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Genomics research is essential for understanding the transmission and evolution of bacterial
antimicrobial resistance. The development of nanopore long-read sequencing has revolutionized our
understanding of the prevalence, spread, and dynamic evolution of bacterial ARGs. This review
discusses the applications and advantages of hanopore sequencing technology in the complete
bacterial genome construction, rapid ARG detection, and dynamic evolution analysis of multidrug
resistance genetic structure. We emphasize the unique advantages of long-read nanopore
sequencing in analyzing the genetic contexts of ARGs in both cultured bacteria and microbiota, as well
as the rapid turnaround time for clinical bacterial resistance detection. Technical advancements and
the future potential for expanding the applications of nanopore sequencing in the field of antimicrobial

resistance are discussed.

The discovery of antimicrobials has saved countless lives over the past
few decades. However, the widespread misuse and overuse of anti-
microbials in human medicine, agriculture, and animal husbandry have
resulted in the emergence and dissemination of bacterial antimicrobial
resistance, threatening the effectiveness of treatments for bacterial
infections'~’. Many newly developed antimicrobials face the challenge
of bacterial resistance within just a few years of their introduction into
clinical use'. The rapid development of antimicrobial resistance has
significantly diminished the effectiveness of antimicrobials, making
human beings face the troubling clinical situation of no effective anti-
microbials available™”. It is estimated that antimicrobial resistance will
lead to approximately 1.91 million direct deaths and 8.22 million
associated deaths globally by 2050°. Multidrug-resistant (MDR)
pathogens, such as carbapenem-resistant Acinetobacter baumannii,
third-generation cephalosporin-resistant and carbapenem-resistant
Enterobacteriaceae, rifampicin-resistant Mycobacterium tuberculosis,
are particularly concerning, as they significantly limit therapeutic
options for treating infections’™'’. Decoding the genetic features of these
MDR bacteria is essential for probing novel resistance mechanisms and
the development of effective control strategies.

The rapid development of bacterial resistance is largely driven by the
spread of antimicrobial resistance genes (ARGs)"". Mobile genetic elements,
such as plasmids, transposons, and integrons, facilitate the horizontal
transfer of ARGs across diverse bacterial species'"'”. Understanding the
detailed genetic structure of ARGs is critical to unraveling their transmission
and regulatory mechanisms. Although high-throughput short-read
sequencing has been widely used to decode the genome of MDR bacteria,
these technologies are unable to accurately resolve complex genomic
regions, repetitive sequences, and large mobile genetic elements, leading to
incomplete or fragmented assemblies of resistance genes” . Recent
advances in long-read sequencing technologies, particularly nanopore
sequencing, have revolutionized our ability to characterize antimicrobial
resistance mechanisms at a more detailed genomic level”*’. Nanopore
sequencing, with its ability to generate ultra-long reads (N50 > 100 kb) and
perform real-time sequencing, enables rapid analysis of bacterial genomes
and metagenomes, offering unprecedented insights into the evolution,
spread, and ecological impact of ARGs. In this review, we explore how
nanopore sequencing has become an indispensable tool in the fight against
antimicrobial resistance, offering innovative solutions for surveillance,
diagnostics, and evolutionary investigation.
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Development of nanopore sequencing and its technical
advantage in bacterial resistance research

Historical milestones of nanopore sequencing

Nanopore sequencing is based on the principle of passing DNA strands
through a protein nanopore, measuring the changes in electrical current as
the DNA passes through the pore, and then using these changes to decipher
the DNA sequence. As early as 1989, the concept of nanopore sequencing
was documented in the notebook of David Deamer”". Over the course of
more than 20 years of dedicated exploration, nanopore sequencing became a
reality. In 2014, Oxford Nanopore Technologies (ONT) introduced their
groundbreaking nanopore sequencer MinION, and welcomed the first
early-stage users before commercialization. The development of nanopore
sequencing has been accompanied by the successful resolution of numerous

previously unimaginable challenges. These include the ability to thread a
DNA molecule through a protein nanopore, the capacity to differentiate
between purine and pyrimidine bases using current blockade signals, the
recognition of individual bases within a DNA strand, and the precise control
of DNA movement through the nanopore facilitated by phi29 DNA Poly-
merase (Fig. 1A)”7. These pivotal technologies facilitate the controlled
passage of individual DNA molecules through protein nanopores, resulting
in the generation of electrical signal perturbations that can be captured and
analyzed.

