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LETTER TO THE EDITOR
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Dear Editor,

Bacterial antimicrobial resistance (AMR)
poses a serious threat to global human
health (Antimicrobial Resistance Colla-
borators, 2022). Comprehensive profiling
of AMR and accurate molecular typing
are important for tracking and controlling
the emergence and dissemination of anti-
biotic-resistant bacteria (Yahara et al.,
2021). We previously developed a multi-
plex amplicon sequencing-based method
for directly sequencing AMR-related loci
in N. gonorrhoeae from clinical samples
(Zhang et al., 2021). Furthermore, we
proposed a general framework for the
method and presented a proof-of-concept
evaluation for its feasibility (Potter et al.,
2021). However, this prototype method
still had two limitations that needed to be
resolved. The first limitation was the low
accuracy of retrieving homopolymers,
which was solved by the development of
a novel data processing pipeline in this
study. The improved accuracy enabled
the data of portable sequencers to perform
precise molecular typing of bacteria,
which was previously performed using
Sanger sequencing or desktop sequencers.
The second limitation was the limited
batch size per run. The batch size was
considerably increased in the current
procedure by combining a ligation-based
library and optimized PCR assays, result-
ing in reduced reagent cost per sample.
Furthermore, we evaluated the perfor-
mance of R10.3 flowcell and investigated

the relationship between input bacterial
genome copies and multiplex PCR ampli-
fication efficiency, inferring the limit of
detection (LOD) of similar methods based
on MinION amplicon sequencing (Ca-
bibbe et al., 2020).

Primers for multiplex PCR were de-
signed and optimized to simultaneously
amplify 16 targets, including (i) 7 MLST
(multilocus sequence typing) loci (abcZ,
adk, aroE, fumC, gdh, pdhC, and pgm), (ii) 7
resistance-associated genes used in the
NG-STAR typing scheme (penA, mtrR,
porB, ponA, gyrA, parC, and 23S rRNA;
Demczuk et al., 2017), (iii) NG-MAST loci
(tbpB, another NG-MAST locus porB was
included in the NG-STAR typing scheme),
and (iv) porA for N. gonorrhoeae identifica-
tion. Primer sequences and the optimized
volume of each primer required to mix the
pool are listed in Table S1 in Supporting
Information. WHO N. gonorrhoeae refer-
ence strains WHO-K, ATCC-49226, 74 N.
gonorrhoeae isolates, and 51 N. gonor-
rhoeae-positive urethral swabs were used
to validate the method. Furthermore,
mock specimens were used to determine
the LOD of the method. In the bioinfor-
matics pipeline, variants were called with
their respective quality scores using Free-
bayes (Liu et al., 2019). Different thresh-
olds were set based on the types of flowcell
(R9.4 or R10.3) and variants (SNP or
indel) to filter potential false-positive
variants. Thus, the high error of homo-
polymer calling, which is an intrinsic
limitation of nanopore data (Sereika et

al., 2022), can be effectively controlled.
Figure S1 in Supporting Information
depicts an overview of the experimental
and data processing workflow used in this
study. Sample information, detailed ex-
perimental protocol, and data processing
pipeline can be found in the materials and
methods section of Supporting Informa-
tion.

Determining the minimum depths is
critical for inferring the required data size
and thus estimating the suitable sequen-
cing time. The results showed that the hac
model (Figure 1A; Figure S2 in Support-
ing Information) outperformed the fast
model (Figures S3 and S4 in Supporting
Information; 1.02 versus 11.17 average
mismatches, P<0.001). The difference in
performance between the R10.3 flowcell
and R9.4 flowcell in terms of an average
number of mismatches was not statisti-
cally significant (7.88 versus 4.30 aver-
age mismatches, P=0.126). For depths of
30×, 45×, and 60×, the results of typing
and identification of AMR-related sites
were correct in all groups. For a more
comprehensive evaluation of the accu-
racy, samples with different phenotypic
and genetic characteristics were tested.
Results of nine clinical samples showed
the method had good performance in
typing and identification of AMR-related
sites (Figure 1B). For the R10.3 flowcell
group, mismatches were only observed in
one isolate (Clinical Sample a04). The
average number of mismatches of isolates
was lower than that of clinical samples,
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Figure 1. Detection performance and validation of the method. A, Heatmaps depicting the relationship between depths and accuracy of the consensus sequences using analytes
of clinical samples. Raw data were base-called using the hac model. Numbers in the cells indicate the number of mismatched bases, with darker cells indicating more mismatches.
Cells without numbers indicate full agreement between consensus sequences and confirmed sequences. B, Heatmap of the results of accuracy assessment using nine clinical
samples. Raw sequencing data were base-called using the hac model. Consensus sequences were constructed from refined subsets with 60 qualified reads. C, Relationship between
the number of qualified reads and spike concentrations. Mock specimens were tested in triplicate with each spike concentration. Circles represent the medians of the three
replicates, and error bars indicate the maximum and minimum values of the three replicates. For each replicate, 10, 20, 30, 40, and 50 MB clean FASTQ files were extracted for
downstream analyses. The dotted red line indicates 30 qualified reads, ensuring correct typing and identification of AMR-related sites. D, Dynamic relationship between the
number of eligible samples and the amount of output data. E, Amount of raw FASTQ format data required and the corresponding suggested sequencing time when a certain
number of clinical samples are batched within a run.
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but the difference was not significant
(0 .36 versus 1 .39 mismatches ,
P=0.062; Figure S5 in Supporting Infor-
mation). This distinction is mostly due to
the existence of colonizing microbes in the
urogenital tract that share genomic simi-
larities with N. gonorrhoeae, resulting in
non-specific amplification. Susceptibilities
to ceftriaxone (CRO), azithromycin
(AZM), and ciprofloxacin (CIP) were pre-
dicted for each sample. The algorithm and
results of prediction are listed in Table S2
in Supporting Information.

