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BSTRACT 

he mpox virus (MPXV) is mutating at an excep- 
ional rate for a DNA virus and its global spread 

s concerning, making genomic surveillance a ne- 
essity. With MpoxRadar, we pr o vide an interac- 
ive dashboard to track virus variants on mutation 

e vel world wide. MpoxRadar allo ws user s to select 
mong different genomes as reference for compari- 
on. The occurrence of mutation profiles based on 

he selected reference is indicated on an interac- 
ive world map that shows the respective geographic 

ampling site in customizable time ranges to easily 

ollow the frequency or trend of defined mutations. 
urthermore, the user can filter for specific muta- 

ions, genes, countries, genome types, and sequenc- 
ng protocols and download the filtered data directly 

rom MpoxRadar. On the server, we automatically 

ownload all MPXV genomes and metadata from 

he National Center for Biotechnology Information 

NCBI) on a daily basis, align them to the different ref- 
rence g enomes, g enerate m utation pr ofiles, which 

re stored and linked to the available metainforma- 
ion in a database. This makes MpoxRadar a practi- 
al tool for the genomic survaillance of MPXV, sup- 
orting users with limited computational resources. 
poxRadar is open-source and freely accessible at 
ttps://MpoxRadar.net . 
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RAPHICAL ABSTRACT 

NTRODUCTION 

pox (formerly known as Monkeypox) is an infectious dis- 
ase, with the first recorded infection more than fiv e decades 
go in the Democratic Republic of Congo ( 1 ). Belong- 
ng to the Orthopoxvirus genus, the mpox virus (MPXV) 
an infect many species. In 2022, Mpox has been declared 

 public health emergency given the MPXV outbreak in 

on-endemic countries by the World Health Organisation 

WHO) with over 86 000 confirmed cases in 110 countries 
Global WHO report as of 10 March 2023). 

The SARS-CoV-2 pandemic showed the importance of 
enomic surveillance in tracking of evolutionary changes to 

he virus and its spread ( 2 , 3 ). This also holds for mpox as
PXV m utated distinctl y and changed hosts, creating dif- 

erent clades that caused different spread patterns ( 4 ). 
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Table 1. List of known w e bsites showing MPXV genomic data 

Name Description Website link 

WHO A long report focused on showing the cases, deaths globally 
and in different countries. 

worldhealthorg.shinyapps.io/mpx global/ 

Centers for Disease 
Control and 
Pre v ention (CDC) 

Few USA-focused sites with slightly different focuses, i.e., 
cases , deaths , demo gra phics (gender, race), symptoms, and 
vaccines. There is one global map with case and death counts. 

cdc.gov/poxvirus/monkeypox/response/2022/index.html 

GISAID The submission tracker offers a map with a count of available 
sequences, case count per country, and lineage information. 
The Variant tracker shows lineage relati v e frequencies over 
time along with the count of sequences submitted over time. 
Further variant tracking site, shows only for ‘Clade IIb’ the 
global tracked variant counts (based on submission date), the 
relati v e variant genome frequency per continent, and tables 
for sequence submission with country counts and the name 
for the most recent sample. There is no link or connection 
between these sites. 

gisaid.org/submission- tracker- global- hmpxv and gisaid.or 
g/hmpxv- variants- dashboard and gisaid.org/hmpxv-varia 
nts 

Nextstrain ( 5 ) Dashboard with a global map showing the present lineages in 
each country, including a phylogeny tree, with various filters 
available 

nextstrain.or g/monkeypo x/hmpxv1 and nextstrain.org/m 

onkeypox/mpxv 

mpoxSpectrum ( 6 ) Dashboard showing number of sequences over time, overall 
sequence counts per country, overall lineage counts with filters 
available for country, clade, lineage, host and time. 