In addition to ONT, several Chinese companies are actively developing
nanopore sequencing technology. In 2020, QitanTech launched its first
nanopore sequencing device, the QNome-9606 (Fig. 1A). QitanTech’s
nanopore sequencing technology is based on principles and library
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Fig. 1 | The development process of nanopore sequencing and its technical

advantages compared with other high-throughput sequencing platforms. A The
major events in the development of nanopore sequencing. It has taken 25 years from
the concept of nanopore sequencing to the advent of the first nanopore sequencer
ONT MinION. During the development of nanopore sequencing, four major

technical points have been overcome, respectively making DNA molecular through
the nanopores, distinguishing of purines and pyrimidines, recognizing a single base
in an individual DNA strand, and controlling the rate of DNA passage through the
nanopore. Since 2014, nanopore sequencing technology has been in a rapid devel-
opment stage, and the throughput and accuracy of nanopore sequencing have

greatly improved. In 2020, QitanTech, a Chinese company, announced China’s first

nanopore sequencing platform, QNome-9606. After four years, Chinese MGI
released the nanopore sequencing platform CycloneSEQ. B The development of the
accuracy of nanopore sequencing. In the early stages, to improve the sequencing
accuracy, the library preparation of nanopore sequencing usually uses a 2 d strategy,
which means both strands of a dsDNA molecule to be sequenced. With the
improvement of sequencing protein, the accuracy of single strand reads gradually
catches up to the consensus sequences of the 2 d strategy. Of note, the accuracy of
QitanTech nanopore sequencing has a significant improvement within the past two
years. C Comparison of the advantages of nanopore sequencing relative to other
sequencing platforms. Nanopore sequencing have many technological advantages
including flexible, producing ultra-long sequencing reads and real-time sequencing.
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preparation methods similar to ONT nanopore sequencing. However, the
accuracy of the sequencing reads generated by QitanTech nanopore
sequencing remains notably lower than that of ONT?. Despite this lim-
itation, QitanTech nanopore sequencing has already proven sufficient for
resolving the genomes of MDR bacteria and for conducting epidemiological
studies of resistant bacteria within metagenomic samples™ . In 2024, MGI
Tech introduced another Chinese nanopore sequencing platform, Cyclo-
neSEQ (Fig. 1A). CycloneSEQ produces long reads with an average length of
11.6kb and an average quality score of 14.4, and has been successfully
applied to the reconstruction of bacterial genomes™. At this stage, nanopore
sequencing technology has entered a phase of rapid growth, which is
expected to accelerate further advancements, particularly in sequencing
throughput and accuracy.

Improvements in throughput and accuracy of nanopore
sequencing

Initially, the throughput of a single MinION nanopore sequencing flow cell
could only produce a few hundred megabases (Mb) of sequencing data. Due
to the limited sequencing throughput, nanopore sequencing was mostly
used for microbial research. For example, in 2015, an Escherichia coli gen-
ome was successfully assembled into a single contig with an impressive
nucleotide accuracy of 99.5% using only nanopore sequencing data (Fig.
1A)". Following that, nanopore sequencing was applied to many research
projects and as the demand for nanopore sequencing increased, the
throughput of MinION became insufficient for many studies. To address
this limitation, ONT introduced a higher throughput sequencing platform
called GridION in the third year after the release of MinION. GridION
allowed for simultaneous sequencing of five MinION flow cells, thereby
increasing the overall throughput. Subsequently, in 2018, ONT released an
ultra-high throughput sequencing platform called PromethION (Fig. 1A).
PromethION utilized different flow cells compared to MinION, with a
significantly larger number of channels (3000 channels per flow cell).
Additionally, PromethION had the capability to support up to 48 flow cells
in a single experiment, resulting in the production of several terabases (Tb)
of sequencing data. These advancements in sequencing throughput,
including the introduction of higher throughput platforms like GridION
and PromethION, have significantly expanded the capabilities of long-read
sequencing, made nanopore sequencing popular in multiple research fields,
including antimicrobial resistance (Fig. 1A).

In addition to sequencing length and throughput, accuracy is another
important consideration for the applications of nanopore sequencing. The
initial versions of ON'T’s flow cells, such as the R6, exhibited an error rate of
over 30% (Fig. 1B)”. To generate more accurate sequences, early ONT used
a 2 d library preparation method, which allowed both strands of a dsDNA
molecule to be sequenced. By this way, a template read, a complement read
and a consensus sequence generated by two reads were produced. Com-
pared with template or complement reads, the accuracy of consensus
sequences could be improved by about 10% in the R7 version flow cell
(accuracy from 62% to 72%)'’. Meanwhile, ONT has been continuously
improving the nanopore protein, motor protein, and library preparation kit
chemistry. As a result, the accuracy of consensus sequences produced by the
R7.3 and R9.0 versions of the flow cell has exceeded 90% by 2017 (Fig. 1B)™.

