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Abstract

Multilevel genome typing (MGT) enables the genomic characterization of bacterial isolates and the relationships among them. The MGT system
describes an isolate using multiple multilocus sequence typing (MLST) schemes, referred to as levels. Thus, for a new isolate, sequence types
(STs) assigned at multiple precisely defined levels can be used to type isolates at multiple resolutions. The MGT designation for isolates is stable,
and the assignment is faster than the existing approaches. MGT's utility has been demonstrated in multiple species. This paper presents a publicly
accessible web service called MGTdb, which enables the assignment of MGT STs to isolates, along with their storage, retrieval and analysis.
The MGTdb web service enables upload of genome data as sequence reads or alleles, which are processed and assigned MGT identifiers.
Additionally, any newly sequenced isolates deposited in the National Center for Biotechnology Information’s Sequence Read Archive are also
regularly retrieved (currently daily), processed, assigned MGT identifiers and made publicly available in MGTdb. Interactive visualization tools
are presented to assist analysis, along with capabilities to download publicly available isolates and assignments for use with external software.
MGTdb is currently available for Salmonella enterica serovars Typhimurium and Enteritidis and Vibrio cholerae. We demonstrate the usability of
MGTdb through three case studies — to study the long-term national surveillance of S. Typhimurium, the local epidemiology and outbreaks of
S. Typhimurium, and the global epidemiology of V. cholerae. Thus, MGTdb enables epidemiological and microbiological investigations at multiple
levels of resolution for all publicly available isolates of these pathogens.

Database URL: https://mgtdb.unsw.edu.au

Introduction for epidemiological studies given the rapid accumulation of
sequence data.

From whole genome sequences, the traditional computa-
tional method to investigate genetic relationships has been
to use single nucleotide polymorphisms (SNPs) (calculated
via alignment to a reference sequence) to first build phy-
logenetic trees, followed by using that tree to infer the
relationships among the isolates, such as determining if cer-

tain isolates share a common source (7). The use of this

To prevent the spread of infectious diseases within popula-
tions, public health surveillance programmes are implemented
to enable early detection of outbreaks and epidemics, and
monitoring and evaluation of disease prevention and con-
trol programmes (1). For diseases with epidemic or outbreak
potential communicated by bacteria, such as salmonellosis or
cholera, whole genome sequencing (WGS) of the causative
pathogens provides high-resolution epidemiological surveil-

lance and tracing (2, 3). Hence, all modern surveillance
systems use genomics to characterize (or type) isolates as
well as to study the relationships between them (4). Addi-
tionally, adoption of WGS by public health laboratories both
national and international (such as Public Health England (5)
and PulseNet International (6), continues to facilitate research
and investigation into WGS-based methods that are feasible

approach has been extensively employed for epidemiologi-
cal tracing (8). For example, Ford et al. (9) linked seven
Salmonella outbreaks to a common source, using maximum
likelihood core genome SNP phylogeny. Phylogenetic analy-
sis is considered the gold standard in establishing relatedness
between isolates, as this approach can use information con-
tained within the genome and provide detailed divergence
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information (10). However, this approach is limited in scal-
ability, as the phylogeny often needs to be recomputed for
each new isolate that becomes available, which is a com-
putationally intensive and time-consuming task, especially
for a large number of genomes (10). This problem hinders
continuous surveillance systems. Although computationally
less-intensive approaches exist, such as alignment-free phy-
logenetics (11), such approaches are not commonly used in
surveillance systems as their utility for bacterial source trac-
ing and outbreak detection (short-term epidemiology) is not
well demonstrated (12).