mpo x.genspectrum.or g/explore 

MPoxVR ( 7 ) Global count of MPXV sequences uploaded and country of 
their origin. There is a sequence search option with country, 
host, collection and release date, sequence length and 
completeness filters with tabulated display of results. A 

variation search is also available with gene names, annotation 
and mutation type and genome position filters. For this filter 
ther e ar e visualisation options, howe v er they failed to load for 
all our searches. Lack of a help page makes usage or 
understanding of filters a sizable challenge. 

ngdc.cncb.ac.cn/gwh/poxvirus/ 
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Here, we introduce MpoxRadar, a tool for the genomic
surveillance of MPXV. It facilitates the interaction and
download of genomic sequence and associated metadata
through customizable filters, sophisticated queries and in-
tuiti v e visualisation of results. MpoxRadar was de v eloped
with se v eral key analyses in mind that other availab le sys-
tems cannot perform, but that are crucial for end users. To
the best of our kno wledge, Mpo xRadar is the only tool up
to date enabling the comparison of sequencing technolo-
gies, since this information r equir es mor e pr e-processing
of NCBI metadata and is difficult to obtain. MpoxRadar
can assist public health authorities to quickly follow-up on
virus variants, e v en single mutations, or to identify possi-
ble sequence technology specific errors such as amplicon
dropouts or problems in homopolymer regions. For a com-
prehensi v e ov ervie w see Tab les 1 and 2 . 

MATERIALS AND METHODS 

Ov ervie w 

As shown in Figure 1 , our w e b server is supported by an
efficient back end system. To ensure security, process, and
r esour ce independency, we use three separate Linux servers
on the de.NBI cloud infrastructure (cloud.denbi.de). 

Data retrieval. The first server retrieves new samples in
Genbank format from the nucleotide database at NCBI on
a daily basis (ncbi.nlm.nih.gov / nuccore) using the keyword
search Monkeypox virus[Organism] . After that, we
use the Biopython library (biopython.org) to extract meta
information from the files, such as genome completeness,
country, and collection date. 

Pr e-pr ocessing data. The retrie v ed data then is cleaned
and f ormatted f or downstream processing. This includes
the transfer of meta information to harmonized formats.
As example, samples are submitted from various countries
and labs following dif ferent da te forma ts, e.g. using dif fer-
ent separators, or orders of date, or e v en not including a
month or day (e.g., Nov / 2022 / 01 and 09-May-2017 ). Thus,
all dates are converted to ISO 8601 format ( YYYY-MM-
DD ). If da y inf ormation is missing, the first day of the gi v en
month is used. If no year is gi v en, an empty date is assigned.
This along with other cleaning methods help to ensure that
the metadata remains consistent and complete for down-
stream analysis or comparison with other datasets. For im-
port into the database, the DNA sequences are stored in
FASTA files and the associated metadata in tab-delimited
text files. 

MpoxSonar. Pre-processed sequences and meta infor-
mation are further processed by MpoxSonar. The pre-
processing and this pipeline run on a second independent
server. MpoxSonar is a fork of covSonar, the database-
dri v en system for handling genomic sequences of SARS-
CoV-2 and screening genomic profiles (github.com / rki-
mf1 / covsonar), with additional support for multiple refer-
ence genomes and MariaDB as database (mariadb.com).
MpoxSonar applies EMBOSS Stretcher ( 8 ) to align se-
quences to defined r efer ence genomes ( optimal global align-
ment ). Based on the resulting alignment, variations between
query and the respecti v e r efer ence sequences ar e identi-
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ed (SNPs , deletions , insertions). In the next step, the ge- 
etic variations are used to identify protein coding changes. 
or this, the r efer ence genome annotations are provided as 
CBI GenBank files. Finally, the resulting nucleotide and 

rotein mutation profiles are stored in MariaDB to enable 
peedy querying. The pipeline has been automated to run 

aily and processes only new samples to reduce processing 

ime. 

poxRadar. The w e b application, https:// 
poxRadar.net , is written in Python and Dash 

github.com / plotl y / dash) and comm unicates with the 
ack end via the database. To allow for optimised usage 
nd data safety, we have the web server running on the 
hird and last independent server. We use Gunicorn (gu- 
icorn.org) as production server together with NGINX 

nginx.org) as re v erse proxy. 