Although the 2 d library preparation method initially provided a sig-
nificant improvement in the accuracy of nanopore sequencing, it also
resulted in the abandonment of many low-quality data, leading to a decrease
in throughput. As nanopore and motor proteins continued to be improved,
the advantage of the 2 d strategy in terms of accuracy gradually diminished.
In the R9 version of the flow cell, the accuracy of consensus sequences could
only be improved from 85% to 90% compared to single-strand reads (Fig.
1B)”". To strike a balance between accuracy and throughput, ONT gradually
phased out the 2 d library preparation method and replaced it with the 1 d
library preparation method, where each strand of a dsDNA is sequenced
independently. With the release of the R9.4 version flow cell, the accuracy of
nanopore sequencing using the 1 d library preparation method could reach
over 90% (Fig. 1B)*>".

In 2019, the development of nanopore sequencing ushered in a major
innovation with the release of a novel version of flow cell R10. Compared to
previous nanopores, R10 has a longer barrel and a dual reader head, which
could capture two current perturbations of a strand of DNA through the
nanopore. Accordingly, the accuracy of nanopore sequencing, particularly
in regions with homopolymers, has been greatly enhanced. For example, in
targeted sequencing of a two Mb region using human samples, the R10
nanopore demonstrated a high level of accuracy, with consensus sequences
showing an identity of approximately 99.96% (Q34), which was comparable
to both Illumina and PacBio. Two years after the release of R10, ONT
introduced an updated version called R10.4 and announced the “Q20+
plan”. The Q20+ chemistry allows users to generate raw read sequencing
data with an accuracy exceeding 99% (Q20) (Fig. 1A). Using ONT R10.4
data alone, with a sequencing coverage of approximately 40-fold, it is pos-
sible to obtain microbial genomes with accuracy comparable to those
generated by polishing R9.4.1 data with [llumina data™. While there are
indications that nanopore sequencing may eventually achieve accuracy
comparable to next-generation sequencing technologies, further research is
needed to confirm this potential.

Comparative advantages of nanopore sequencing with other
sequencing platforms in bacterial antimicrobial resistance
research

With the rapid advancement of nanopore sequencing technology, it has
been widely used in bacterial antimicrobial resistance research due to its
unique ability to generate long reads in real time (Fig. 1C)"**". Unlike
high-throughput short-read sequencing platforms like Illumina or MGI,
which typically produce reads of a few hundreds of base pairs, nanopore
sequencing provides long reads that can span entire MDR regions and
complex genetic structures™. This capability enables a more comprehensive
analysis of the bacterial genome, allowing for precise identification of the
genetic structures of ARGs and mobile genetic elements such as plasmids,
transposons, and integrons™". In addition to generating long reads,
nanopore sequencing offers several practical advantages. One of the most
notable is its portability and relatively low cost. Devices like the MinION are
compact and affordable, making them ideal for on-site sequencing in field
studies or clinical settings (Fig. 1C)***’. In addition, even with ONT’s
MinION sequencing flow cells, the throughput can reach 15-30 Gb. By
applying ONT’s barcoding library strategy, multiple bacterial genomes can
be sequenced in parallel on a single flow cell. At an average coverage of
~100x per genome, this enables the simultaneous reconstruction of 30-60
bacterial genomes, greatly enhancing the efficiency of large-scale strain
surveillance and antimicrobial resistance monitoring while substantially
reducing per-genome sequencing costs. This feature makes nanopore
sequencing especially attractive for rapid, real-time monitoring of anti-
microbial resistance, particularly in resource-limited environments or
during infectious disease outbreaks***. In contrast, high-throughput plat-
forms like Illumina or BGI require more expensive equipment and infra-
structure, limiting their accessibility in certain contexts.

When compared to PacBio sequencing, another long-read platform,
nanopore sequencing offers significant advantages in cost, portability, and
sequencing read length™*. While PacBio sequencing also produces long
reads, it requires expensive equipment and is generally less accessible for
smaller labs or field applications. In contrast, nanopore sequencing devices
are compact, cost-effective, and capable of real-time operation, delivering
immediate results. This feature is particularly valuable for monitoring
resistance dynamics during outbreaks or clinical treatment. Furthermore,
nanopore sequencing generates significantly longer reads than PacBio
sequencing (ranging from tens to hundreds of kb, compared to PacBio’s
typical tens of kb), which is critical for resolving complex MDR regions, such
as tandem repeats, that are often difficult to assemble with shorter reads™. In
terms of sequencing accuracy, PacBio HiFi reads can reach ~99.99%,
whereas ONT’s latest Q20 chemistry produces duplex reads with accuracies
exceeding 99%*"*’. The exceptionally high accuracy of PacBio HiFi reads is
particularly advantageous for detecting single-nucleotide variants and small
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Fig. 2 | Applications of nanopore sequencing in bacterial antimicrobial resistance
research. A Application of nanopore sequencing in rapid bacterial genome reso-
lution. Currently, the primary approach for constructing bacterial complete gen-
omes is the hybrid assembly strategy, which combines nanopore long-read
sequencing with high-accuracy short-read high-throughput sequencing. With the
release of ONT R10.4 nanopore sequencing platform, complete MDR bacterial
genomes can now be constructed using only nanopore sequencing data.

