores at ultra-fast speeds is a challenge for the current
detection capabilities of optoelectronic technology, result-
ing in low accuracy of nanopore sequencing [11]. To this
end, many studies have used active and passive methods to
slow the passage of DNA. Among them, some researchers
have used nanopores made of Mycobacterium smegma-
tis porin A (MspA) in combination with phi29 DNAP to
slow down the passage of DNA through nanopores [12],
achieving good changes in ionic current level to read the
DNA sequences.
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DNA-RNA duplex into single strands that pass through the nanopore.
The migration rate of the nucleic acid strands within the nanopore is
also controlled by the motor protein. As the nucleic acid strand trans-
locates through the nanopore, different bases induce different changes
in the electric current. These changes are read by the signal recep-
tor within the nanopore, and subsequent base recognition is accom-
plished via computational algorithms
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The sequencing platform MinION [13], developed by
ONT, could generate 50 GB of data in a 72 h run in 2014,
and the PromethION platform updated in 2015 can generate
up to 7.6 TB of data. Compared with the mainstream Illu-
mina sequencing platform of second-generation sequencing,
which has a run time of more than 16 h and takes 48—72
h from sampling to obtain results, the MinION sequencer
can rapidly detect microorganisms within a few minutes of
starting sequencing, and the entire sequencing process takes
less than 6 h [14]. In addition, MinION is the first handheld
sequencer, with a size similar to that of a cell phone [15],
and it can transfer data to a computer for result analysis with
a USB cable [16]. Its compact size and portability enable
real-time sequencing in settings and environments with
restricted experimental conditions, such as the Arctic [17],
military training grounds [18], and space stations [19]. In
2016, a major Ebola virus epidemic in West Africa caused
the death of tens of thousands of people, and performing
pathogen sequencing was difficult because of the lack of
local equipment and limited research capacity. Quick et al.
[20] solved these challenges by bringing the compact Min-
ION sequencer in luggage to the frontline of the outbreak
and successfully sequenced samples from patients with
Ebola in an environment with limited resources. The entire
sequencing process took only 15-60 min, with a turnaround
time of less than 24 h. Accurate genotypes were identified
at a sequencing depth of 25 times, and a new transmission
chain was identified, providing valuable information on the
epidemiology of the Ebola outbreak.

Its advantages of ultralong read length, lightness, port-
ability, and real-time access to sequencing results have revo-
lutionized the genetic testing field, and some industry insid-
ers refer to it as the fourth-generation sequencing technology
[15]. Although nanopore sequencing technology could not
replace traditional sequencing methods when it was first
introduced, due to its high error rates of 5-15%, an accu-
racy of up to 99% can now be achieved owing to increased
sequencing depth, optimized algorithms, and improved
nanopore structure [21, 22].

2 Recent Advances in Nanopore Sequencing
Technology

A significant challenge for nanopore sequencing is its rela-
tively high error rate, which, in the early days, was as high as
15%, predominantly constituted by insertions and deletions
(indels). To improve the accuracy of the results, scientists
often use a method known as hybrid error correction, inte-
grating high-accuracy short reads (e.g., [llumina short reads)
with long reads from nanopore sequencing. This method
employs the precision of short reads to rectify errors in long
reads, thereby obtaining more accurate long reads [23].

Hence, by using short reads to correct errors in long reads,
the benefits of long reads of nanopore sequencing are com-
bined with the high accuracy of short-read sequencing.

Nanopore sequencing technology has been continually
evolving and improving with enhanced data quality and
accuracy. Recently, ONT introduced a novel R10.4 chip,
which has a higher sequencing accuracy than its predeces-
sor, R9.4.1, primarily owing to its enhanced ability to iden-
tify homopolymer repeats. Homopolymer repeats, which are
consecutive repeat sequences of the same base, are ubiqui-
tous in microbial genomes and frequently cause errors in
nanopore sequencing runs using earlier versions of the tech-
nology. The R10.4 chip optimizes identification algorithms
and hardware design to generate accurate microbial genomes
without the need for short-read or reference genome correc-
tion [24].

The advent of the R10.4 chip marks a significant break-
through in the accuracy and complex sequence processing
of nanopore sequencing technology. This development will
greatly improve the reliability of microbial genome sequenc-
ing, thereby more accurately revealing the characteristics
and functions of microbial genomes. These technological
advances carry significant implications for scientific research
and open new possibilities for the diagnosis and treatment
of microbial diseases.

Q20+ is a sequencing technology that combines the
latest Q20+ chemical reagent, a new reagent kit (Kit12)
supporting duplex sequencing, and the most recent R10.4
chip. It utilizes a new reaction buffer and a new data
processing algorithm to achieve longer read lengths and
higher coverage, thereby exhibiting an improved ability
to rectify errors that occur during the sequencing pro-
cess. Under the Q20+ mode, multiple copies of a particu-
lar DNA/RNA region are stacked, implying that random
errors are averaged out, yielding a more accurate consen-
sus sequence. For example, in bacterial genome sequenc-
ing, achieving a quality score of Q50 is challenging, even
at high depth in the standard mode. However, Q20+ can
achieve a Q50 quality (99.999% accuracy) at a sequencing
depth of 20x. The advent of Q20+ has enabled nanop-
ore sequencing technology to reduce its average error rate
to less than 1%, achieving > 99% original read (single-
strand) accuracy, or approximately Q30 duplex accuracy,
and enhancing the precision of shared sequence sequenc-
ing and variant identification. As such, nanopore sequenc-
ing has reached an important milestone in accuracy [25].

