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ARTICLE INFO ABSTRACT

Keywords: The monkeypox virus (MPXV) has triggered a current outbreak globally. Genome sequencing of MPXV and
Monkeypox virus (MPXV) rapid tracing of genetic variants will benefit disease diagnosis and control. It is a significant challenge but
Metagenomic ) necessary to optimize the strategy and application of rapid full-length genome identification and to track
i:;ﬁg;rfranon sequencing variations of MPXV in clinical specimens with low viral loads, as it is one of the DNA viruses with the largest

genome and the most AT-biased, and has a significant number of tandem repeats. Here we evaluated the
performance of metagenomic and amplicon sequencing techniques, and three sequencing platforms in MPXV
genome sequencing based on multiple clinical specimens of five mpox cases in Chinese mainland. We rapidly
identified the full-length genome of MPXV with the assembly of accurate tandem repeats in multiple clinical
specimens. Amplicon sequencing enables cost-effective and rapid sequencing of clinical specimens to obtain
high-quality MPXV genomes. Third-generation sequencing facilitates the assembly of the terminal tandem
repeat regions in the monkeypox virus genome and corrects a common misassembly in published sequences.
Besides, several intra-host single nucleotide variations were identified in the first imported mpox case. This
study offers an evaluation of various strategies aimed at identifying the complete genome of MPXV in clinical
specimens. The findings of this study will significantly enhance the surveillance of MPXV.

Third-generation sequencing

1. Introduction the other located in west Africa is called WA (or Clade II). The fatality

rate of the CB clade (10.6%) is higher than the WA clade (3.6%) (Bunge

The monkeypox virus (MPXV) is a member of the Orthopoxviridae
family and causes disease in humans and wild animals. In 1958, MPXV
was first detected in monkeys. The first confirmed human case of MPXV
infection was reported in the 1970s (Ladnyj et al., 1972). The
geographical distribution of early reported cases shows that MPXVs have
been classified into two distinct groups (Bunge et al., 2022). The clade
distributed in central Africa (Congo Basin) is named CB (or Clade I), and
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et al., 2022). Having been endemic in Africa for about fifty years, MPXV
is now exported to other continents. In 2003, an outbreak of MPXV was
caused by imported wildlife in the United States. Since 2018, sporadic
cases have been reported in the United States, Israel, Singapore, and the
United Kingdom. MPXV is now back in the spotlight worldwide (Tan and
Gao, 2022). In May 2022, a new MPXV outbreak occurred in Europe.
Almost all the sequenced MPXVs originated from the same source, mainly
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close to the WA clade (named B.1 lineage) (Aljabali et al., 2022; Anwar
and Waris, 2022; Bunge et al., 2022; Hraib et al., 2022; Isidro et al.,
2022). Besides, an independent outbreak (A.2 lineage) was reported in
the United States during the same period (Gigante et al., 2022).

Nucleic acid amplification and serology tests can rapidly diagnose
MPXV infection cases at a low cost, and we have also developed specific
detection primers for this major outbreak strain B.1 (Huo et al., 2022).
However, these assays cannot be used to monitor the sources, lineage,
transmission, and genomic variations of MPXV. Besides, Wu et al. found
variations in the target regions of the monkeypox virus detection primers
published by the CDC (Wu F. et al., 2023). These newly emerging vari-
ations could lead to an underestimation of the viral load in samples and
even result in misdiagnosis. To better carry out MPXV prevention and
treatment, it is necessary to develop cost-effective and high-quality
whole-genome sequencing strategies for MPXV.

MPXV is a double-stranded DNA virus with a length of 197 kb and
consists of about two hundred genes. The frequency of A/T is twofold
larger than C/G. Tandem repeats at the end of the genome exist in
almost all orthopoxviruses (Shchelkunov et al., 2002). MPXV has a pair
of inverted terminal repeats (ITR, about 7 kb), which contain a small
number of open reading frames and elements essential for viral genome
replication (Shchelkunov et al., 2002). The major strategies applied for
MPXV genome sequencing are metagenomic and amplicon sequencing
(Gorgé et al., 2022; Martinez-Puchol et al., 2022; Chen N. et al., 2023).
The former starts with DNA from clinical specimens and constructs the
sequencing library directly. MPXV accounts for only a low fraction of
the total DNA (less than 1%) of clinical specimens. Therefore, in order
to sequence the MPXV genome, the virus must first be isolated from
clinical samples and cultured before undergoing genome sequencing
(Fuchs et al., 2022). Virus isolation is time-consuming and requires
strict conditions. Instead, amplicons can be used to enrich or amplify
viral nucleic acids (Charre et al., 2020; Gohl et al., 2020; Chen N. et al.,
2023). The next- and third-generation sequencing platforms have been
applied to MPXV genome sequencing. The next-generation sequencing
primarily uses optical or other technologies and sequences a cluster of
fragments of the same source with high accuracy but short read lengths,
including Illumina, MGI, and Ion torrent sequencing platforms. The
third-generation sequencing is less affected by base composition bias
and can directly sequence long fragments without amplification,
including platforms from Pacific Biosciences (PacBio) and Oxford/Na-
nopore Technologies. Recent advancements in MPXV genome
sequencing were also discussed in our recently published review (Chen
Y. et al., 2023).