B Identification and quantification of ARGs from metagenomes using nanopore

sequecing. Compared with traditional metagenomic sequencing, nanopore long-
read metagenomic sequencing offers more accurate identification of the genetic
context of ARGs, enables tracking of ARG host information, and facilitates the
assembly of more complete genomes of MDR bacteria. C Application of nanopore
target sequencing in low-abundance ARGs detection. There are two primary
enrichment strategies for detecting low-abundance ARGs: Cas9-based nanopore
targeted sequencing and nanopore adaptive sampling sequencing.

indels with high confidence, which is crucial for characterizing resistance-
conferring point mutations. However, the shorter average read length of
HiFi reads may limit its capacity to fully resolve repetitive regions and large
structural variations underlying ARG mobility. By contrast, ONT duplex
reads, although slightly less accurate, can be further corrected using high-
accuracy short reads. Consequently, the ability of nanopore sequencing to
handle large and complex genomic regions offers unique insights into the
evolution and spread of antimicrobial resistance, making it a more powerful
tool for combating this growing global health threat than PacBio
sequencing.

Rapid identification of bacterial antimicrobial
resistance using nanopore sequencing

Rapid genome resolution of MDR bacteria

MDR bacteria pose a serious threat to human health, primarily due to the
accumulation of ARGs mediated by mobile genetic elements®. Traditional
short-read sequencing often struggles with accurately resolving complex

MDR-associated genomic regions, such as antimicrobial resistance islands,
genomic rearrangements, and large repetitive elements that are common in
the genomes of MDR bacteria'®. These unresolved regions can include
critical genetic determinants of bacterial resistance, which are essential for
understanding the mechanisms of resistance and developing targeted
therapies.

Since its introduction in 2014, nanopore long-read sequencing tech-
nology has revolutionized bacterial genomics by enabling the direct reso-
lution of complex MDR-associated genomic regions™. By generating long
reads capable of spanning repetitive sequences and large genomic segments,
nanopore sequencing overcomes many of the inherent limitations of short-
read sequencing (Fig. 2A). Hybrid assembly strategies that combine nano-
pore long reads with short reads have since been widely applied, successfully
resolving challenging regions such as chromosomal resistance islands in
Salmonella Typhi'®. Although nanopore sequencing rapidly produces
structurally complete assemblies, earlier generations of the technology
suffered from reduced nucleotide accuracy compared with reference
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genomes (Fig. 2A)". To address this issue, polishing with short reads or
hybrid assemblies was commonly used to improve assembled genome
accuracy™ %,

More recently, ONT introduced the Q20+ chemistry with the R10.4
flow cell, achieving raw read accuracies exceeding 99% and enabling
assemblies with >99.9% accuracy and fewer than 20 SNPs relative to
reference genomes’**’. Importantly, these advances mean that complete and
highly accurate bacterial genomes can now be generated solely from
nanopore data, reducing turnaround time from ~39 h with hybrid strategies
to ~14h*.

Identification and quantification of ARGs through nanopore
long-read metagenomices

In recent years, the spread of environmental ARGs has become increasingly
recognized as a significant environmental pollutant™. The presence of ARGs
in various ecosystems, including animal and human gut microbiota, soil,
water, and wastewater, poses a serious risk to public health, as it can con-
tribute to the spread of antimicrobial resistance in both human, animal and
environmental populations™. Therefore, accurate identification and quan-
tification of ARGs in gut and environmental samples are crucial for asses-
sing their potential risk to human health and the environment™. Traditional
methods for detecting and quantifying ARGs from uncultured samples
predominantly rely on gPCR***. While qPCR is highly specific and widely
used, it requires considerable time and labor for sample preparation, and it
also involves high costs for reagents and consumables™. Furthermore, qPCR
methods are typically designed to target known ARGs, limiting their ability
to identify unknown ARGs.

With the rapid development of technologies, metagenomic
sequencing has emerged as a more comprehensive and efficient method
for detecting ARGs from complex samples®"”. Metagenomics, parti-
cularly through shotgun sequencing, allows for the simultaneous ana-
lysis of all microbial DNA present in a sample, providing a broader
landscape of the microbial community and its associated resistance
proﬁles“s’“. However, it is difficult for short-read metagenomic
sequencing to resolve the genetic structure and host information of
ARGs effectively™. In addition, short reads may fail to provide sufficient
context for understanding how ARGs are integrated into larger geno-
mic contexts or how they are associated with mobile genetic elements,
which are critical for the horizontal transfer of ARGs.