Most surveillance systems implement multilocus sequence
typing (MLST)-based methods (13) for characterizing iso-
lates. In this approach, when a new isolate becomes available
for analysis, alleles are determined at a selected set of loci
and assigned numeric identifiers. Then, the ordered com-
bination of alleles, termed the allelic profile, is assigned a
unique numeric identifier termed the sequence type (ST).
Thus, an isolate is uniquely identified by its assigned ST, and
two isolates with the same ST are considered identical. To
infer relationships between isolates which are non-identical,
a pairwise allele distance matrix is calculated, and single
linkage clustering is performed at various levels of allele
differences. The resulting clusters are termed clonal com-
plexes (CCs). Several MLST schemes have been developed
enabling the analysis of isolates at varying levels of relat-
edness. A few commonly used schemes are the seven-gene
MLST—comprising a set of seven housekeeping genes, riboso-
mal MLST (rMLST)—comprising the necessarily present and
conserved set of ribosomal protein coding genes, core genome
MLST (cgMLST)—comprising the core loci set of a species
and whole genome MLST (wgMLST)—comprising all genes
present in a species as well as intergenic regions. Such schemes
are widely used to study isolates both globally and locally. For
example, Schjorring et al. (14) used whole genome sequences
to calculate cgMLST STs and then a minimal-spanning tree
(MST) with a maximal allowed difference of five alleles for
grouping together isolates, to trace the source of Listeria infec-
tions in Denmark—thus exemplifying the use of cgMLST to
study local epidemiology. In 2018, Alikhan et al. (15) anal-
ysed the population structure of Salmonella at varied levels
of resolution using seven-gene MLST, rMLST, cgMLST and
wgMLST for >110 000 Salmonella genomes, recommending
cgMLST for epidemiological investigations. Enterobase (16),
the web service providing cgMLST for Salmonella and other
species, implements HierCC (17), wherein cgMLST-CCs are
calculated and presented at multiple levels of allele differences.
Here, CCs calculated at larger levels of allele differences are
used to study distantly related isolates, and CCs calculated
at smaller levels of allele differences are used to study closely
related isolates—thus providing a strategy for studying rela-
tionships between isolates at varying levels of resolution using
a single cgMLST scheme.

Allele-based typing followed by single linkage clustering is
preferred due to its portability and standardized nomencla-
ture compared to SNP-based phylogenetic approaches (18).
The concept of allele typing has also been implemented
directly at the SNP level—as exemplified by the SNP address
implemented in SnapperDB (19). Uelze et al. (20) provide
a summary of WGS-based typing methods and computa-
tional systems which implement these approaches. Table 1
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summarizes the commonly used web systems for epidemi-
ological analysis and surveillance and the methods they
implement.

All approaches which rely on linkage clustering to deter-
mine isolate relationships have two major disadvantages:
(i) the clusters need to be recomputed for each new isolate
and (ii) a new isolate may be equidistant to two (or more)
clusters. In the latter case, the clusters may merge, and hence,
the nomenclature used to refer to related isolates may not be
stable in all cases. An approach to provide naming stability
is to artificially prevent the two clusters from merging and to
arbitrarily assign the new isolate to a cluster (e.g. in HierCC
(17), the new isolate is assigned to the cluster with the smaller
label). In such approaches, different orders of strain addition
can affect clustering results from the same set of isolates, and
true genetic relationships may not necessarily be reflected in
the inferred clusters.

Building on the well-accepted MLST-based methods, our
group previously developed multilevel genome typing (MGT)
(21), a typing system consisting of multiple ordered MLST
schemes (referred to as MGT levels) within the single
approach. The MGT levels have been set up such that the
number of loci, and therefore, the likelihood of observing a
mutation (a new allele) in each level, increases from MGT1
onwards—thus, lower levels offer lower resolution and larger
levels offer higher resolution. Using the MGT approach, each
isolate is assigned a ST at each MGT level. The isolate’s MGT
identity is then defined as the series of STs at each level, in the
ascending MGT-level order (referred to as the genome type
(GT)). The STs and GTs are stable and will not change with
the addition of new isolates. MGT levels differ from levels of
clusters defined using hierarchical clustering as they are stable.
Furthermore, calculating STs is faster than calculating CCs, as
the computation of an allele distance matrix is not required.
Along with the stable STs and GTs, MGT also assigns CCs
and outbreak detection clusters (ODCs). The CCs defined here
group STs by single linkage clustering (22) with a threshold
of at most one allele difference, and ODCs group the largest
MGT-level STs, allowing a defined number of allele differ-
ences. The maximal number of allele differences allowed by
an ODC is identifiable from the number following the ODC—
for example, ODCS is defined using single linkage clustering
with a cut-off of at most five allele differences. For all species
that have been described using MGT so far (21, 23, 24),
four levels of ODC have been defined (ODC1, ODC2, ODC35
and ODC10). The CCs and STs are only calculated for fur-
ther, or alternative, relationship analysis between isolates and
are not recommended for relationship characterization. MGT
has been developed and successfully demonstrated for study-
ing the global and local epidemiology of Salmonella enterica
serovars Typhimurium (21) and Enteritidis (23) and Vibrio
cholerae (24), comprising 9, 9 and 8 MGT levels, respectively.