In this study, we utilized metagenomic and amplicon sequencing
methods to accurately identify the complete genome of MPXV. Amplicon
sequencing, known for its cost-effectiveness and efficiency, enabled rapid
sequencing of clinical specimens, thus facilitating the acquisition of high-
quality MPXV genome sequences. Leveraging third-generation
sequencing technology enhanced the assembly of terminal tandem
repeat regions while rectifying a recurring assembly error commonly

Table 1
Clinical specimen information.
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observed in published genomes. Notably, the integration of amplicon
sequencing with third-generation single-molecule real-time sequencing
allowed for the rapid acquisition of high-quality full-length genomes of
the monkeypox virus. Additionally, we successfully conducted mutation
analysis and performed preliminary tracing of the viral genome for the
first reported imported monkeypox case on Chinese mainland, as well as
a case detected in early June 2023. Moreover, we identified several intra-
host single nucleotide variants (iSNVs) of MPXV in blister fluid swab
specimens, along with various co-existing microorganisms in the im-
ported monkeypox case.

2. Materials and methods
2.1. Clinical specimen collection

The first imported mpox case in Chinese mainland was identified in
Chongqing in September 2022 (Zhao et al., 2022). On September 16, we
collected specimens of the case. In June 2023, numerous cases of mpox
were reported in China, and a total of six samples were collected from
four cases. The information of all specimens was provided in Table 1.

2.2. DNA extraction

Clinical specimen inactivation was performed in the Biosafety-Level-3
(BLS-3) laboratory of the National Institute for Viral Disease Control and
Prevention in the Chinese Center for Disease Control and Prevention.
According to the manufacturer's instructions, DNA was extracted using
QIAamp DNA Mini Kit (Qiagen, USA).

2.3. Library construction and sequencing

2.3.1. Nanopore amplicon sequencing

DNA was subjected to multiplex PCR. The amplicon primers were
modified based on Chen et al. with three pairs of redesigned primers to
prevent amplicon drop-out (Chen N. et al., 2023). Reactions were
generated using 2x Q5-High Fidelity master mix (NEB) with 3.6 pL of
10 pmol/L primer pool, and the conditions were as follows: after 3 min
initial denaturation at 98 °C, followed by 35 cycles of 15 s at 98 °C and
5 min at 63 °C. The PCR products were purified using AMPure XP beads
(Beckman Coulter), and the concentration and amplicon size was
measured using the Qubit 3.0 (Thermo Scientific, USA) and Qsep100
Analyzer (BiOptic). Library preparation for Nanopore sequencing was
conducted using Ligation Sequencing 1D (SQK-LSK109 Oxford/Nano-
pore Technologies), according to the manufacturer's instructions. About
300 fmol purified amplicons were treated with NEBNext Ultra II End
repair and dA-tailing Module (New England Biolabs, USA), then puri-
fied using 0.5 volume of AMPure XP beads. The AMX sequencing
adapter was attached using Quick T4 DNA ligase (NEB). Each library
was loaded on an R9.4.1 flow cell (FLO-MIN106) and sequenced by
GridION.

Case No. Sources Sample types Ct Third-generation Next-generation sequencing platform
sequencing platform
Nanopore DNBSEQ-G99 DNBSEQ-G400 Nextseq-2000 Ion torrent/Genexus
1 Chongging Oropharyngeal swabs 27.8 Amplicon Amplicon mNGS mNGS mNGS /
Chongging Blister fluid 20.7 Amplicon Amplicon mNGS mNGS / /
Chongging Nasal swabs 31 mNGS / / / / /
Chongging Blood 33.7 Amplicon
Chongging Cultured Vero cells 20.5 / / / / / Amplicon
2 Beijing Oropharyngeal swabs 28.5 / Amplicon / / / /
Beijing Blister fluid 21.3 / Amplicon / / / /
3 Guangdong Blister fluid 22,5 / Amplicon / / / /
4 Inner Mongolia Oropharyngeal swabs 31.2 / Amplicon / / / /
Inner Mongolia Blister fluid 21.5 / Amplicon / / / /
5 Shanghai Blister fluid 20.2 / Amplicon / mNGS / /
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2.3.2. DNBSEQ-G99 amplicon sequencing