In contrast, nanopore long-read metagenomics offers significant
advantages over short-read sequencing. Nanopore sequencing generates
long reads, with an N50 typically ranging from 3 to 8 kb, depending on the
sample quality and sequencing conditions’***. These long sequencing
reads enable more comprehensive genome assembly and provide detailed
resolution of complex genetic structures (Fig. 2B). With nanopore
sequencing, researchers can directly observe the relationship between ARGs
and other functional genes, such as those involved in gene horizontal
transfer or virulence. This capability is crucial for understanding how ARGs
are linked to other microbial function genes and for tracking the genetic
context in which they exist®. Furthermore, long reads enable more accurate
prediction of the genetic location of ARGs within the genome, as well as the
identification of their host organisms. This ability to predict ARGs to specific
host genomes or plasmids is a significant advantage over short-read
sequencing, which often struggles to resolve such complex genomic struc-
tures. By identifying the host organisms and genetic contexts of ARGs,
nanopore sequencing can provide insights into how ARGs is being trans-
ferred between species, such as horizontal gene transfer mediated mobile
genetic elements like plasmids, transposons, or integrons"{”(‘g. Under-
standing the host information of ARGs is vital for evaluating their potential
to spread across microbial communities or to spread to pathogenic species,
which can significantly impact public health.

For example, urban wastewater treatment plants (WWTPs)
represent complex ecosystems and serve as critical reservoirs for the
exchange of ARGs between humans and the environment. Accurate
identification and quantification of ARGs in WWTPs are therefore

essential for monitoring their epidemiological prevalence and potential
risks to public health. Recent studies have demonstrated that nanopore
long-read metagenomic sequencing provides unique advantages for
this purpose. By leveraging long-reads, researchers have been able to
directly link ARGs to mobile genetic elements, thereby revealing key
drivers of ARG dissemination without the need for cultivation®**®.
Moreover, nanopore metagenomic sequencing enables detailed track-
ing of ARG dynamics across different treatment stages, for example,
from influent sewage to activated sludge, which highlighting the role of
mobile elements in mediating these shifts”. Together, these capabilities
underscore the power of nanopore long-read metagenomics in eluci-
dating the genetic context and epidemiological dynamics of ARGs in
wastewater environments.

Rapid identification of ARGs through nanopore long-read
targeted sequencing

Detecting low-abundance ARGs is crucial for the effective treatment of
bacterial infections, particularly in complex cases such as lower respiratory
tract infections*. In these scenarios, even subtle resistance mechanisms can
significantly impact pathogen virulence and lead to treatment failure. Tra-
ditional detection methods, such as shotgun metagenomic sequencing and
cultivation, often struggle to identify these low-abundance ARGs, as they
rely heavily on a high concentration of target DNA. This limitation can
result in missed detection of critical resistance determinants, which in turn
contributes to delays in treatment and ineffective antimicrobial choices.
Nanopore sequencing offers a promising solution to this challenge, parti-
cularly through innovative targeted enrichment strategies such as CRISPR/
Cas9-based enrichment and adaptive sampling (Fig. 2C)"*"". These tech-
niques have markedly enhanced both the sensitivity and efficiency of ARG
detection, even for low-abundance genes.

CRISPR/Cas9-based enrichment works by utilizing programmable
guide RN As to selectively amplify ARGs of interest from complex genomic
samples’. This approach enables the precise capture and sequencing of
ARGs, even from samples with a low abundance of ARGs, thereby
improving detection sensitivity and accuracy’’. For example, a method
based on nanopore sequencing combined with CRISPR/Cas9 enrichment
was demonstrated to identify ARGs in respiratory samples within
10 minutes of real-time sequencing’'. This rapid turnaround time is espe-
cially important in clinical settings, where time-sensitive decisions need to
be made regarding the treatment of infections. When compared to the
traditional Illumina-based Cas9 targeting, nanopore sequencing not only
enhances the detection of low-abundance ARGs but also reduces the overall
turnaround time for ARGs identification to less than 6 h. This reduction in
time is critical for informing prompt clinical interventions, particularly for
infections caused by highly resistant pathogens.