Q20+ allows high-resolution bacterial typing and
genetic variation analysis through highly accurate long
reads, an aspect that traditional nanopore sequencing
technology struggles to achieve. This improvement not
only enhances the accuracy of sequencing results but also
broadens the application scope of nanopore sequencing,
enabling it to compete with short-read sequencing in tasks
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Table 1 Comparative overview of the working principle of the sequencing technologies

Sequencing technology Working principle References
First generation: Sanger sequencing Sanger sequencing, based on the selective incorporation of chain-terminating [27, 28]
ddNTPs during in vitro DNA replication, allows sequencing of the targeted
single-stranded DNA. Each ddNTP is labeled with a distinctive fluorescent tag
for detection
Second generation: next-generation sequencing Next-generation sequencing uses a reversible terminator-based method. The target [29, 30]

DNA is amplified using a PCR to create a sufficient number of fragments for
detection. However, the quality of base sequencing can be affected as the read
length increases due to the potential misalignment of replicated DNA clusters

Third generation: nanopore sequencing

In nanopore sequencing, sequencing occurs without the need for DNA polymerase. [8]

DNA or RNA molecules are read directly as they pass through nanopores, pro-
viding truly real-time sequencing. This process is achieved by applying a voltage
across a biological membrane that contains nanopores, which drives the translo-
cation of the single-stranded molecules to be sequenced through the nanopores

This table provides a comparison of the working principles of first, second, and third-generation sequencing technologies

ddNTP dideoxynucleotide, PCR polymerase chain reaction

that require high resolution and accuracy. Real-time nano-
pore Q20+ sequencing can be used for rapid and precise
bacterial pathogen monitoring, including core genome
multi-locus sequence typing (cgMLST), virulence-fac-
tor screening, and antibiotic-resistance gene screening.
Analyzing the genetic relationships and evolutionary
history among different strains can help clinicians better
understand the epidemiological characteristics, transmis-
sion routes, and drug resistance of pathogenic microbes,
thereby guiding the formulation of clinical treatments and
preventive measures. For example, cgMLST can identify
genetic differences and relationships among different
strains, subsequently determining whether a cluster infec-
tion or epidemiological link exists, and promptly imple-
menting appropriate isolation, disinfection, and treatment
measures. Additionally, by sequencing and comparing
the genomes of different strains, important genes, such as
antibiotic-resistance genes and virulence factors, can be
identified, and their possible expression levels and func-
tions can be predicted, providing a basis for personalized
treatment.

Although the emerging Q20+ nanopore sequencing tech-
nology has led to improvements in read length, coverage,
and accuracy, it cannot yet fully replace short-read technolo-
gies. Q20+ offers enhanced read length and accuracy, unde-
niably beneficial for whole-genome sequencing, chromo-
somal structural variation detection, and other applications.
In these areas, Q20+ has the potential to become the pre-
ferred sequencing method. Although the Q20+ error rate has
been reduced to less than 1%, this rate is still higher than that
of some second-generation sequencing platforms (e.g., Illu-
mina) [26]. Moreover, the approach to select the most appro-
priate data analysis strategy and resolve potential issues of
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host DNA interference requires further investigation. There-
fore, in applications that require very high accuracy or large-
scale sample sequencing, such as single-nucleotide variation
detection or extensive population genetic studies, short-read
sequencing may still be the preferred option.

Table 1 expounds on the operational principles of the
first, second, and third-generation sequencing technologies,
showcasing the field's technical progression. Subsequently,
Table 2 presents a thorough comparison of these genera-
tions, focusing on Sanger's 3730x1, [llumina's MiSeq, and
ONT's MinION. The comparison is structured around criti-
cal metrics, such as read length, maximum throughput, data
volume, cost, time to data, run duration, device size, and
consensus sequence accuracy. Lastly, Table 3 details the fea-
tures and specifications of four Oxford nanopore sequencing
platforms: Flongle, MinION, GridION, and PromethION.
The compared parameters include read length, number of
flow cells, independence of flow cells, maximum theoreti-
cal output, real-time data availability, run time for maxi-
mum output, machine size, weight, test cost, and hardware
requirements.

3 Introduction to Nanopore Materials

Nanopore sequencing is a single-molecule sequencing
technology that determines the sequence of DNA or RNA
molecules by monitoring the changes in electric current as
the molecule passes through a nanopore. Nanopores can be
divided into two categories: biological nanopores and solid-
state nanopores, and they vary in their structure, mechanism,
advantages, and limitations.
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3.1 Biological Nanopores

Biological nanopores are channels formed by protein mol-
ecules through which molecules are driven by voltage to
achieve detection and sequencing. They typically have a
small pore size, usually 1-2 nm, and can be used to detect
biological molecules, such as DNA, RNA, and proteins.
Examples include a-hemolysin, MspA, bacteriophage
phi29, and aerolysin nanopores. Among them, a-hemolysin
has become the preferred material for commercial nanopore
sequencing equipment owing to its strong acidic nature and
heat resistance [31].

3.2 Solid-State Nanopores

Solid-state nanopores are prepared using solid materi-
als, such as silicon, silicon nitride, and aluminum oxide,
and use voltage to drive molecules through the pores for
detection and sequencing. These nanopores allow for pre-
cise control of pore diameter and thickness and have high
stability and adjustability. Solid-state nanopores typically
have a larger pore size, generally 3—1000 nm, and can be
used to detect biological molecules, such as DNA, RNA,
and proteins, as well as non-biological molecules, such as
nanoparticles and ions, and have the advantage of multi-
functionality [32].

4 Bioinformatics Tools for Processing
Nanopore Sequencing Data

The processing of data generated by nanopore sequencing,
especially for metagenomic analysis, involves the use of an
array of bioinformatics tools and methods. The raw sequenc-
ing signal data requires initial quality control and filtering,
a task that can be accomplished by tools such as Cramino
or Kyber [33]. Furthermore, the interpretation of raw cur-
rent signals from nanopore sequencing, thereby enhancing
sequence accuracy, can be facilitated by Nanopolish [34].