The enrichment of monkey pox viral full-length genome used ATO-
Plex MPXV panel (MGI, China), PCR primers designed against the mon-
keypox reference (NC_063383.1) using the ATOPlex platform (https://at
oplex.mgi-tech.com/) which contained 739 pairs of PCR primers with
amplicon sizes ranging from 313 to 395 base pairs (bp). According to the
manufacturer’s instructions, 10 pL volume of extracted DNA was sub-
jected to whole genome amplification using the ATOPlex Multiplex PCR
Amplification kit (MGI, China). The PCR cycling conditions consisted of
5 min at 37 °C, 5 min at 95 °C, 37 cycles of 20 sat 95 °C, 1 min at 60 °C, 1
min at 58 °C, followed by 20 s at 72 °C, and a final extension of 1 min at
72 °C. The PCR product with 50 pL was purified using MGIEasy DNA
Clean Beads (MGI, China) and quantified using a Qubit 3.0 (Invitrogen,
USA). The resulting PCR product of 200 ng prepared as an amplicon
sequencing library using MGIEasy Fast PCR-Free FS DNA Library Prep Kit
(MGI, China) and conducted following steps including enzyme frag-
mentation, end repair, adapter ligation and library purification. The li-
braries were quantified using a Qubit 3.0 (Invitrogen, USA) and
normalized. Subsequently, the normalized libraries were circularized
using the DNBSEQ OneStep DNB Make Reagent Kit (MGI, China) and
generated DNA nanoballs (DNBs). Finally, the DNB libraries were
sequenced on a DNBSEQ-G99 platform with SE100 + 10+10 according
to the manufacturer's standard protocol.

2.3.3. Metagenomic next-generation genome sequencing

Extracted monkeypox genomic DNA was dissolved in 1x TE buffer
(Ambion, USA), the integrity (OD260/280 = 1.8-2.0) and quality of
gDNA was measured using an Agilent 2100 BioAnalyzer (Agilent, USA)
and Qubit 3.0 with Qubit dsDNA HS Assay Kit (Invitrogen, USA). The
library preparation for NGS sequencing included: shearing of input gDNA
by fragmentase, end repair, adapter ligation, PCR and purification.
Fragmentation mixture was prepared on ice, consists of fragmentase and
FS buffer all from MGIEasy Fast FS DNA Library Prep Module (940-
000031-00, MGI). About 2.5 ng gDNA with 40 pL 1x TE buffer added
into 15 pL fragmentation mixture, then transferred to a thermocycler to
conduct reaction as followed: 1 min at 4 °C, followed by 8 min at 30 °C to
break gDNA, and 20 min at 65 °C for enzyme inactivation. Sheared DNA
was purified using En-Beads that mixed by MGIEasy DNA Clean Beads
and 1x Elute Enhancer (MGI, China). Adapter ligation was conducted
using Ad Ligase, Ligation Enhancer and Fast Ligation Buffer (MGI, China)
according to the manufacturer’s instructions. PCR reactions were
generated using 38 pL ligation product, 12 pL. UDB PCR Primer and 50 pL
PCR Enzyme mix (MGI, China) of 100 uL pool in total, and the conditions
consisted of 3 min initial denaturation at 95 °C, followed by 18 cycles of
20 sat 98 °C, 15 s at 60 °C and 30 s at 72 °C, and a final extension of 10
min at 72 °C. The PCR product were purified using DNA clean beads,
concentration and libraries fragment sizes distribution were measured
using the Qubit 3.0 and Qsepl00 Analyzer (BiOptic). Finally, the
normalized libraries were circularized using the DNBSEQ OneStep DNB
Make Reagent Kit (MGI, China) and generated DNA nanoballs (DNBs).
The prepared DNB were loaded onto patterned nanoarrays and
sequenced on DNBSEQ-G99 with PE100 + 10410 Bioanalysis By
Sequencing (BBS) model and DNBSEQ-G400 with PE100 + 10+10 ac-
cording to the manufacturer's standard protocol.

2.3.4. Ion torrent/Genexus amplicon sequencing

The Ion AmpliSeq MonkeyPox Panel was designed by Ion AmpliSeq
technology with two primer pools, the average amplicon length is
125-275 bp, and the total amplicons are 1,609. After quantification by
qPCR, a volume of 25 pL of a tenfold dilution of each sample was
distributed in an Applied Biosystems MicroAmp EnduraPlate Optical 96-
Well Clear Reaction Plate. The plate was sealed with a sheet of adhesive
PCR plate foil and was placed on the Ion Torrent Genexus (GX) Integrated
Sequencer (Thermo Fisher Scientific), which can sequence 3-4 samples
per lane and 12-16 samples per GX5 chip (four lanes per chip) for the
MPXV virus. The sequencing workflow was performed using the Ion
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AmpliSeq MonkeyPox Panel on GX, an automated library preparation,
sequencing, analysis, and reporting technology.