Moreover, by designing specific guide RNAs, Cas9-based targeted
enrichment can also facilitate the identification of the genetic contexts of
ARGs, a key factor in understanding how ARGs spread. In particular,
nanopore long sequencing reads enables the capture of genetic contexts that
are often missed by short-read sequencing methods. A notable application
of this approach is Context-Seq, a method that integrates Cas9-targeted
enrichment with nanopore sequencing to identify the genetic contexts of key
ARGs such as blargy and blacrx m. These genes, associated with p-lactam
resistance, were captured along with their surrounding genomic regions,
ranging from 1489 to 23,339 base pairs”. This genomic context information
provides valuable insights into the genetic mechanisms of resistance
transfer, as many of the captured reads contained genes encoding mobile
genetic elements, which are critical in the horizontal transfer of ARGs
between bacteria.

Beyond the Cas9-based enrichment methods, nanopore adaptive
sampling technique has also shown great feasibility in rapid antimicrobial
resistance diagnostics, especially in samples with low prevalence of
ARGs™*”. This technique works by selectively removing host DNA during
sequencing, effectively enriching microbial DNA and thus enabling more
sensitive detection of ARGs. By significantly increasing the yield of
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Fig. 3 | Advantages of nanopore sequencing in analyzing structural diversity and
the dynamic evolution of ARGs and MDR Regions. A The application of nanopore
sequencing in deciphering genetic structural characteristics of critical ARGs. The
detailed genetic basis of blaxpy, mcr, and tet(X) has been well decoded with
nanopore sequencing. B Single nanopore sequencing reads enable the resolution of
genetic diversity and heterogeneity within tandem repeat regions. The ultra-long

reads generated by nanopore sequencing can span large MDR repeat regions, which
is crucial for studying the genetic heterogeneity of tandem repeats and bacterial
antimicrobial heteroresistance. C Nanopore sequencing facilitates the resolution of
structural features and the dynamic evolution of MDR plasmids. Nanopore
sequencing data can resolve the structural changes of MDR plasmids that occur
during conjugation or bacterial division.

microbial DNA, adaptive sampling enhances the detection of ARGs, even in
challenging samples where ARGs are present at low levels. Notably, nano-
pore adaptive sampling can reduce the turnaround time for bacterial
pathogen and ARG detection to under 4 h, making it an invaluable tool for
clinical diagnostics’. This approach has been successfully used in pheno-
typic tests for antimicrobial resistance in positive blood cultures. Meanwhile,
the accuracy of antimicrobial resistance predictions using this approach
showed a categorical agreement rate exceeding 90% for monomicrobial
infections, demonstrating its high reliability and potential for use in routine
clinical practice”.

Although nanopore targeted sequencing offers significant advantages
in terms of turnaround time and detection sensitivity, it also has several
limitations that hinder its broader application. Both Cas9-based enrichment
and adaptive sampling significantly result sequencing throughput reducing
compared to standard nanopore sequencing, leading to higher costs for
these methods relative to others. Additionally, the efficiency of Cas9-based
enrichment is highly dependent on the design of the guide RNAs. Devel-
oping ideal guide RNAs that can both detect a wide range of ARGs and
accurately capture their genetic context remains a critical challenge that
needs to be addressed.

Structural diversity and dynamic analysis of ARGs and
MDR regions
Resolution of genetic structural characteristics of critical ARGs
The emergence of mobile carbapenem resistance genes blaxpy, colistin
resistance genes mcr and tigecycline resistance genes tet(X) pose a significant
threat to human health””. These genes are often located on plasmids or
other mobile genetic elements that facilitate their horizontal transfer
between bacteria, thus greatly impairing the usefulness of critical anti-
microbials (carbapenemase, colistin and tigecycline) as a clinical last line of
defense. Understanding the detailed structural characteristics of these
mobile ARGs is essential for elucidating how they spread within microbial
populations and across ecosystems. Traditional short-read sequencing
technologies often fall short in fully resolving these complex mobile genetic
regions due to their inability to assemble large repeat sequences or capture
the full context of ARGs. As a result, nanopore long-read sequencing usually
was used for the resolving the genetic structural features of the three types of
ARGs (Fig. 3A).

In general, blaypy, mcr, and tet(X) were commonly carried by plas-
mids. In recent years, many types of blaxpym-, mcr-, and tet(X)-bearing
plasmids have been resolved by nanopore long-read sequencing. The
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blanpu genes usually located on IncX3, IncC, and IncFII plasmids*™'. The
mecr genes usually located on IncX4, IncI2, and IncHI2 plasmids™*. The
tet(X) genes usually located on IncF-hybrid plasmids*. The ability of
nanopore sequencing to capture large, contiguous sequences has allowed for
a more comprehensive understanding of the mobility and integration
mechanisms of these resistance genes. In addition to plasmids, blapn have
also founded to be involved in some complex genetic structures, such as
chromosomally integrated plasmids, large transposons and integrative and
conjugative elements (ICEs)* ™. Similar, many mcr-bearing plasmids have
also been found to integrate into bacterial chromosomes using nanopore
long-read sequencing, especially in Salmonella species”™'. Furthermore,
transposon-mediated integration of mcr genes into chromosomes, such as
the chromosomal insertion of Tn6330, is frequently observed and can be
accurately characterized with nanopore sequencing’*”. Apart from plas-
mids, the genetic location of tet(X) is primarily found within ICEs, with the
tet(X6) variant often carried by these mobile elements**™.