After initial quality control and filtering, the alignment
and assembly of reads using reference databases is a criti-
cal step. This process can be efficiently performed using
minimap2 [35] or NGMLR [36], both capable of handling
the unique attributes of long-read data from nanopore
sequencing.

Unicycler [37] emerges as a potent assembly tool specif-
ically designed for bacterial genomics. It employs a unique
algorithm combining short, accurate reads from Illumina
sequencing with long reads from nanopore sequencing to
produce high-quality hybrid assemblies. The algorithm
conducts multiple rounds of read alignments and assem-
bly graph cleaning, thereby accurately resolving repeats in
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bacterial genomes, making Unicycler a valuable asset for
nanopore sequencing data processing.

For read assembly, other tools, such as GoldRush [38]
and Shasta [39], can offer effective solutions, while gene
prediction and annotation, crucial parts of nanopore
sequencing data processing, can be conducted rapidly and
accurately by tools like Prokka [40].

In addition to the above, BacWGSTdb 2.0 [41] serves
as a comprehensive platform for bacterial whole-genome
sequence analysis and source tracking. This user-friendly
tool integrates an extensive range of bacterial genome
sequencing data and associated metadata. It incorporates
specialized features for multiple genome analysis, bacte-
rial isolate characterization, and user-uploaded sequence
comparison, making it an invaluable resource for down-
stream analysis following nanopore sequencing.

For metagenomic analysis, specialized tools, such as
MetaBAT [42], prove to be essential. These tools can sepa-
rate the genomes of individual species from metagenomic
sequence data, thus elucidating the composition of micro-
bial communities.

In terms of de novo assembly of nanopore sequenc-
ing data, Flye and Canu [43] are remarkable tools. Flye
specializes in long-read assembly and excels in construct-
ing high-quality, particularly circular, bacterial genome
sequences. Canu, on the other hand, adeptly handles both
long and short reads and is particularly effective in hybrid
data assembly. Despite differences in their strengths and
operational requirements, both tools manage the high error
rates and variability in read lengths, delivering robust
genome assembly tailored to the specific research objec-
tives and data types.

Lastly, for the taxonomic classification of metagen-
omic data, Kraken 2 [44] has emerged as an exceptionally
useful tool. With its high-speed operation, accuracy, and
parameter optimization flexibility, Kraken 2 is positioned
as a vital asset in the classification and identification of
sequences within nanopore sequencing data analysis.

5 Application of Nanopore Sequencing
in the Identification of Respiratory
Pathogens

This section discusses the application of nanopore sequenc-
ing for the identification of specific respiratory pathogens.

5.1 Challenges with the Application of Nanopore
Sequencing in Mixed Infections

In clinical diagnostics, particularly in respiratory infections,
mixed infections with multiple pathogens are a common
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occurrence. Mixed infection can provide a diagnostic chal-
lenge due to overlapping symptoms and the complexity of
distinguishing pathogens from commensals. This section
explores how nanopore sequencing with its high-resolu-
tion perspective is used to identify multiple infections in
hosts with mixed infections and how it addresses related
challenges.

One of the primary challenges in the context of mixed
infections is differentiating between colonization and infec-
tion. Many respiratory infections, especially in individuals
with compromised immune systems or chronic lung disease,
are characterized by the colonization of multiple microor-
ganisms, which could potentially include pathogens [45].
Nanopore sequencing, through metagenomic sequencing,
can generate comprehensive genomic data from clinical
samples, thus enabling the identification of a myriad of
organisms. However, distinguishing pathogens from com-
mensals solely based on sequencing data can be challeng-
ing. Approaches such as determining relative abundance at
the genus level, normalizing to the number of sequences
per million, comparing the number of sequences aligned to
the target microbe, and non-overlapping genomic coverage
area can aid in distinguishing infection from colonization
[46]. Furthermore, z-scores can be used in the bioinformat-
ics workflow to differentiate pathogens and background
microbes [47]. Additionally, researchers have developed
methods to distinguish potential pathogens and respiratory
commensals using rule-based models and logistic regression
models, both achieving 95.5% accuracy in the validation
cohorts [45]. Another challenge faced by nanopore sequenc-
ing in the context of mixed infections is the presence of host
DNA, which is discussed in Sect. 4.

5.2 Application of Nanopore Sequencing in Viral
Respiratory Infections

Respiratory viruses can be transmitted via the airborne route
in the form of small droplet nuclei (< 5 pm). These drop-
let nuclei can remain suspended for a prolonged period and
can be inhaled into the lower respiratory tract, causing pul-
monary infections [48]. Previously, the lack of appropriate
diagnostic methods led to an underestimation of the role of
viruses in pneumonia. Influenza A virus and respiratory syn-
cytial virus are the most common causes of viral pneumonia,
followed by adenoviruses, parainfluenza viruses types 1-3,
and influenza B virus [49]. These common lower respira-
tory viruses are RNA viruses [50]. Traditional sequencing
methods require reverse transcription before RNA viruses
can be sequenced, whereas nanopore sequencing allows
direct detection of RNA viruses, simplifying the sequencing
steps. One study performed direct RNA sequencing of the

influenza A virus using the MinION platform and obtained
its full-length genome sequence [51].

However, RNA viruses have a higher replication error
rate and are more prone to mutations than DNA viruses [52].
The ultralong read length of nanopore sequencing is advan-
tageous for monitoring mutations. During the coronavirus
disease 2019 (COVID-19) pandemic, Li et al. [53] success-
fully identified and analyzed 33 mutations in 29 copies of the
complete genome of severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) using nanopore sequencing tech-
nology. Another study compared whole-genome sequencing
using ONT and Illumina platforms on samples from patients
with SARS-CoV-2 infection. ONT achieved > 99% sensitiv-
ity and accuracy with coverage depths above 60 times and
identified a diversity of structural variations in patients with
SARS-CoV-2 infection [54].