2.4. mNGS analysis

Raw reads were processed using Fastp v0.23.2 (Chen et al., 2018) to
remove adapters and low-quality bases. Clean reads were mapped to the
human genome (hg38) to remove the host using bwa v0.7.17 (Li and
Durbin, 2009). The non-host reads were then used to identify potential
pathogens using the Pathogeny Fast Identification (PFI) V5.0 pipeline
(MGI).

2.5. Virus genome assembly

2.5.1. Metagenomic sequencing datasets

Clean reads were mapped to the genome of MPXV (NC_063383.1)
using bwa. Low-quality alignments with a high proportion of soft-clipped
bases were filtered. GATK4 Mutect2 (McKenna et al., 2010) and BCFtools
v1.9 (Danecek et al., 2021) were used to call and filter variants.
Consensus sequences were generated by modifying the reference genome
according to the identified variants.

2.5.2. Amplicon dataset analysis

Reads were analyzed as the methods described in Metagenomic
analysis except for primer trimming for datasets generated by the next-
generation sequencing platforms. A modified ARTIC v1.2.1 minion
module was used for reads generated by Nanopore. Reads alignments
were viewed with Integrative Genomics Viewer (IGV) (Robinson et al.,
2011). The codes were provided in GitHub (https://github.com/Bi
oWu/Monkeypox-genome-assembly).

2.6. Tandem repeats copy number determination

The high-quality MPXV genome sequences were retrieved from the
National Center for Biotechnology Information (Sayers et al., 2021) and
GISAID (Shu and McCauley, 2017) (https://www.gisaid.org, as of
2022/9/27). Tandem repeats were identified using TRF v4.09 (Benson,
1999). Third-generation sequencing reads were used to determine the
copy number variations of the 16-bp TR. The following primers were
used in Sanger sequencing: forward: 5-CACATTTTAGTCGTTTATTC-3'
and reverse: 5-TCTATCCACCCACCTTTCTT-3'. The consensus sequence
obtained from Sanger sequencing analysis was submitted to the Genbase
with the assigned ID: C_AA044237.1.

2.7. Phylogenetic analysis of the sequenced MPXV genomes

Variations of downloaded MPXV and newly sequenced genomes were
called using Nextclade v2.4.0 (Aksamentov et al., 2021). The mutations
were annotated by SnpEff v5.0e (Cingolani et al., 2012) based on the
reference genome. As the assembly quality of low complexity regions was
low, only single base mutations were used to determine the similarity
between sequences. To build the phylogenetic tree of MPXV, we sampled
the downloaded sequences according to lineages. The sampled and newly
assembled viral genomes were combined and aligned using Nextclade.
The ITRs were masked, and the phylogenetic tree was built using iqtree2
v2.2.0 (-m GTR + F + I + G4) (Nguyen et al., 2015) and viewed using
ggtree (Yu et al., 2017). The numbers of nonsynonymous (N) and syn-
onymous (S) sites in MPXV were estimated using PAML v4 (Yang, 2007)
based on the published MPXV genomes.

3. Results

3.1. Performance of multiple strategies applied for MPXV genome
sequencing

MPXV genome sequencing mainly adopts the next-generation meta-
genomic sequencing (mNGS) strategy (Isidro et al., 2022; Chen Y. et al.,
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2023). Amplicon approaches can effectively enrich target pathogenic
nucleic acids and have been widely used in genome sequencing of
SARS-CoV-2 (Charre et al., 2020; Gohl et al., 2020). However, their
performance in MPXV genome sequencing among different clinical
specimens has only recently been reported (Chen N. et al., 2023). This
study collected swabs of blister fluid (BF), oropharyngeal (OS) and
nasopharyngeal (NS), and serum (SE) of the first imported MPXV case in
Chinese mainland (MPXV/ChinaCQ-202209) and four local mpox cases.
mNGS and amplicon sequencing were applied in parallel using three
sequencing platforms. Viral load was estimated using Real-time quanti-
tative PCR (Tables 1 and 2). The blister fluid swabs had the lowest Ct
value (20.76) and the highest viral load. The serum specimen carried the
lowest viral load and was sequenced using the amplicon approach. The
nasopharyngeal swab specimen was sequenced using mNGS. Amplicon
and third-generation sequencing platform (Oxford/Nanopore) was
adopted additionally in oropharyngeal swabs and BF specimens. To
investigate the performance of different amplicon methods, Vero cells
(Ct = 20.5), after infecting the BF swabs, were collected and sequenced
using another amplicon in the Ion torrent/Genexus (GX) platform. The
applied sequencing strategies for the imported and four local mpox cases
are listed in Tables 2 and 3. All of them achieved high sequencing depth
and coverage rates (Fig. 1A and B and Supplementary Fig. S1). They
generated nearly perfect assemblies except for mNGS of the OS specimen
(10 x coverage rate = 81.38%) and amplicon of the SE specimen (10 x
coverage rate = 17.91%) from the imported mpox case.