In this paper, we present MGTdb (https://mgtdb.unsw.edu.
au), a web-based service that enables a user to upload their
isolates for assignment of MGT, along with storage, retrieval
and analysis of these isolates at both global and local scales.
The three pathogens previously successfully described using
MGT (21, 23, 24) are available on MGTdb. (Section The
MGTdb web service) describes the various features of the
MGTdb web service. In (Section Case studies), the usabil-
ity of MGTdb is presented through three case studies, and
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finally (Section Summary and conclusions) summarizes and
concludes this work.

The MGTdb web service
Software

The web service is available at https://mgtdb.unsw.edu.au.
Documentation is available at https://mgt-docs.readthedocs.
io/en/latest/. A locally installable version of the software is
available on github at https://github.com/LanLab/MGT.

Implementation

The MGTdb web application has been built in Python
(https://www.python.org; v3.7) using the django framework
(https://www.djangoproject.com; v3.1) and is served via an
Apache HTTP server (https://httpd.apache.org; v2.4) using
mod_wsgi (https://modwsgi.readthedocs.io/en/master/; v4.6).
The data associated with each target bacterial species are
stored in a bacteria-specific PostgreSQL database (https://
www.postgresql.org; v10.17) (for schema see Supplementary
Figure S1). An additional PostgreSQL database stores user
login information. The client-side visualizations have been
built using javascript’s D3 library (https://d3js.org; v6).

Workflow

A user can upload an isolate as Illumina paired-end reads,
from which a genome is assembled and the alleles extracted
on the server. Alternatively, the user can upload allele
sequences directly—we recommend using our previously
published pipeline to extract the alleles locally (https://mgt-
docs.readthedocs.io/en/latest/local_allele_calling.html#local-
allele-calling) (21). As the file size of allele sequences is very
small compared to raw reads, the latter method allows a
user to upload multiple isolates at once. Any new alleles will
be assigned a new unique identifier. An isolate will then be
assigned an MGT identifier by assigning STs (by assignment
of identifiers to allelic profiles) and CCs (assignment of iden-
tifiers to single linkage clusters) for all MGT levels, as well
as ODCs (assignment of identifiers to linkage clusters) for the
largest MGT level (Supplementary Figure S2).

Database population

Apart from user-uploaded genome sequences of new iso-
lates, any new whole-genome—sequenced isolates deposited
in the National Center for Biotechnology Information’s
(NCBI) Sequence Read Archive (SRA) (25) for each hosted
organism are retrieved daily, passed through the MGT
assignment pipeline, assigned MGT-associated identifiers and
are made available publicly on the MGTdb web server
(Supplementary Figure S2). The metadata associated with
these isolates are imported into MGTdb without any modi-
fications.

Search

Isolates in MGTdb can be searched using any MGT-
associated identifiers, as well as any metadata fields such as
location and time. Currently, for simplicity, a user can choose
to perform either union (OR) or intersection (AND; default
selection) search, between all searched terms within a search.

Database, Vol. 00, Article ID baac094

Privacy

Due to privacy and security concerns, a user can upload
their genome sequence as ‘private’, which disables the sub-
mitted isolate (and associated metadata) from being publicly
searched or viewed, i.e. such an isolate can be viewed and
searched only by the authorized user who uploaded it. A user
can delete their uploaded isolates (and associated metadata)
at any time. While a user may hesitate to upload full genome
sequences with associated accessory genome information such
as antimicrobial resistance (AMR) genes, the MGTdb web ser-
vice alleviates these concerns by allowing only information
required for MGT assignment to be uploaded, i.e. the allele
sequences and minimum metadata (year and country). Fur-
thermore, if a user does upload the whole genome sequence
of an isolate, only the extracted alleles are retained, and the
uploaded file is immediately deleted following the extraction
of alleles.

Isolate query

A user can upload an assembly generated using a pipeline dif-
ferent to that used by MGTdb, to query MGTdb, but the
assembly cannot be submitted to MGTdb for new allele or
ST assignment, nor will the isolate be accepted for submission
to the database. The use of different assemblers and filtering
criteria may result in different assemblies for an isolate, ulti-
mately resulting in the identification of different alleles and
hence different MGT assignments.