Early treatment with antiviral drugs can shorten the dura-
tion of symptoms and reduce the mortality rate of high-risk
individuals [55]. The current tests for lower respiratory viral
infections rely on viral antigen tests and reverse transcrip-
tion quantitative PCR (RT-qPCR) [56], but antigen testing
has low sensitivity and RT-qPCR is time-consuming [57],
as illustrated by the SARS-CoV-2 RT-qPCR kit currently
used in clinical practice, which has a high false-negative
rate [58]. This limits the accuracy of early clinical triage
of patients and increases the potential for disease transmis-
sion during the diagnostic process. Wang et al. [58] per-
formed nanopore sequencing on 61 nucleic acid samples
from patients with suspected COVID-19, and found that 22
(36%) of the samples that had tested negative or uncertain
for SARS-CoV-2 using RT-qPCR were identified as posi-
tive using nanopore sequencing. In addition, the investiga-
tors successfully detected four respiratory viruses, influenza
A virus, influenza B virus, respiratory syncytial virus, and
rhinovirus, within 10 min using nanopore sequencing. Real-
time sequencing and data processing substantially reduce the
analysis time, serving as an effective supplement for patients
who cannot be accurately assessed using antigen testing and
RT-qPCR. This quick turnaround aids clinical practitioners
in the rapid identification of pathogens, thus supporting the
development of more effective treatment plans.

5.2.1 Sequencing Viruses in Epidemiological Research
and Outbreak Surveillance

Antigen testing and RT-qPCR, although effective in their
roles, do not offer insights into viral evolution. Nanop-
ore sequencing can address this gap and is a useful tool
for determining the genomic characteristics and origins
of viruses, and thus can be used to trace pathogen trans-
mission and identify the sources of outbreaks. A case in
point is the widespread utilization of nanopore sequencing
during the COVID-19 pandemic where its real-time and
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high-throughput attributes proved invaluable for monitoring
the mutations and transmission dynamics of the virus [59].
The provision for long-read capabilities uniquely equips
this technology for whole-genome sequencing, thereby
facilitating the detection of structural variations within viral
genomes and offering a potential avenue for the precise trac-
ing of viral strains [60].

In an investigation of an outbreak of human adenovirus
type 55 infection in Hubei Province, China, in 2019, Li
et al. [61] sequenced nasopharyngeal swab samples from
nine patients using MinION and detected human adenovirus
within 13-20 min. The results were confirmed by Reverse
transcription polymerase chain reaction (RT-PCR). After
further metagenomic testing, the investigators found that
the strain responsible for the Hubei Province outbreak had a
close genetic relationship to a strain from Sichuan Province.

Nanopore sequencing technology confers a distinct
advantage with its capacity to produce long reads, thereby
exposing the intricate structures embedded within genomes,
particularly those components, such as repeat and insert
sequences, that imbue microbial genomes with their com-
plexity. Its ability to operate in real time and its inherent
portability make nanopore sequencing highly suitable for
field research, including surveillance of disease outbreaks
in isolated regions. The relatively high error rate within raw
reads exhibited by this technology can limit its ability to
detect genomic variants. However, technology's relentless
advance has seen the introduction of hardware innovations,
such as the R10.4 chip, and software enhancements that have
considerably increased sequencing accuracy. This, in turn,
has widened the application spectrum of nanopore sequenc-
ing in epidemiological investigations.

5.2.2 Nanopore Sequencing in Antiviral Resistance
Research

Viruses may be resistant to drugs. This is particularly true
for RNA viruses, which have the innate ability to evade
antiviral treatment through resistance mutations. Nanop-
ore sequencing can detect viral resistance, whereas current
antigen tests and RT-qPCR have limited ability to detect
resistance. Influenza A virus is an encapsulated virus of the
family Orthomyxoviridae that causes seasonal epidemics
[62]. During the influenza virus pandemic season in 2019,
researchers performed nanopore metagenomic sequencing
of 180 copies of respiratory samples from a hospital in the
United Kingdom. The results showed a sensitivity of 83%
and specificity of 93% for detecting influenza A virus and
identified mutant genomes that were resistant to antiviral
drugs, such as amantadine and oseltamivir [63].

These studies illustrate the utility of applying nanopore
sequencing technology to viral respiratory infections.
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5.3 Nanopore Sequencing in Bacterial Respiratory
Infections

Traditional diagnostic methods for bacterial pulmonary
infections, which include direct smear microscopy, routine
culture, and serological tests, have low sensitivity and are
time-consuming. Additionally, the misuse of broad-spectrum
antibiotics has made culturing pathogens increasingly dif-
ficult. Nanopore sequencing with real-time data generation
and an extremely short turnaround time can greatly reduce
the time required to adjust the initial empirical antibiotic
regimen and is a rapid and comprehensive diagnostic tool
for severe pneumonia, thereby providing an advantage over
traditional methods of diagnosis.

5.3.1 Nanopore-Based 16S Targeted Sequencing

In the last 2 decades, amplicon sequencing, which targets the
bacterial 16S ribosomal RNA (rRNA) gene, has been used
to identify pathogens causing rare bacterial infections that
are not detected by standard diagnostic tests in clinical set-
tings to help clinicians choose appropriate antibiotics [64].
The 16S rRNA gene is present in the genomes of all bacteria
and is divided into conserved regions that are common to all
bacteria, and variable regions that vary among bacteria [65].
Amplicon sequencing of 16S identifies the bacterial strains
by amplifying the variable regions and is considered the
most promising and sensitive technique for the identification
of bacterial communities present in environmental samples.
However, owing to the short read length of second-genera-
tion sequencing, the sequence of the entire 16S rRNA gene
(1500 bp) cannot be obtained at once [66], and thus, it is
prone to mismatches during the splicing of different variable
regions due to intra-genus similarities, which in turn leads
to incorrect classification and misidentification of microor-
ganisms [64]. In contrast, nanopore sequencing technology
offers an ultralong read length of 2 Mbp [67], enabling the
coverage of the entire 16S rRNA gene in a single sequence
during the 16S amplicon sequencing of a particular strain.
Recent advancements, such as the use of Emu, an expecta-
tion-maximization algorithm-based approach, have further
improved the accuracy and reliability of nanopore sequenc-
ing, effectively leveraging the ultralong read length to gen-
erate accurate microbial community profiles even with high
error rates in input sequences [68].