Without PCR amplification, the proportion of reads mapped to MPXV
genome was less than 0.03% in OS and about 0.4% in the BF swabs.
However, nearly all reads were mapped to the MPXV genome in ampli-
con datasets except for the serum sample, suggesting that amplicon can
enrich and amplify the virus DNA efficiently. Chen et al. also compared
the two sequencing strategies and found that amplicon had better per-
formance on clinical specimens with low MPXV load (Ct > 18) (Chen N.
et al., 2023). Among the amplicon datasets, the OS specimen sequenced
in Oxford/Nanopore (ONT) had the lowest 10 x coverage rate (98.85%),
while the rate of the amplicon on DNBSEQ-G99 was 99.66% (Table 2).
The major difference is that ONT-amplicon has larger amplified
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fragments than the latter (1,500~2,000 bp vs 200 bp). While in the NS
specimen, the coverage rates of these two amplicon approaches are both
larger than 99%. Therefore, an amplicon with shorter amplified frag-
ments may be more suitable for samples with low viral load (e.g., Ct >
27). The proportion of reads mapped to MPXV genome was very low in
the serum amplicon dataset, and most of the genome was not sequenced.
We suspected that the fragmentation of the MPXV genome in serum was
severe. Therefore, these specimens should be avoided in MPXV genome
sequencing.

Large-fragment amplicons had a slight decrease in amplification ef-
ficiency in some regions. Further, we found that most of the amplified
fragments in regions with reduced amplification efficiency were longer
than 2 kb. The genome coverage rate of the short-fragment amplicons is
higher, but the initial investment cost is also higher, and it is susceptible
to the influences of new mutations. Therefore, multiple factors such as
efficiency, potential off-target possibility, and cost should be fully
balanced when designing the pool of amplification primers. As only
limited specimens were collected in this study, the proper Ct value for
short- and long-fragment amplicons still need more studies.

Increasing sequencing depth could improve the quality of MPXV
genome assembly (Fig. 1B; Table 2). However, the cost of the experiment
increases in parallel. To explore the least required sequencing dataset of
specimens with different Ct values, we randomly sampled reads and
examined dynamic changes in genome coverage rates (10x ). In the case
of mNGS, 10 million (M) reads were enough to cover nearly the whole
genome of MPXV at 10 x in BF (Ct < 21) and NS (Fig. 1C). While at least
100 M reads were required in the OS specimen (Ct = 27.81), and a whole
sequencing run (chip) was needed for one sample in DNBSeq-G99 or
Nextseq 2000. If applying amplicon sequencing, at most 5 M reads could
cover nearly the whole genome (Fig. 1D). Half this many reads were
enough for those high viral load samples. Long-fragment third-genera-
tion (Oxford/Nanopore) amplicon requires less than 1 M reads even in
the OS swab with low viral load. We prepared cell culture with Ct close to
the BF swabs and did MPXV genome sequencing on Ion Torrent Genexus
(GX) Integrated Sequencer. The sequencing depth of GX is evenly
distributed across the genome, and fewer reads were required (Fig. 1D).

Table 2
Summary of sequencing datasets from the first imported mpox case in Chongqing.
Methods Platform Sample Ct Clean MPXV-mapped Average 10X Coverage Cost
ds (M ds (M depth te (%
reads (M) reads (M) <P rate (%) Time (hour) Money ($1000/sample)
Amplicon ONT* Oropharyngeal swabs 27.81 0.92 0.8 596 98.85 8-12 1
Blister fluid swabs 20.76 0.86 0.8 669 99.34 8-12 1
DNBSEQ-G99" Oropharyngeal swabs 27.81 69.54 69.07 6,631 99.66 12 1
Blister fluid swabs 20.76 66.34 66.06 18,062 99.74 12 1
Ion torrent/GX Cultured Vero cells 20.51 5.74 5.74¢ 4,000 99.61 15 0.5
mNGS DNBSEQ-G99 Oropharyngeal swabs 27.81 131.18 0.03 15 81.38 12 2
Blister fluid swabs 20.76 173.38 0.66 335 99.93 12 2
DNBSEQ-G4OOb Oropharyngeal swabs 27.81 1,167.57 0.32 162 99.91 48 2
Blister fluid swabs 20.76 1,692.74 7.35 3724 99.99 48 2
Nex’cseq—ZOOOb Nasal swabs 31.12 249.24 0.49 263 99.99 24 3

# Oxford/Nanopore Single Molecular Real-Time sequencing.

b Next Generation Sequencing.