If a user wishes to submit an assembly, and not raw reads,
to MGTdb for new allele or ST assignment, our pipeline
must be used (available at: https://github.com/LanLab/MGT_
reads2alleles). See Section Workflow (and Payne et al. (21))
for details.

When a user queries the MGTdb using their own assem-
blies, they can obtain MGT ST assignments. The key features
of this functionality are:

(i) At each MGT level for a queried assembly, either an
ST assignment is made (if exactly matching alleles,
and hence, allelic profile is found in the database) or
not. In the latter case, if an ST assignment cannot
be made because the isolate contains a new allele (as
opposed to missing alleles), this allele is not saved in the
database.

(i1) An isolate can be queried in the ‘private’ mode only. All
privately uploaded isolates are still searchable by their
uploading user upon login. This is to avoid potentially
erroneously assigned isolate influencing the publicly
available datasets.

Lastly, the query functionality can also be used with reads
or alleles.

Data visualization and download

To enable effective exploration of data, a number of inter-
active and static visualizations are made available within
MGTdb (summarized in Figure 1). These features are briefly
described below; a detailed description of each of these fea-
tures is presented in Supplementary Note S1.

Interactive graphs available on MGTdb enable dynamic
exploration of isolates and their MGT-associated assign-
ments. As the information made available on MGTdb is
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Figure 1. Data visualizations and downloads in MGTdb. The MGTdb database consists of isolates—useruploaded or those retrieved from
NCBI-SRA—assigned the MGT identifiers. In particular, isolates submitted as reads or extracted alleles can be used for typing or querying the database
for existing types, whereas isolates submitted as assemblies can only be used for querying the database for existing types. Queried isolates are only
visible and downloadable by their uploading user. The MGTdb web service contains features to filter (indicated by brown), visualize (pink and blue) or
download (green) these isolates. Indicated by pink: isolates are displayed in a table, either as a complete set or filtered with by metadata, ST, CC and
ODC assignments. These data can also be explored via three interactive graphs. The first enables exploring the set of isolates and their MGT
assignments in the context of either time or location, the second, in the context of both and the third interactive graph does not use metadata, and
enables exploration of isolates and their MGT assignments. Indicated by blue: a report of country-wise or project-wise static summaries of isolates for
the last 10years, at each MGT level, can be generated. Indicated by green: the first 2000 isolates in the displayed table can be exported for use with
Microreact—a web-tool which enables phylogeographical and temporal exploration of isolates. The data displayed in the initial table and the allelic
profiles for the largest MGT-level STs can also be downloaded. For these two files, the current limits are set to 1000000 rows (essentially the entire
database) for the tabular data and 10 000 for allelic profiles. The complete set of publicly available isolates, their allelic profiles and allele sequences can

be downloaded separately from the organism main page.

very dense, three types of interactive visualizations are
currently made available. The first visualization summa-
rizes isolate counts for STs (or CCs, or ODCs) at any
particular MGT level by either time (Figure 2a) or loca-
tion (Supplementary Figure S3) as a stacked bar chart. The
second visualization summarizes counts of isolates, counts
of STs (or CCs, or ODCs) at any particular MGT level, or
both (using the Shannon diversity index (26)), in both time
(x-axis) and location (y-axis), as a heatmap (Figure 2b).
The third interactive graph summarizes isolate counts over
STs (or CCs, or ODCs) at all MGT levels simultaneously
(Supplementary Figure S4). It does not utilize any additional
metadata and only utilizes the MGT-associated assignments.
In all these graphs, the interactivity enables easy switching
of displayed data, to visualize isolate counts by the MGT
levels, STs, CCs or ODCs, and the locational and tempo-
ral breakdowns—thus enabling easy exploration of isolate
relationships at a wide variety of resolutions and contexts.

For national surveillance, a report can be easily generated
depicting trends of the most frequently observed STs within
a nation. The report contains static visualizations systemati-
cally summarizing isolates at all MGT levels for the selected
country within a selected range of years (Figure 3). Each time
a report is generated, the latest data, comprising all available
public isolates up to the moment of request, are retrieved from
the database. Thus, a snapshot of the trends observed at a
particular time can be saved by downloading the generated
report.