In pulmonary infections, sputum is the most easily
obtained specimen, but it is susceptible to contamination,
and it can be difficult to obtain acceptable quality sputum
specimens to perform sputum culture [69]. In a study con-
ducted by Moon et al. [70], MinION-based 16S rRNA gene
amplicon sequencing was performed on sputum samples
from patients with severe pneumonia who had been treated
with cefuroxime as empirical antibiotic therapy. A total
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of 122,722 reads were obtained, with 98.1% aligned with
Haemophilus spp., which were 100-fold more abundant
than other aligned commensal bacteria. Sufficient reads for
the identification of the pathogen were obtained within 10
min of starting the sequencing, and the number of reads
was similar to that obtained at 1 h. The diagnosis of pneu-
monia caused by Haemophilus influenzae was made based
on the sequencing results and confirmed by qPCR. This
study showed that nanopore-based 16S amplicon sequenc-
ing could distinguish between pathogens and commensal
bacteria in sputum wells, and the results were not affected
by the patient’s use of antibiotics.

Baldan et al. [71] also performed nanopore-based 16S
rRNA gene sequencing (Np16S) of respiratory specimens
from patients with severe bacterial pneumonia in the inten-
sive care unit. A total of 140 of 167 (84%) strains were cor-
rectly identified after 1 h. The results were consistent with
those of matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF MS) (discussed
in Sect. 5.3.2), and the sequencing results obtained at 1 h
were not significantly different from those obtained at 16
h. Sanger-based 16S sequencing in this study required a
turnaround time of 2-3 days and could not guide the ini-
tial antibiotic therapy. In contrast, the rapid 1-h sequencing
using Np16S can guide the choice of the initial antibiotics
in patients with acute pulmonary infections.

5.3.2 Comparison of Nanopore Sequencing
with MALDI-TOF MS

Anhalt and Fenselau [72] first proposed mass spectrom-
etry in 1975 for bacterial identification by recognizing
characteristic spectra of various bacteria. The advent of
MALDI-TOF MS enabled researchers to swiftly identify
most bacteria at the genus and species level through pro-
teomics. Its strength lies in the ability to achieve highly
accurate bacterial species identification within minutes
by comparison with known databases [73]. However, the
MALDI-TOF MS system has some limitations: it can only
identify microorganisms contained within the spectral
database fingerprints, and it may not distinguish subspe-
cies or strain variations. In discovering new species and
undescribed variants, nanopore 16S rRNA gene sequenc-
ing, which can match and compare similar sequences,
clearly has an advantage [65]. Moreover, the accuracy of
MALDI-TOF MS can be affected by the presence of mixed
infections with fewer or overlapping species. For certain
bacterial species, high similarities may exist in spectral
patterns, resulting in uncertainties in the identification
results. For example, MALDI-TOF MS may misidentify
encapsulated microorganisms, such as Streptococcus pneu-
moniae, Streptococcus viridans, Klebsiella pneumoniae,
and H. influenzae [74]. In contrast, nanopore sequencing

not only identifies the bacterial species but also applies
whole-genome and metagenomic sequencing, covering
more biological information.

A study compared two 16S rRNA gene sequencing tests
based on Illumina and nanopore sequencing technologies.
They identified 172 clinically isolated strains that MALDI-
TOF MS failed to recognize. The time taken by Illumina
sequencing was 78 h, whereas nanopore sequencing required
8.25 h. Furthermore, the study found that although Illumina
sequencing had high accuracy in base recognition, nanopore
sequencing provided a higher taxonomic resolution at the
species level. Therefore, compared with MALDI-TOF MS
and Illumina sequencing, nanopore sequencing technology
has a higher species identification ability, despite its higher
sequencing error rate [75].

Therefore, the MALDI-TOF MS system provides a quick,
accurate, and widely commercialized advantage in bacte-
rial identification, whereas nanopore sequencing provides
high resolution and has more extensive application potential.
Researchers need to choose the technology according to the
specific requirements and purpose of the research, and in
some situations, combining both technologies may be the
best option.

5.3.3 Nanopore Sequencing in the Diagnosis of Rare
Bacterial Pulmonary Infections

Studies have confirmed the value of nanopore sequencing
technology in the diagnosis of rare bacterial pulmonary
infections. Guo et al. [76] performed nanopore sequencing
of bronchoalveolar lavage fluid (BALF) from patients with
interstitial lung disease of unknown origin. Tropheryma
whipplei, which rarely affects the lungs, was detected within
6-8 h, and the results were validated by PCR and Sanger
sequencing. Watanabe et al. [77] reported a pulmonary
infection caused by Nocardia spp., which is a rare patho-
gen, that was rapidly identified using nanopore sequencing.
Although targeted PCR has a rapid turnaround time, it can
only identify established pathogens and has limitations in
the testing range, which can be overcome using nanopore
sequencing.