¢ Only read mapped to MPXV were exported by the built-in analysis system.

4 Cost estimation was based on this experiment, and simultaneous sequencing of multiple samples might reduce the cost.

Table 3

Summary of sequencing datasets from four local mpox cases.

Clinical specimens Strategies Clean reads (M) MPXV-mapped reads (M) Average depth 10x Coverage rate (%)
Blister fluid of the mpox case from Shanghai mNGS 1,129.74 3.94 1,882 99.99
Blister fluid of the mpox case from Shanghai Amplicon 35.04 31.72 8,026 99.30
Oropharyngeal swabs of the mpox case from Beijing Amplicon 99.58 80.08 28,797 99.40
Blister fluid of the mpox case from Beijing Amplicon 30.54 30.19 12,778 99.70
Oropharyngeal swabs of the mpox case from Inner Mongolia Amplicon 48.69 25.48 10,307 99.30
Blister fluid of the mpox case from Inner Mongolia Amplicon 11.85 11.45 4,657 99.40
Blister fluid of the mpox case from Guangdong Amplicon 79.37 76.49 31,533 99.70
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Fig. 1. Genome sequencing of MPXV using mNGS and amplicon. A Sequencing depth of MPXV from the first imported mpox case using amplicon strategies. NGS, Next
Generation Sequencing; ONT, Oxford/Nanopore; ION, Ion torrent; BF, blister fluid swabs; CC, cultured cells; OS, oropharyngeal swabs; SE, serum; The red line in-
dicates 100x sequencing depth. B Coverage of MPXV from the first imported mpox case using metagenomic sequencing strategies. NS, nasopharyngeal swab;
BF/0S-larger, mNGS with larger sequencing depth. 10x genome coverage rate of MPXV with randomly sampled reads from mNGS (C) and amplicon (D) datasets of all
the mpox cases. Amp, amplicon. BJ, Beijing; CQ, Chongqing; GD, Guangdong; IM, Inner mongolia; SH, Shanghai.

We also roughly estimated the time and cost required for these experi-
ments (Tables 2 and 3). Although we attempted to include a larger
number of clinical samples from monkeypox cases to objectively assess
sequencing costs, this study ultimately only incorporated a limited
number of samples. The amplicon sequencing cost per sample would
decline hugely if more samples were sequenced in the same chip simul-
taneously. However, while mNGS is suitable for sequencing specimens
with high viral loads such as blister fluid, its application to low viral load

samples, such as oropharyngeal swabs, results in exorbitant costs. On the
other hand, amplicon sequencing proves to be an effective approach for
improving genome quality while significantly reducing expenses.

3.2. Third-generation sequencing benefits the assembly of tandem repeats

Third-generation sequencing platform generates longer reads than
next-generation sequencing ones and has been proven to get the Telomere-
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to-Telomere human genome (Nurk et al., 2022). Therefore, it can assist in
assembling tandem repeat regions of the MPXV genome. The inverted
tandem repeat (ITR) region at the dual ending of MPXV contains a complex
region composed of multiple 16bp-TRs (left ITR: 5-AACTAACTTAT-
GACTT-3'; right ITR: 5-"AGTCATAAGTTAGTTA-3"). It locates between J3L
and D1L in the left ITR and between N3R and N4R in the right ITR. Reads
generated by the NGS platform are usually 100-150 bp. If the copy number
of the 16bp-TR is larger than 8, the region would be collapsed during as-
sembly, resulting in assembly errors (Fig. 2A). We analyzed published
MPXV genomes and found that the copy number of the 16bp-TR was
highly polymorphic. Most of them had only 7.9 copies of 16bp-TR, and the
rest contained about 15.9 TRs (Fig. 2B). To clarify the accurate copy
number of the 16bp-TR in the imported MPXV, we analyzed third
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generation sequencing datasets and identified an additional 128 bp
insertion near the original 7.9 copies of 16bp-TR on the reference genome
(Fig. 2C). And this insertion contains exactly 8 copies of 16bp-TR. The copy
numbers of the 16-bp tandem repeat (TR) were also validated through
Sanger sequencing. Therefore, we speculate that each ITR of the current
outbreak of MPXV mostly contained 15.9 copies of 16bp-TR. These results
suggest that third-generation sequencing is beneficial for resolving the
assembly of complex tandem repeat regions. Low-complexity region (LCR)
has been treated as a different type of genomic accordion resulting in gene
length variation (Monzon et al., 2022), and has even been used to cluster
MPXV (Yeh et al., 2022). Therefore, in subsequent studies, more attention
should be paid to copy number polymorphisms of the 16bp-TR led by
sequencing platforms or data analysis methods.
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3.3. Molecular tracing of the sequenced monkeypox virus genomes