ultiple MPXV r efer ences facilitate mutation analysis 

he high mutation rate of MPXV led to multiple clades 
nd distinct lineages over time ( 9 ). As a r esult, mor e than
ne r efer ence genome is used for r esear ch. We included 

hr ee differ ent r efer ence genomes in order to facilitate 
 utation anal ysis in dif ferent loca tions and points in 

ime. These include genomes with the GenBank Acces- 
ion numbers NC 063383.1 (identical to MT903340, 
 10 )), MT903344.1 (isolate: MPXV-UK P2, ( 10 )) and 

N563414.3 (isolate: MPXV USA 2022 MA001, 
cbi.nlm.nih.gov / nuccore / ON563414.3). NC 063383.1 

s one of the genomes marked as a r efer ence on NCBI. 
T903344.1 and ON563414.3 are of interest as they 

re often used as reference genomes in research ( 7 , 11 ). 
hen necessary, other r efer ences can be easily added by 

poxSonar. 

orld map visualises the geographic distribution of muta- 
ions 

n order to make it easy for users to browse through the data 

vailable in our database, our tool page offers numerous fil- 
ers that can be easil y a pplied by point&click. The user can 

hoose which r efer ence genome they want to use as basis 
or genomic profiles. According to the selection, the gene 
lter is updated, the chosen genes then in turn affect an up- 
ate in the amino acid mutation filter. Furthermore, the user 
an decide if they want to visualise the frequency of muta- 
ions or the incr easing tr end of their occur ence. The tr end
nalysis is based on linear r egr ession using user defined time 
ntervals (default is one month). The time of sample collec- 
ion, as well as the countries of origin, can also be chosen 

ere. 
Moreov er, we hav e a filter for the sequencing technology 

sed to sequence the samples shown, e.g., Illumina, Oxford 

anopor e, IonTorr ent. This information is crucial as there 
re innate differences between these sequencing approaches 
nd their biases. 

The filters take effect immediately. Resulting frequencies 
f matching genomes in different geo gra phic locations and 

ime ranges are visualised on the global ma p, w hich shows 
he geo gra phic distribution of the mutation counts. Below 

https://MpoxRadar.net
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Figure 1. Simplified ov ervie w of the processes and steps taken to obtain, process, store and visualise the data on MpoxRadar. The first steps (top right 
corner) include retrieving data from NCBI, pre-processing, and aligning sequences, followed by variant calling, all done by our analytical tool, MpoxSonar. 
The data is then stored in a da tabase. Visualisa tions and interacti v e maps are presented based on this data on MpoxRadar, while also allowing direct user 
interaction to the database via the w e bsite. 
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the map, there is a bar plot which reacts if the user clicks on
a certain country by showing the mutation distribution of
tha t country, a t the chosen time and following all the afore-
mentioned filters. Furthermore, the trend or frequency, de-
pending on the user’s choice, of those mutations is plotted
separa tely. All the informa tion shown chosen by the filters
is also presented as a table and can be downloaded as a CSV
file. 

Compare tool adds comparative analysis functionality 

As often in r esear ch, it is important to be able to compare
the differences between two datasets. In order to simplify
this, we created a ‘compare’ tool that allows users to choose
two sets of filtered data sets and get a list of mutations they
have in common, and separate lists for mutations that are
unique to each dataset. The three sets of data are available
in tables for download. 

Database GUI enables advanced and complex queries 

MpoxRadar provides the interface to interact with the
MpoxSonar query engine and database for specific query
types via the ‘advanced’ tool tab. For security reasons, we
only allow specific MpoxSonar commands listed in Supple-
mentary Table S1. 