5.3.4 Nanopore Sequencing in Antimicrobial Resistance
Research

Antimicrobial resistance has become a public health chal-
lenge worldwide, and the shift in drug-resistance genes
in pathogens has made the treatment of severe infections
increasingly difficult [78]. The ultralong read length of
nanopore sequencing technology has promising application
prospects for exploring the mechanisms of antimicrobial
resistance.
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Recently, resistance to tigecycline, which is a last-line
antibiotic for multidrug-resistant Enterobacteriaceae, has
been widely observed in patients with pneumonia caused
by K. pneumoniae in China. Liu et al. [79] used nanopore
sequencing to identify three new drug-resistant strains and
identified the drug-resistance gene corresponding to the
tigecycline-resistant phenotype. The investigators found that
tmexd]-toprjl-positive pneumonia caused by K. pneumoniae
in humans was closely associated with K. pneumoniae in
animal-source foods and related environments. This study
showed that K. pneumoniae containing the tmexdI-toprjl
gene cluster was widely disseminated and highlighted the
urgent need for active surveillance of tigecycline-resistant
K. pneumoniae in the food animal production industry and
healthcare settings. Wang et al. [8§0] demonstrated a rapid
detection of drug-resistance genes implicated in pneumonia
caused by K. pneumoniae in a turnaround time of only 1.5
h. This is a substantial advance on traditional culture and
resistance testing, which are relatively slow. By expeditious
identification of these drug-resistance genes, this approach
holds the potential to facilitate more timely and appropriate
choices regarding antibiotic selection, subsequently miti-
gating the risk of antibiotic misuse and optimizing patient
outcomes.

Mycobacterium kubicae, which is part of the environmen-
tal nontuberculous mycobacteria group, can cause severe pul-
monary infections in humans under certain conditions. Hen-
drix et al. [81] conducted a comprehensive genomic analysis
of M. kubicae strains using the MinION platform in order
to delineate the chromosomal and plasmid sequences perti-
nent to its drug resistance, virulence, and persistence, and
to deepen the understanding of its opportunistic pathogenic
mechanisms. They harnessed the respective strengths of Illu-
mina, characterized by a low error rate but shorter read length,
and nanopore sequencing, known for longer read length but a
heightened error rate, to yield a genome assembly that exhib-
ited superior continuity and precision. Notably, their findings
indicated the existence of single-nucleotide polymorphisms
(SNPs) and small indels between the hybrid assemblies and
the corresponding Illumina read sets. This could be indica-
tive of certain inaccuracies inherent in the ONT reads, which
were rectified during the correction process using Illumina
reads. This study underscores the crucial role that nanopore
sequencing could potentially play in antimicrobial-resistance
research. Although nanopore sequencing offers the advantage
of long reads and high genome assembly continuity, it is also
characterized by a higher error rate, which can introduce inac-
curacies into the assembled genome. To ensure an accurate
genome sequence, it is imperative to correct these potential
inaccuracies using more precise sequencing techniques, such
as [llumina.
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5.4 Nanopore Sequencing in Fungal Respiratory
Infections

Due to the long duration and low sensitivity and specificity
of traditional fungal cultivation, the diagnosis of pulmonary
fungal infections remains a significant challenge [82].

5.4.1 ITS Sequencing Based on Nanopore Technology

The internal transcribed spacer (ITS) is a non-coding region
in ribosomal DNA (rDNA), comprising ITS1, 5.8S rDNA,
and ITS2. These display remarkable sequence differences
among different types of fungi, rendering ITS to be exten-
sively used as a “universal DNA barcode for fungi” in myco-
logical taxonomy and identification studies [83].

ITS sequencing is a widely used method in fungal diag-
nosis. However, PCR amplification and short read length
sequencing methods such as Illumina have their limitations,
such as the potential loss of variability in long ITS regions
and the PCR bias can affect the assessment of the true myco-
biome. In contrast, due to its long read length advantage,
nanopore sequencing can sequence the entire ITS region in a
single pass, thereby obtaining more comprehensive informa-
tion. Additionally, because nanopore sequencing technology
performs direct sequencing without the need for PCR ampli-
fication, it avoids the problem of PCR bias.

The real-time nature of nanopore sequencing technology
also offers the potential for rapid fungal diagnosis. Tradi-
tional ITS-region sequencing requires waiting for the com-
plete sequencing run to end before results can be obtained,
whereas nanopore sequencing technology can generate data
in real time during the sequencing process. This allows
for the identification of fungi to be completed in a short
time, which is useful in clinical situations requiring rapid
diagnosis.

Although the precision of identification is limited for
some fungal species with high homology, the recent devel-
opment of Q20+ nanopore sequencing technology can effec-
tively address this issue.

5.4.2 Nanopore Sequencing in the Diagnosis of Fungal
Infections

Talaromyces marneffei infections occur primarily in individ-
uals with immunodeficiencies, particularly HIV infection.
However, recent studies have shown an increasing incidence
among individuals without HIV infection. T. marneffei can
invade the lungs, causing pneumonia [84].

In a reported case of T. marneffei infection, researchers
conducted nanopore genomic sequencing on the patient's
blood sample, obtaining 84,000 reads within 3.5 h. The
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average sequence length was 7088.7 bases, with the long-
est sequence reaching 87,471 bases. By comparison with a
database, 13 homologous sequences of 7. marneffei were
identified. This outcome was further confirmed through 7.
marneffei-specific real-time qPCR, fungal ITS sequencing,
and biphasic fungal culture [85]. This study revealed the
potential value of nanopore sequencing technology in diag-
nosing fungal infections, particularly 7. marneffei infections.
Despite the common occurrence of this infection in certain
regions, 1. marneffei infections are often misdiagnosed, and
nanopore sequencing technology offers a more accurate and
efficient method to identify this pathogen. By obtaining a
vast amount of genomic sequence data in a short time, the
presence of T. marneffei can rapidly be detected in blood
samples from patients with infection. Nanopore sequencing
technology provides new possibilities for the identification
and diagnosis of fungal infections.