Molecular tracing based on the genome of viruses has played an
important role in the investigation of the transmission chain of the new
outbreak. To clarify the source of MPXV from the imported and local
mpox cases, we estimated nucleotide distances (e.g, single nucleotide
difference) between this newly assembled MPXV and those downloaded
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from the GISAID database and reconstructed the phylogenetic tree. The
most closely related MPXV genome to MPXV/CHINACQ-20220 was
from the one confirmed by Germany in June 2022 (GISAID:
EPI_ISL_13889435). Relative to the EPI_ISL._13889435 variant, MPXV/
CHINACQ-20220 has seven nucleotide differences (C16940T,
C23105T, C54262T, C63921T, G120262A, C160702T, and C154855T).
Both MPXV/CHINACQ-20220 and EPIISL 13889435 belonged to
lineage B.1 of IIb-B, and they were closest to each other (Fig. 3). The
MPXV/CHINACQ-20220 case had traveled to Germany recently and
developed clinical signs consistent with MPXV infection when returning
to China, supporting the notion that MPXV/CHINACQ-20220 was im-
ported from Germany. The monkeypox virus circulating in Chinese
mainland in June 2023 belongs to the C.1 lineage (also known as B.1.3.1)
(Wu C. et al., 2023). These genomic sequences are most closely related to
the reported ones from Japan, Portugal, and other locations (Fig. 3).
These results indicate that our sequencing provides both the required
repeatability and quality for accurate molecular tracing.

3.4. Intra-host mutations of MPXV were identified in the imported mpox
case

The MPXV genome mutation rate is approximately 6 x 10> sub-
stitutions per site per year (https://nextstrain.org/monkeypox/hmp
xv1), substantially lower than single-stranded RNA viruses such as
SARS-CoV-2 (9.69 x 10~* substitutions per site per year) (Liu et al.,
2020). Intra-host single nucleotide variations (iSNVs) were found in
COVID-19 patients, providing important information for the genetic
diversity and evolution selection of viruses in infected hosts (Lythgoe
et al., 2021; Wang et al., 2021; Li et al., 2022; Pathak et al., 2022). The
iSNVs could be fixed through random processes (e.g., genetic drift) or
natural selection. However, few studies focused on the characteristics of
iSNVs in MPXV-infected cases. We analyzed the sequencing datasets of
three clinical specimens and identified 73 homozygotic mutations
(relative to the reference), including 36 nonsynonymous (N), 28 syn-
onymous (S), and 9 intergenic variants. The observed N/S ratio is
significantly lower than the expected N/S ratio under randomness
(36/28 vs 126,244/39,292; P = 0.0006; Fisher's Exact Test), suggesting
that MPXV genome undergo purifying selections.

Although heterozygotic mutation sites were not found in oropha-
ryngeal and nasopharyngeal swabs, at least four heterozygotic mutation
sites were in the blister fluid swabs (The list of SNVs was provided in
Supplementary Tables S1 and S2). Two loci (C16940T and C54262T),
with frequencies about 50%, were simultaneously supported by meta-
genomic, amplicon and verified using Sanger sequencing (Fig. 4A-C).
C16940T has never been reported before, and C54262T was detected in
only five published sequences. All of the five sequences belonged to the
B.1 lineage and were uploaded by Canada, Germany, USA, and Slovakia.
C54262T is the same as smallpox. C16940T exists in NBT03_gp012 (IFN-
beta inhibitor) and introduces the A44T nonsynonymous mutation.
C54262T locates in NBT03_gp050 (DNA polymerase, catalytic subunit)
and is a synonymous mutation (CCG to CCA, Fig. 4D). We speculated that
these heterozygotic mutations likely have occurred in this case recently.
Their biological functions and adaptation to the host are still mysterious.
As the number of iSNV is limited, whether purifying selection existed in
these heterozygotic iSNVs is still unclear. These results also suggest that
collecting clinical specimens from multiple loci of mpox cases is neces-
sary for viral genome sequencing.

4. Discussion

4.1. Selecting appropriate sequencing strategies based on the viral load of
clinical specimens

Based on various sequencing strategies and platforms, we performed
whole-genome sequencing of monkeypox virus in nine nasal, oropha-
ryngeal, and vesicle fluid swab samples, including the first imported case
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in Chinese mainland and four local mpox cases. The three major
sequencing platforms are able to accurately identify genomic variation
sites in the samples. Excluding the ITR region at both ends, the identi-
fication results of mutation sites are completely consistent. There were
significant differences in viral load among different types of clinical
samples, requiring the selection of suitable strategies based on sample
type. For samples with high viral load, such as blister fluid, both
metagenomic sequencing and amplicon sequencing could generate
high-quality full-length viral genomes. However, for samples with low
viral load like oropharyngeal and nasal swabs, direct metagenomic
sequencing is not recommended due to the large amount of sequencing
data required, which is highly cost-intensive. In addition, although the
RT-qPCR results demonstrated the presence of monkeypox virus in the
serum specimen, amplicon sequencing indicated that the sample may
only contain short viral nucleic acid fragments. Therefore, it is recom-
mended to prioritize the collection of swabs from lesion sites with higher
viral load during clinical sample collection.