MGTdb enables download of the displayed data (e.g. as
displayed in Figure 4a). In particular, all or filtered isolates
and their metadata, along with their MGT-associated assign-
ments, can be downloaded. Additionally, allelic profiles of
the largest scheme can be downloaded which, in conjunction
with the previously mentioned file, can be used to gener-
ate neighbour joining or minimal-spanning trees, produced
by tools such as GrapeTree (27)—as shown in Figure 4b.
Such a tree can then be coloured according to the assigned
STs, CCs or ODCs at any MGT level, or any other meta-
data. MGTdb also enables download of a file for import
into Microreact (28)—a tool which enables visualizing the
phenotypic, epidemiological, temporal and geographical dis-
tribution of isolates. For import into Microreact, MGTdb
appends the latitude and longitude for a country, and unique
colours of STs, for visualization. The resulting file can
then be effectively explored in Microreact as exemplified
in Figure 2c. Lastly, all allele sequences for a species, and
allelic profiles of public isolates, are collected, compressed
and made available for each hosted organism daily (at https:/
mgtdb.unsw.edu.au/salmonella/, https://mgtdb.unsw.edu.au/
enteritidis/ and https://mgtdb.unsw.edu.au/vibrio/).

Case studies

In this section, we demonstrate the utility of MGTdb to enable
epidemiological studies at global and local scales, as well as
over long and short timespans, via three case studies. In the
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Figure 2. Interactive charts and streamlined integration with Microreact enabled in MGTdb. (a) An interactive chart in MGTdb that enables summarizing
all or filtered isolates at any MGT level using either the locational or the temporal metadata. The chart shows the current cholera pandemic isolates

(i.e. MGT1 ST69 or seven-gene MLST ST69) at the MGT2 level. This data can be explored on MGTdb at https://mgtdb.unsw.edu.au/vibrio/isolate-
list?mgt1=69&searchType=and (data view level MGT2 ST, with ‘Only highlight top’ set to ‘3’). (b) An interactive chart in MGTdb that enables

summarizing all initially loaded or filtered isolates using both locational and
(i.e. MGT2 ST3) at the MGT5 level. These data can be explored on MGTdb

temporal metadata. The chart shows the current cholera wave isolates
at https://mgtdb.unsw.edu.au/vibrio/isolate-list?ap2_0_st=3&searchType=and

(data view level MGT5 ST). (c) Microreact visualization of MGT4 ST12 isolates exported from MGTdb. A data fle—wherein the latitude and longitude are
appended, along with unique colours for STs—can be exported from MGTdb for use with Microreact. Microreact enables visualization of isolates at any
chosen MGT level, both geographically and temporally. Shown here is the temporal step-through (as enabled on Microreact) of MGT4 ST12 isolates,
visualized at the MGT5 level. The data shown in this figure can be explored in Microreact using the link https://microreact.org/project/bjdgCuWdVowt
JHWQg2npYxi-mgts-st12-vibrio-cholerae and selecting ‘Colour Column’ as MGT5. Alternatively, the original data can be viewed in MGTdb using the link
https://mgtdb.unsw.edu.au/vibrio/isolate-list?ap4_0_st=12&searchType=and.

first study, the seventh pandemic isolates of V. cholerae are
examined, with a particular focus on the STs associated with
the 2016-17 cholera outbreak in Yemen (Section The global
population structure of V. cholerae). In the second study, the
distribution of S. Typhimurium isolates in the UK is exam-
ined (Section S. Typhimurium in the UK). Finally, in the third
case study, outbreaks caused by S. Typhimurium in Sydney,
Australia, are examined (Section S. Typhimurium outbreaks
in Sydney, Australia).