Additionally, the emergence of nanopore sequencing
technology enables direct identification and characteriza-
tion of fungi in metagenomic detection through its capability
of generating ultralong reads. Pneumocystis pneumonia is
caused by Pneumocystis jirovecii, an opportunistic patho-
gen that infects immunocompromised patients, such as indi-
viduals with HIV infection and organ transplant recipients.
Pneumocystis pneumonia has a high mortality rate. Rapid
and accurate testing for fungal pathogens and early admin-
istration of targeted antifungal therapy can help to improve
prognosis [86]. Irinyi et al. [87] used MinION to perform
metagenomic sequencing on BALF and induced sputum
specimens from three patients with clinically confirmed
Prneumocystis pneumonia, and P. jirovecii was identified in
all samples.

By facilitating the production of extended read lengths,
nanopore sequencing enables in-depth investigation of
complex metagenomic samples. The coupling of nanopore
sequencing with two distinct analytic techniques, What’s In
My Pot (WIMP) and Basic Local Alignment Search Tool
(BLAST), significantly enhances the precision of fungal
identification. However, a relatively high error rate, inherent
to nanopore sequencing, can trigger the misclassification of
reads. Furthermore, the inclination of classification meth-
odologies to misidentify plant-associated fungi, in tandem
with the additional computational exertion necessitated by
the cross-validation of WIMP and BLAST results, amplifies
the complexity and time required for the analysis. Although
nanopore sequencing is a promising tool for diagnosing fun-
gal infections, certain technical challenges still need to be
overcome for successful practical implementation.

Zhang et al. [88] performed simultaneous Illumina- and
nanopore-based metagenomic sequencing of BALF from 66
patients with suspected community-acquired pneumonia.
The results showed that both had similar rates of pathogen
detection (56% and 58%, respectively) in clinical diagnosis

and outperformed conventional culture (24% positivity), but
nanopore sequencing detected more species than Illumina,
especially in patients with fungal, viral, and mycobacte-
rial infections. In addition, the turnaround time of nanop-
ore sequencing was significantly shorter than that of Illu-
mina sequencing, and the results detected at 1 and 4 h were
similar.

5.5 Nanopore Sequencing in Tuberculosis

Tuberculosis (TB) is one of the most common infectious
causes of death worldwide, causing 1.7 million deaths per
year [89], and drug-resistant TB is a major public health
problem. Previously, the identification of clinically relevant
drug resistance relied mainly on laboratory culture tech-
niques. However, traditional culture methods are time-con-
suming (11.5 days on average) [90], and rapid prediction of
drug resistance is crucial for selecting anti-TB drugs, which
can significantly increase the cure rate. Several studies have
applied nanopore sequencing to TB drug-resistance testing.

Zhao et al. [91] performed nanopore sequencing and
Sanger sequencing of sputum specimens from patients with
TB to identify drug resistance. The results showed 100%
identity between the two methods of identification of drug-
resistance genes, with a sequencing time of 3 h, data analysis
of 1 h, and turnaround of less than 12 h using nanopore
sequencing, and several days using Sanger sequencing, dem-
onstrating the potential of nanopore sequencing for rapid
assessment of drug susceptibility prior to starting treatment,
enabling appropriate antibiotic selection.

Smith et al. [92] also compared the ability of nanopore
sequencing using MinION and second-generation sequenc-
ing using MiSeq for taxonomic identification of Myco-
bacterium tuberculosis. The results showed that MinION
sequencing correctly identified species levels in 98.5% of the
samples and specific lineages of M. tuberculosis in 99.5% of
the samples. Moreover, the cost of sequencing per sample
was lower with the MinION platform than with the MiSeq
platform. Furthermore, the utilization of the MinION plat-
form enabled the generation of whole-genome sequencing
results within 2—4 days, which is shorter than the minimum
time of 3 days required using the MiSeq platform.

5.6 Nanopore Sequencing for the Identification
of Atypical Pathogens

A recent study by Sharda et al. [93] found that nanopore
sequencing was useful in the diagnosis of scrub typhus.
The investigators used MinION to perform 16S rRNA gene
amplicon sequencing of blood samples from a patient with
sepsis and multiple organ failure. A total of 44,747 reads
were obtained, with an average read length of 1368 bp, and
98.7% of the reads aligned with Orientia tsutsugamushi,
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the scrub typhus pathogen. The results were validated using
enzyme-linked immunosorbent assay and PCR. Addition-
ally, the cost of sequencing per sample in this study was
only $13 (USD).

In a study conducted by Baldan et al. [71], Chlamydia
psittaci (C. psittaci) was the only important pathogen that
was left out in the sequencing results obtained within 1 h
of Np16S targeted sequencing. This was probably due to a
mismatch between primers and templates. Currently, there
is still limited evidence available on the application of nano-
pore sequencing technology in detecting C. psittaci, and
further research is required on the application of nanopore
sequencing technology to detecting atypical pathogens, such
as C. psittaci.

6 Application of Nanopore Sequencing
in Metagenomics

Second-generation sequencing, with its high-throughput, is
widely used in metagenomics, also known as metagenomic
NGS (mNGS). Metagenomic sequencing involves sequenc-
ing all microbial nucleic acids in environmental samples.
When applied clinically, its greatest advantage lies in its
unbiased detection of all pathogens, including bacteria,
fungi, viruses, and atypical pathogens, and its potential to
discover unknown pathogens. Due to the large total genome
volume, the shotgun method is used to break up the tar-
get DNA fragments, which are then sequenced by a com-
puter assembly [94]. Eukaryotic organisms often contain a
large number of repeat sequences, and second-generation
sequencing, with its short read length, introduces more mis-
alignments when dealing with complex repeat sequences,
and the assembly process is more time-consuming. Nanop-
ore sequencing has shown great potential in metagenomic
studies. Its long read length can provide a more complete
and continuous genome assembly [95]; it also has advan-
tages in sequencing genome repeat areas and structural vari-
ant regions.