MPXV data can be accessed by a k eyw ord or customized
search through MpoxSonar. Customized search fields in-
clude mutation profile (e.g., ‘– profile ’) and properties
(always in uppercase, e.g. ‘– COUNTRY ’, ‘– RELEASE DATE ’
or ‘– LENGTH ’). Some examples of commands can be found
in Supplementary Table S2. Further customized searches
are also accepted, such as ‘– count ’ to count all results, or
‘– RELEASE DATE 2022-01-01:2022-01-31 ’ to select
all samples from January 2022. The result of the search will
be shown in a table and world map under the advanced tool
tab. The interacti v e map shows the accum ulated m utation
distribution geo gra phicall y and can be downloaded. The ta-
ble of results is also downloadable to enable downstream
analyses. 

RESULTS 

Streamlining data gathering chained to MpoxSonar drasti-
cally reduces user time in obtaining results 

Our database contains all available MPXV nucleotide se-
quences, complete and partial, downloaded from NCBI. As
of 10 March 2023, this includes 1862 samples passing our
quality filters from across 26 countries. The automatic data
do wnload is follo wed by data cleaning and pre-processing
steps, which pr epar es the data for alignment to multiple
r efer ence genomes and the variant annotation. The results
along with other functionalities, e.g. trend analysis via lin-
ear r egr ession, ar e available for interaction and download
on MpoxRadar. 

We not only centralize genomic sequence with associated
genotype data and automise the analyses decreasing the
time and r esour ces needed for a user to get to the informa-
tion, but also extract unique metadata like the sequencing
technology information. There by, w e use in-house meth-
ods in our pipeline to ensure the quality of the information
a vailable. We ha ve tested our w e b server on focus groups
from di v erse backgrounds to ensure an intuiti v e flow and
understandab le e xplanations on the help page. Currently,

art/gkad325_f1.eps
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Figure 2. Resulting visualisation from the explore tool, after filtering for the genes ‘MPXV -UK P2-076’, ‘MPXV -UK P2-133’, ‘MPXV -UK P2-157’, 
‘MPXV-UK P2-182’, and using the pre-selected amino-acid mutation list with the r efer ence genome ‘MT903344.1’. We changed the interval to 300 days 
to get a wider coverage of time and evolution of these mutations. The results can be viewed as two sections (marked as 1 and 2). Section 1) The world 
map with mutation counts provides a quick ov ervie w of the presence and frequency of the chosen mutations. ( A ) The colours on the map r epr esent the 
number of sequences. One has to keep in mind that some countries sample and publish more MPXV sequences than other countries, corollary having 
higher mutation numbers. ( B ) Users can move the time duration the map is based on by moving this circle. ( C ) By clicking on a certain country on this 
map, the users will get detailed information on the mutations in the sequences from that country in section 2 of the output figures. In this case, we click 
on the United Kingdom, which is also printed to enable a more intuitive understanding of this function for the user at point ( D ). The first plot shows the 
number of sequences with chosen mutations on chosen genes. ( E ) For example, for the gene ‘MPXV-UK P2-076’, there are two mutations appearing in the 
United Kingdom: ‘D88K’ and ‘S30F’ with equally high frequencies. On the mutation de v elopment plot below, the user can see the trend of the mutation 
frequency over time. To increase visual intuition, we colour code each gene with a certain colour starting from the filter input for the gene and its mutations 
to the plots for sequences including that gene and the mutation de v elopment. ( F ) Here, you can see the colour green used for the gene ‘MPXV-UK P2-076’ 
which shows a steady increase in the two mutation frequencies on the plot. 
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MpoxRadar is acti v ely used for molecular surveillance of
MPXV by the German national public health institute. 

MpoxRadar allows easy data exploration and extraction,
leading to biological findings 

It is crucial to understand how viruses interact, survi v e and
replicate in the host cells. A group of DNA editing enzymes
from human cells, called the apolipoprotein B mRNA-
editing catalytic polypeptide-like 3 (APOBEC3), have been
closely studied in r esear ch r egarding the Human Immun-
odeficiency Virus (HIV) and later in connection to a vast
number of cancer types. They are a part of human innate
immunity and are known to edit viral genetics in order to
cause erroneous mutations and stop their replication. How-
e v er, certain mutation signatures (TC > TT and GA > AA)
with links to APOBEC3A enzyme have been seen more fre-
quently in MPXV and are a point of interest as they are
suspected to have escalated the microevolution and caused
the latest outbreak of MPXV ( 11 ). 