The global population structure of V. cholerae

The population structure of V. cholerae has been described
using MGT (24). The on-going seventh pandemic of cholera
is predominantly caused by the seven-gene MLST ST69
(also referred to as MGT1 ST69). At the MGT2 level, the
seventh pandemic isolates are divided into three predominant
STs, namely MGT2 ST1, ST2 and ST3, representing the three
distinct waves of the pandemic. Interactive graphics avail-
able in MGTdb were used to visualize such trends—Figure 2a
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Figure 3. Static charts from the report feature on MGTdb which enables national surveillance. For any country, or any user's project (which houses a set
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(b) summary of MGT5 ST3307 isolates at the MGT4 and MGT6 levels, and (c) summary of top 10 MGT5 STs by year, where the first graph shows isolate
counts, and in the second, the counts have been scaled by the maximal ST distribution observed that year. These data can be explored on MGTdb at
https://mgtdb.unsw.edu.au/salmonella/summaryReport by choosing the country ‘UK, setting the "Year start” as 2012, "Year end’ as 2021, and then

generating the report.

shows the temporal distribution of these three MGT2 STs.
The temporal and geographical distribution of the most recent
wave of isolates, MGT2 ST3, is shown in Figure 2b. As the lat-
ter figure shows, the current wave originated from Asia from
where it then spread to Africa, Europe and America; high ST
diversity (at the MGTS level) is observed in Asia and Africa.

MGTdb enables exporting data for use with Microre-
act (28)—a web-based tool that enables visualization of
geographical epidemiology of isolates by overlaying ST
distributions on a map, along with temporal epidemiology
by enabling a temporal walk-through. The exported data
from MGTdb can be used to study isolates at any level of
resolution within Microreact. As an example, consider the
MGT4 ST12 isolates—the ST associated with the 2016-17
cholera outbreak in Yemen (24)—shown in Figure 2c at the
MGTS level. Weill ez al. (29) studied the genomic epidemiol-
ogy of these outbreak isolates. They found that these isolates
were phylogenetically distinct from isolates observed in Iraq
(2007-15) and Iran (2012-15) and closer to the 2015-16 iso-
lates from Kenya, Tanzania and Uganda. Indeed, observing
the temporal global dissemination of the MGT4 ST12 iso-
lates (Figure 2c), this ST is not found in Iran, and in Iraq
the MGT4 ST12 isolates are observed in late 2017—after the
start of the Yemen outbreak. Furthermore, MGT5 ST42 iso-
lates, indicated by blue circles, observed in Iraq are observed

in India and Russia, but not Yemen, suggesting that this
ST may have been imported from India/Russia rather than
Yemen. Thus, by exploring data from MGTdb in Microre-
act, users can easily combine the unique features of MGT and
Microreact for studying the global temporal epidemiology.

S.Typhimurium in the UK

The foodborne pathogen S. Typhimurium has been described
using MGT (21). Isolates described via MGT can be studied
at different resolutions for temporal and geographic trends.
For national-level surveillance, reports for any chosen country
can be generated in MGTdb, consisting of static charts sum-
marizing isolates at each MGT level within a selected range of
years (Section Data visualization and download)—a user can
then easily identify the best level for examining relevant epi-
demiological patterns. As an example of long-term national
surveillance, Figure 3 summarizes isolates from the UK in
the last 10 years (2012-21) at the MGTS5 level. The presen-
tation of S. Typhimurium distribution by month (Figure 3a)
highlights isolates with MGTS5 STs that have become extinct
(e.g. ST20), STs that are newly emerging (i.e. ST3307 and
ST1053) and STs that are persistently present (ST403 and
ST577). Figure 3b shows how STs are distributed at the pre-
vious and next MGT level for MGT5 ST3307 isolates (the
most common MGTS ST in the UK over the past 10 years).
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Figure 4. Display of all data in MGTdb and exported data enabling streamlined integration with GrapeTree. (a) All isolates—initially loaded or filtered—are
shown in an interactive table. Shown in the table are also the STs assigned to the isolates at all MGT levels and ODCs. This view can be switched to
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Figure 3¢ depicts the top 10 STs by year, where the first graph
shows distribution of isolates, and the second shows distri-
bution of isolates scaled to 100%. Here, the former graph
indicates sampling rates, and the latter reveals trends in ST
frequency over time.

S.Typhimurium outbreaks in Sydney, Australia

Lastly, we demonstrate MGTdb’s utility for examining short-
term epidemiology and outbreaks using S. Typhimurium.
Octavia et al. (30) studied the genomic epidemiology of
S. Typhimurium isolates that caused five outbreaks in NSW;,
Australia. Of these, three outbreaks occurred in 2012,
namely outbreaks 2 (for which 11 strains were sequenced), 4
(9 strains) and 5 (10 strains) shown in the table in Figure 4a.
These isolates were identified by using MGTdb’s search func-
tionality (Section Search) to filter the database (which con-
tains all publicly available isolates): setting ‘Year’ to 2012’
and ‘State’ to ‘NSW. These three outbreaks can be uniquely
and stably characterized via MGT as the following GTs (by
observing the table shown in Figure 2a), GT19-9-116-56-66
(i.e. MGT1 ST19, MGT2 ST9, MGT3 ST116, MGT4 ST56
and MGTS5 ST66), GT19-9-36-47-66-555 and GT19-14- 36-
56-X-556, respectively.