However, for samples containing host organisms, the
removal of host DNA poses a major challenge. For exam-
ple, when pathogenic microorganisms infect the lungs, 99%
of the nucleic acids extracted from samples taken from the
infected area come from the human host, vastly outnumber-
ing the DNA of the pathogenic microorganisms and limiting
the sensitivity of detection [94, 96]. Although this inherent
drawback can be improved by methods such as host gene
depletion by DNA exhaustion and differential lysis [97, 98],
the process of removing or reducing host DNA to enrich
pathogenic microbial DNA may lead to the loss or bias of
pathogenic microbial DNA in the sample, thereby affecting
subsequent genomic analysis results [99].
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Compared with second-generation sequencing technol-
ogy, traditional nanopore sequencing has a relatively high
error rate, which may lead to the misidentification or omis-
sion of certain microbial groups when dealing with regions
of host and microbial DNA that are extremely similar [100].
However, the recent R10.4 chip developed by ONT enhances
the recognition of homopolymeric compounds and can gen-
erate accurate microbial genomes without the need for short-
read or reference genome correction.

Although nanopore sequencing faces some technical and
data analysis challenges in dealing with host DNA removal
in metagenomic samples, the latest technological advance-
ments, especially the emergence of the R10.4 chip, provide
new possibilities for solving these problems [24].

Mu et al. [101] collected BALF and sputum specimens
from hospitalized patients with suspected lower respiratory
tract infections and performed metagenomic tests using
nanopore sequencing and confirmed the results using gPCR
and Sanger sequencing. The turnaround time from sampling
to obtaining results was approximately 6 h. In contrast, the
turnaround time of conventional culture was approximately
94 h. Compared with conventional culture and real-time
PCR diagnostic tests, rapid metagenomics achieved 96.6%
sensitivity and 88.0% specificity. Among the five diseases
caused by lower respiratory tract infections, the diagnos-
tic accuracy was the highest in patients with community-
acquired pneumonia, with 97.6% sensitivity and 90.2% spec-
ificity. The investigators successfully identified 63 pathogens
in 161 culture-negative samples. Wang et al. [80] performed
nanopore sequencing on culture-negative pulmonary tissue
biopsy specimens from patients with severe pneumonia
who had been treated with empirical antibiotics. K. pneu-
moniae was rapidly identified within 1 min through a spe-
cific sequence of 823 bp. In this study, the use of antibiotics
prior to sample acquisition reduced the sensitivity of culture,
whereas nanopore sequencing could still rapidly detect the
pathogen with a small number of sequences. These studies
demonstrate that nanopore sequencing-based metagenomic
testing has advantages over conventional culture in terms of
rapid turnaround time and sensitivity.

7 Comparison of Nanopore Sequencing
with the BioFire System

The BioFire system is a product series from BioFire Diag-
nostics (Salt Lake City, USA), which includes the FilmArray
Pneumonia Panel, FilmArray Respiratory Panel, and several
other testing chips. This system is a rapid molecular diagnos-
tic system based on PCR, equipped with pre-designed nested
multiplex PCR Kkits that can perform simultaneous detection
of up to 20 respiratory infection pathogens within 1 h [102].
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The BioFire system also has its limitations. First, the kits
of the BioFire system are pre-designed, mainly for the detec-
tion of specific pathogens or combinations of pathogens.
Therefore, its target detection range is restricted and can-
not cover all possible pathogens. Second, although the Bio-
Fire system can simultaneously detect multiple pathogens,
its throughput is relatively low. Nanopore sequencing, on
the contrary, has higher throughput and can handle a larger
number of samples. Finally, the BioFire system focuses on
the detection of specific gene fragments and cannot provide
complete genomic information, whereas nanopore sequenc-
ing provides more comprehensive genomic sequencing and
analysis, including the detection of unknown sequences and
structural variants [63].

However, the higher sequencing error rate of nanopore
sequencing technology might affect certain analyses that
require high-precision sequences. In addition, nanopore
sequencing data processing and analysis require certain bio-
informatics knowledge. Compared with the BioFire system,
the operation and data processing procedures of nanopore
sequencing are more complex.

In summary, the BioFire system is more suited for rapid
screening of known and common pathogens in clinical envi-
ronments; whereas, nanopore sequencing is more appropri-
ate for the identification of unknown or rare pathogens and
in-depth and comprehensive genome analyses, such as drug-
resistance detection and gene-expression analysis.

8 Summary and Vision

The exceptional read length of nanopore sequencing tech-
nology offers new possibilities for optimizing metagenomic
sequencing and 16S rRNA targeted sequencing protocols.
Particularly in dealing with the diagnosis and treatment of
rare and emerging pulmonary infections, it provides clini-
cians with richer and more in-depth information. The rela-
tively low startup cost and rapid turnaround time render it
particularly suitable for the detection of pathogens in acute
and severe pulmonary infections in clinical settings. In addi-
tion, its portability enables bedside testing and rapid detec-
tion in resource-limited environments, including in field
investigations of infectious disease outbreaks.

However, nanopore sequencing technology also faces
certain challenges. Although recent technological advance-
ments, such as the optimization of algorithms and nanopore
structures, and improvements in reagents, have significantly
ameliorated the issue of high error rates that were present
in its early iterations, it currently cannot entirely replace
shorter-read technologies with higher accuracy. Appropri-
ate diagnostic tools should be selected according to research
needs.

Looking forward, nanopore sequencing technology has
the potential to overcome current bottlenecks in molecu-
lar diagnostics. Combined with metagenomics, amplicon
sequencing, PCR, and mass spectrometry, among other
technologies, nanopore sequencing could jointly promote
the development of diagnostic and therapeutic technologies
for pulmonary infections.
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