To look into that suspicion, r esear chers can visualise the
geo gra phic evolution or trend of common mutations with
the muta tion signa tur e ‘T C > TT’, e.g. ‘MPXV-UK P2-
076:S30F’, ‘MPXV-UK P2-182:S1590F’, ‘MPXV-UK P2-
157:S111F’, by simply using the filters on the explore page.
The results, as shown in Figure 2 , indicate an increasing
trend and high frequency of some of these mutations over
many countries. 

Compar ative analysis betw een mutations f ound solely with a
certain sequencing technology 

Comparati v e analysis can be simply carried out to find
unique mutations gi v en certain filters. For e xample, if users
want to find unique mutations only detected in samples
from certain sequencing machines. 

As seen for SARS-CoV-2 samples ( 12 ), ther e ar e biases
with each sequencing technology and it is important to al-
low r esear chers to quickl y and accuratel y asses differences
and to link them to technological and epidemiological in-
formation. Using our comparison tool for such a search
yields, i.e. 12 counts of the unique Oxford Nanopore muta-
tion ‘A196593AAAA’. This is of interest as it shows an inser-
tion in a homopolymerous DNA region. These are known
to cause difficulties in Oxford Nanopore and Illumina Tech-
nologies in general and are interesting for MPXV as well
( 13 ). To get a deeper look into this, we can use the ‘ad-
vanced’ tool to find other similar mutations in this region.
As a result, we find there are a few Illumina Adenine inser-
tion mutations at this position as well, although they report
lower numbers of inserted ’A’ nucleotides. 

Complex searches highlighted potential technical artifacts 

Using the advanced query tool, users can have more
sophisticated searches as shown in the previous section.
Another example is to search for uncovered genome
consensus termini which are falsely annotated as nu-
cleotide mutation deletions, while they are commonly
a result of amplicon primer schemes. These are used to
enrich specific DNA regions and must be adapted to
the pathogen and to its genetic changes ( 14 ). With the
command ‘ match -r NC 063383.1 --SEQ TECH
'Oxford Nanopore Technologies' --profile 

del: = 1- = 200 del: = 197010- = 197209 ’, we can find
all samples which were sequenced using ‘Oxford Nanopore
Technologies’ and have deletions of the first and last 200
nucleotides in the genome. This sear ch curr ently finds four
sequences, from the same country released on the same
date. 

CONCLUSION 

Genomic surveillance is a key tool in understanding the
evolution and spread of pathogenic outbr eaks. Mor eover,
there is a need for tools which bridge the gap in communica-
tion between different expert groups , e.g., biologists , virol-
o gists, epidemiolo gists, and bioinformaticians. We present
MpoxRadar, an interacti v e w e b service with a powerful un-
der lying infr astructure to allow easy explor ation of MPXV
sequence data while also not limiting the user in their abil-
ity to pose intricate data queries. This tool was built with a
strong basis to allow for quick adaptation to sequences from
dif ferent pa thogens, as we enter an era of massi v e sequence
availability and need for quick genomic tracking tools. Fur-
thermore, we want to empower r esear chers with quick ac-
cess to downloadable mutation profiles and metadata to un-
derstand and help combat disease spread. 

DA T A A V AILABILITY 

MpoxRadar is a free and open w e bsite to all users
without a login r equir ement accessible under https://
MpoxRadar.net/ . The open-source code is available under
https://github.com/rki-mf1/MpoxRadar for the front end
and github.com / rkimf1 / MpoxSonar for the command-line
database back end. The code is also available at https://doi.
org/10.5281/zenodo.7829114 . 

SUPPLEMENT ARY DA T A 

Supplementary Data are available at NAR Online. 
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