By analyzing the minimum amount of sequencing data required for
different sequencing strategies, we found that amplicon enrichment
generally requires less than 5 million sequencing reads. Therefore,
when there are a large number of samples to be sequenced, amplicon
sequencing can maximize the utilization of sequencing capacity and
greatly reduce the sequencing cost per sample. Although mNGS
showed slight disadvantages in the whole-genome sequencing of
monkeypox virus, it can unbiasedly detect coexisting microorganisms
at the sampling sites of the cases. For example, we detected various
potential pathogenic or colonizing microorganisms in the clinical
samples of the first imported mpox case (Supplementary Table S3).
Most of the identified microorganisms are colonizing bacteria or
contaminants. These results will contribute to the better diagnosis and
treatment of the cases. It should be noted that the performance of
mNGS sequencing requires the filtering of personal privacy informa-
tion, such as host genomic data, in accordance with ethical and
institutional regulatory rules.
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4.2. Overlapping amplicons and new sequencing technologies enable rapid
generation of high-quality MPXV genomes

In infectious disease prevention and control, especially for the
identification of unknown pathogens, time is crucial. In this study,
various new sequencing technologies combined with amplicon
enrichment strategies were applied. Even for oral swab samples with
low viral load (Ct = 27.81), we were able to obtain the complete viral
genome sequence within 12 h. Long fragment amplicons (1.5-2 kb)
combined with single-molecule real-time sequencing technology have
the advantages of convenient library construction, short processing
time, and real-time sequencing. It should be noted that this technology
requires a relatively high total nucleic acid load and produces a rela-
tively small amount of data per chip, making it generally suitable for
fast sequencing after amplicon library preparation. Moreover, this
study employed the DNBSEQ-G99 sequencing platform, developed by
MG]I, for the first time in preventing and controlling infectious diseases.
This system can do the initial analysis within 2 h after running and
complete paired-end 150 sequencing within 12 h. The application of
new technologies greatly shortened the time required for sequencing
MPXV.

4.3. Multiple-site sampling contributes to the monitoring of monkeypox
virus microevolution and precise molecular tracing

The metagenomic sequencing of the first imported case and the first-
generation sequencing validation supported the presence of iSNVs in the
vesicle fluid sample. However, these several mutation sites were not
identified in the oropharyngeal swab sample. Possible reasons for this
situation include: (1) the case was infected with multiple monkeypox
viruses; (2) the monkeypox virus underwent microevolution at the
vesicle site. Mutation site analysis showed that the virus in the vesicle
fluid sample contained all the mutation sites of the virus in the oropha-
ryngeal sample. Therefore, we tend to agree with the second reason, that
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is, the occurrence of microevolution in the monkeypox virus. Multiple
studies have shown that the evolutionary rate of the B.1 branch of
monkeypox virus exceeds the previous lineages, providing a theoretical
basis for the appearance of the iSNVs. Therefore, in order to more
comprehensively understand the diversity of monkeypox virus carried by
cases and to provide early warning of genomic mutations, it is recom-
mended to separately collect and sequence multiple affected areas of
individual cases.

5. Conclusions

We conducted a comprehensive evaluation of metagenomic
sequencing, amplicon sequencing, and multiple sequencing platforms for
high-quality whole-genome sequencing of monkeypox virus, using real
clinical samples from cases with varying viral loads and types. The results
indicate that the currently available mainstream sequencing platforms
can meet the requirements for whole-genome sequencing of MPXV.
However, the choice of sequencing strategy should be carefully consid-
ered, considering factors such as sample quantity, expected duration and
cost, and the need to focus on variations in complex repetitive regions at
the terminus. It is important to note that due to the constraints of
experimental costs and the scarcity of clinical samples, this study had a
limited number of cases and samples. Future studies should conduct
further evaluations and optimizations of sequencing strategies for a
wider range of viral loads or sample types. This study provides valuable
assistance in monitoring variations and issuing early warnings for sig-
nificant pathogens, such as the monkeypox virus.
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sequence of 16bp-TR obtained from Sanger sequencing was submitted to
the Genbase (assigned ID: C_AA044237.1). The sequences of the four
local mpox cases are available from the corresponding author upon
request.
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