Octavia et al. also found that S. Typhimurium genomes
differed by a maximum of five SNPs for outbreak 2 and

by a maximum of 1 SNP for outbreaks 4 and 5. This
relationship can be simply described by ODCs—ODC5-962
groups outbreak 2 isolates together, while ODC1-971 and
ODC1-974 group isolates in outbreaks 4 and 5 together,
respectively. To visualize the relationships revealed by sin-
gle linkage clustering methods, such as ODCs, MGTdb
enables the download of allelic profiles for the largest MGT
level (e.g. MGT9 for S. Typhimurium). These downloaded
allelic profiles can be used to generate a neighbour join-
ing or a minimal-spanning tree using tools such as Grape-
Tree (27), and the downloaded MGT-associated assignments
(i.e. the table seen in Figure 4a; downloaded by clicking
on ‘Download entire set as CSV’) can be used to visualize
the relationships within the context of the MGT assign-
ments (Section Data visualization and download). For exam-
ple, the neighbour joining tree of these outbreak isolates—
shown in Figure 4b (coloured by ODCS5)—indicates the
same relationship between isolates as revealed by Octavia
et al. (albeit using allele differences rather than SNP
differences).

Summary and conclusions

In this paper, a web service, MGTdb, is presented. MGTdb
enables a user to upload sequenced reads or locally extracted
alleles of isolates, obtain MGT assignments and examine
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the isolates in the context of all isolates in the database.
Additionally, MGTdb regularly retrieves and processes pub-
licly available genome sequencing data from the NCBI-SRA
(25)—thus enabling the study of essentially all publicly avail-
able isolates for a species. Visualization tools are presented
to assist analysis at a wide variety of resolutions, such as long
term or short term, along with capabilities to download a wide
variety of data—thus enabling downstream and alternative
types of epidemiological studies.

Key characteristics for building a usable and success-
ful nomenclature system have been previously identified
[82, 161, 162]. MGTdDb has been developed in line with these
recommendations. In particular, the key characteristics as
implemented in MGTdb are outlined below:

(i) Comprehensive characterization of target bacterial
populations.

(ii) Standardized and stable nomenclature for the charac-
terization of isolates.

(iii) Standardized and stable nomenclature for the charac-
terization of relationships between isolates.

(iv) Database system for data management.

(v) Enables data mining and analysis.

(vi) Sufficient computational resources for nomenclature
assignment, data storage and management and data
analysis.

(vii) The nomenclature and analyses can be downloaded.
(viii) Open source, open access and free of cost.

(ix) User login to track uploaders and preserve privacy when
required.

(x) Enables uploading raw reads or locally extracted alleles.
The upload of alleles enables further privacy preserva-
tion, as only the sequence needed for typing is submit-
ted. Lastly, the uploaded data are quality controlled.

Currently, one major limitation of MGTdb, as recom-
mended for a nomenclature system, is to enable obtaining
assignments remotely (i.e. without the need to submit the iso-
lates), such as implemented in chewie-NS [163]. Approaches
for enabling this feature in the MGTdb are currently being
explored.

In conclusion, MGT presents a powerful approach
enabling researchers to investigate sequenced bacterial iso-
lates at multiple levels of typing resolution, in the local and
global context. Through this method, epidemiological inves-
tigations such as those determining if isolates belong to pre-
vious, on-going or new outbreaks, epidemics or pandemics
can be easily performed. To this end, the MGTdb web service
enables a user to submit isolates and obtain MGT-associated
assignments. It contains intuitive and easy-to-use capabil-
ities for visualization, file export and download. MGTdb
is currently available and ready to use for three exemplar
organisms—with schemes for more species in development.
A locally installable version of the database is available for
further development and hosting of MGT schemes and for
users to develop their own MGT schemes of any pathogens.

Supplementary data

Supplementary data are available at Database Online.
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