Low bacterial loads will aggravate
uneven amplification, which requires
more data to ensure that each target gene
has sufficient reads for downstream ana-
lysis. We explored the relationship be-
tween input genome copies and the
number of qualified reads of each target
gene, thereby estimating the appropriate
input genome copies and the minimum
amount of data needed. For each gene, a
minimum of 30 qualified reads were
deemed sufficient, as this amount can
enable correct typing and identification of
AMR-related mutations. The results de-
monstrated for input genome copies
larger than 200, 30–40 MB clean FASTQ
files were sufficient. Compared with other
target genes, the amplification of tbpBwas
suboptimal (Figure 1C; Figure S6 in
Supporting Information). To provide
strong and trustworthy results, Deeplex
Myc-TB, a commercial kit based on
amplicon sequencing for in vitro diagnosis
of Mycobacterium tuberculosis, demands a
minimum of 1,000 input genomes. Our
technique outperformed Deeplex Myc-TB
in terms of analytical sensitivity. Further-
more, according to studies on gonococcal
bacterial load, our method was sensitive
enough to be applied to most samples of
gonococcal infections (Bissessor et al.,
2011; Priest et al., 2017).

A panel of Neisseria spp. strains was
tested to assess the cross-reactivity. For
each strain, 100 MB clean FASTQ files
were analyzed, and the numbers of reads
mapped to porA were used to evaluate the
specificity. For N. gonorrhoeae strains, the
numbers of reads mapped to porA were
close to other target genes, with the
variances within the same order of
magnitude. For nongonococcal Neisseria
spp. species, such variances were con-
siderable, and the number of reads
mapped to porA was less than ten (Figure
S7 in Supporting Information).

By describing the dynamic relationship

between the number of eligible samples
and the amount of output data, we
evaluated the appropriate batch size per
run and the expected sequencing time. If a
sample had more than 30 qualified reads
of each target gene, it was defined as
eligible. The run testing 40 clinical
samples yielded 7,200 MB raw FASTQ
data in 39 h 25 min, and 35 samples
were eligible with 5,400 MB raw data (an
average of 135 MB per clinical sample;
Figure 1D). Subsequently, the 1,800 MB
yielded raw data that can enable the
sequencing of ~13 more clinical samples
(Figure 1E). For isolate samples, data
output was considerably quick, and an
isolate can be sequenced with less raw
data (an average of 90 MB per isolate).
Similarly, up to 80 isolates can be
sequenced in one flowcell to make com-
plete use of the data output (Figure S8 in
Supporting Information). The sequencing
data for each eligible sample was exam-
ined using the abovementioned bioinfor-
matics pipeline, and the molecular types
of MLST, NG-STAR, and NG-MAST were
successfully obtained (Tables S3 and S4 in
Supporting Information).

In conclusion, this method outper-
formed similar methods based on tar-
geted-amplicon sequencing in terms of
analytical sensitivity. The results of the
validation demonstrated its robustness,
outstanding batching capability, and ideal
detection performance. The bioinfor-
matics pipeline can reduce the large error
of homopolymer calling, allowing exact
typing loci recovery not only for MLST
with conserved housekeeping gene loci
but also for NG-STAR and NG-MAST with
highly polymorphic loci. The continued
reduction in sequencing costs of this
method shows promise in tackling the
issues associated with resistance detec-
tion.
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