With the widespread use of antimicrobials, an increasing number
of super-bugs have emerged. The generation of these super-bugs is
primarily driven by the accumulation of critical ARGs within the same
strain””". Although conventional PCR methods or whole-genome
sequencing can identify multiple ARGs in the same strain, the precise
genetic location of these ARGs cannot be determined. This limits our
ability to understand the reasons behind the clustering of different
critical ARGs and to investigate the genomic mechanisms underlying
the formation of MDR bacteria. Moreover, clearly decoding the co-
existence characteristics of critical ARGs at the genomic level is crucial
for studying their horizontal transmission patterns. Currently, many
extensively drug-resistant strains have been analyzed using nanopore
sequencing. For example, co-existing blanpy, mcr, and tet(X) genes
have been resolved in detail, including reports of mcr-1, tet(X4), and
blanpa.s occurring together in the same Escherichia coli strain. In
this case, nanopore sequencing revealed that mcr-1 was carried by the
chromosomal transposon Tn6330, while tet(X4) and blanpm.s were
located on IncFII and IncX3 plasmids, respectively”. These findings
highlight the power of nanopore sequencing in resolving the genetic
context of multiple ARGs within single strains, thereby providing cri-
tical insights into their horizontal transfer and the emergence of pan-
drug resistance.

Tandem amplification of ARGs-bearing genetic structures

In response to environmental pressures, bacteria often develop various
adaptive strategies to survive these stresses. A well-known example of this is
antimicrobial heteroresistance, where a bacterial population, initially sen-
sitive to antimicrobials, evolves into a mix of subclones with varying degrees
of resistance. This phenomenon typically results from the amplification of
ARGs within certain subpopulations. Recently, with the help of nanopore
long-read sequencing technology, it has become evident that the majority of
antimicrobial heteroresistance is linked to the tandem amplification of
ARGs within bacterial genomes™. Notably, this type of heteroresistance is
commonly observed during clinical antimicrobial treatments™'"". For
example, tandem amplification of aphA1l in Acinetobacter baumannii can
lead to tobramycin resistance, ultimately resulting in treatment failure'”.
Clinical Escherichia coli could develop piperacillin/tazobactam resistance by
1S26-mediated amplification of blarey. '

To date, numerous tandem amplification structures have been
resolved by nanopore long-read sequencing (Fig. 3B). These amplifica-
tions frequently occur in the MDR regions of various plasmids in
Enterobacteriaceae. Typically, such tandem repeat structures consist of
multiple translocatable units (TUs), each containing a mobile genetic
element together with one or more ARGs that drive resistance
amplification'**'”. A recent identified tigecycline resistance gene, tet(X),
has also been reported in tandem repeat form, most commonly as a simple
tet(X)-ISCR2 unit”*****. Nanopore sequencing can generate ultra-long
reads, which are particularly powerful for resolving complex tandem
repeats. However, the production of ultra-long reads is often limited by

the size of input DNA fragments. In practice, DNA extracted with stan-
dard bacterial genomic kits usually yields fragments of ~40-50 kb, which
constrains the sequencing of ultra-long reads. In contrast, plasmid
extraction methods (such as QIAGEN Plasmid Midi Kit) can recover
much larger molecules, often exceeding 100 kb, thereby facilitating ultra-
long read generation and enabling resolution of complex multidrug-
resistant plasmid structures. Using these approaches, long tandem repeat
regions spanning tens of kb in plasmids can be fully deciphered. For
example, the tmexCDI-topr]1 gene cluster is frequently embedded in long
tandem repeats of several tens of kb, containing multiple mobile elements
as well as additional ARGs'”. Moreover, ultra-long reads have provided
direct evidence for the involvement of insertion sequences in the for-
mation of tandem repeat regions**'”. Beyond Enterobacteriaceae, tan-
dem repeats have also been identified in Gram-positive bacteria,
including poxtA-bearing tandem repeats in Enterococcus faecalis and
vanM tandem amplifications in Vancomycin-variable enterococci'”'*.

Structural features and dynamic evolution of MDR mobile genetic
elements

The formation of MDR regions and fusion plasmids is a complex and
dynamic process driven by antimicrobial selection pressures, horizontal
gene transfer, and the integration of mobile genetic elements'”. These
structures present a significant challenge in combating antimicrobial
resistance. MDR regions often consist of clusters of ARGs, insertion
sequences, integrases, and are located on bacterial chromosomes or mobile
genetic elements'. These mobile elements facilitate the rapid horizontal
transfer of ARGs between bacterial species'"'*""". Understanding the
structures of these complex mobile elements and fusion and recombination
plasmids that harbor MDR regions is crucial for investigating the evolution
and transmission dynamics of ARGs.

Large mobile elements, such as Salmonella genomic island (SGI),
Proteus genomic island (PGI), and ICEs, are typically tens of kb in size and
often contain multiple ARGs, as well as other virulence or mobility factors'”.
Because of frequent recombination mediated by insertion sequences, inte-
grases, and recombinases, these elements often display highly complex
architectures that are difficult to resolve with short-read sequencing alone.
Nanopore sequencing has greatly improved the resolution of such structures
and enabled comprehensive characterization of their genetic composition.
In recent years, this approach has facilitated the identification of numerous
SGIs, PGIs, and ICEs across diverse bacterial species'*™''. These studies
have provided a clearer landscape of the genetic features of these regions and
their role in the spread of ARGs. As these complex structures are increas-
ingly understood, their contribution to the global dissemination of anti-
microbial resistance becomes more apparent. Clinically critical ARGs, such
as those encoding carbapenemases and tigecycline resistance, have also been
shown to be frequently transmitted through these complex MDR
regionsgﬁ,ll-i,]lill?'.

Fusion and recombination plasmids are larger and more complex than
other large mobile elements, and they often undergo structural changes
during bacterial division or conjugative transfer between different
bacteria''*'"”. Before the advent of long-read sequencing technology, plas-
mid fusion and recombination processes could only be observed through
techniques like S1-PFGE or Southern blotting'’. However, these methods
are limited in their ability to analyze the detailed structure and mechanisms
of plasmid fusion and recombination. With the widespread application of
nanopore sequencing technology in bacterial genome analysis, it is now
easier to resolve fusion and recombination plasmids. This technology also
allows us to observe the dynamic structural changes of plasmids during
conjugative transfer between bacteria (Fig. 3C). For example, the fusion or
recombination of a plasmid carrying carbapenemase genes with a plasmid
carrying virulence genes during conjugation can result in the emergence of
carbapenem-resistant and hypervirulent Klebsiella pneumoniae'”'. Fur-
thermore, the dynamic changes in fusion and recombination plasmids
accelerate the aggregation and co-transfer of ARGs, contributing to the
spread of MDR bacteria*'"**'*>'>,
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Emerging novel application of nanopore

sequencing in AMR

Currently, the primary application of nanopore sequencing in bacterial
antimicrobial resistance research is DNA sequencing. However, other
capabilities of nanopore sequencing, such as direct RNA sequencing and
methylation modification detection, have been scarcely applied to the study
of bacterial resistance'**'*. Direct RNA sequencing offers the advantage of
analyzing RNA molecules without the need for cDNA synthesis, providing a
more accurate and comprehensive view of bacterial gene expression in
response to antimicrobial pressure. This could lead to valuable insights into
how ARGs are regulated and expressed in real time. Additionally, the ability
of nanopore sequencing in detecting DNA methylation modifications
directly holds significant potential for understanding epigenetic changes
that contribute to antimicrobial resistance. Methylation could play a role in
the regulation of resistance genes or the stabilization of mobile genetic
elements that carry them. As these capabilities are further developed and
integrated into antimicrobial resistance studies, they are likely to offer new
avenues for understanding the molecular mechanisms underlying bacterial
resistance, enabling more precise diagnostics and novel therapeutic
strategies.

Conclusions and future perspectives

Deciphering the genetic structure of MDR bacteria is crucial for under-
standing the evolution and spread of antimicrobial resistance. Nanopore
long-read sequencing technology is revolutionizing bacterial resistance
research with two unique advantages: real-time sequencing and ultra-long
sequencing reads. Its ability of rapid turnaround time enables quick diag-
nostics and real-time monitoring of bacterial antimicrobial resistance,
particularly in clinical settings. Additionally, its ability to generate ultra-long
reads allows for the detailed characterization of complex genetic regions and
tracking the dynamic evolution of MDR genetic structures, which were
previously difficult to resolve with short-read sequencing technologies.
However, the high error rate of sequencing reads and sequencing costs per
sample currently limit its broader application. As the further development of
nanopore sequencing technology and commercialization in multiple
countries, especially in the improvements of both cost reduction and
sequencing accuracy, it is poised to play an increasingly pivotal role in
addressing the growing global threat of antimicrobial resistance spread.
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