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Abstract

Complete genomes of microbial pathogens are essential for the phylogenomic analyses that increasingly underpin core public
health laboratory activities. Here, we announce a BioProject (PRJNA556438) dedicated to sharing complete genomes chosen
to represent a range of pathogenic bacteria with regional importance to Australia and the Southwest Pacific; enriching the
catalogue of globally available complete genomes for public health while providing valuable strains to regional public health
microbiology laboratories. In this first step, we present 26 complete high-quality bacterial genomes. Additionally, we describe
here a framework for reconstructing complete microbial genomes and highlight some of the challenges and considerations for
accurate and reproducible genome reconstruction.

DATA SUMMARY replicate many of the now commonly used microbiological
All sequencing data and assemblies have been deposited in sub-typing methodologies, as well as support epidemiological
the National Center for Biotechnology Information (NCBI) 1pvest1gat1ons, such as surveillance and outbreak 1nvest1ga-
database under the BioProject no. PRINA556438, and are tion [5-7]. The appeal of WGS data comes from the promise

available from figshare: https://doi.org/10.26188/13107509. of a single workflow to process all microbial pathogens, and
the provision of easily portable data that promote deeper

integration of surveillance and investigation efforts across
jurisdictions. This promise is leading to a concerted effort to
move microbial public health to a primarily genome-based
workflow in numerous countries [8-10], including Australia

Pure cultures of all strains were deposited in the Microbio-
logical Diagnostic Unit Public Health Laboratory (MDUPHL)
Reference Culture Collection, and are available on request
(mdu-general@unimelb.edu.au).

[11].
INTRODUCTION Essential to the success of this transition to a genomics
Whole-genome sequence (WGS) data are now a critical tool workflow is the need to develop catalogues of high-quality
in public health microbiology [1-4]. The data can be used to complete reference genomes of microbial pathogens [12].
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Complete bacterial genomes can provide valuable insights,
for instance, into the genomic context of virulence and anti-
microbial resistance genes [13], and their possible mecha-
nisms of actions. More importantly, complete genomes are
essential for generating accurate phylogenomic analyses, a
core requirement of public health surveillance and outbreak
response. In this setting, they provide valuable context to
identify variable genomic regions across samples in a given
study in a computationally efficient manner [14-16].

However, pathogenic bacteria are not generally composed
of uniform panmictic populations. Instead, they represent
numerous diverse clades, with many being endemic to
particular regions or jurisdictions [17-23]. We define the
latter as clones that are repeatedly observed in a given region
with evidence of ongoing local transmission, but are not
commonly observed in other parts of the world; a more prac-
tical definition is given by clones observed in local outbreaks
for which no suitable reference genome is available in the
public domain. This inherent population structure poses a
challenge to a successful transition to genomics in public
health microbiology laboratories and can significantly reduce
the resolution of phylogenomic analyses by influencing the
identification of genetic variants [24, 25]. Thus, catalogues
of complete genomes will only be effective in supporting a
transition to genomics in public health microbiology if they
are rich in endemic strains.

Here we present the establishment of a genome catalogue
for microbial pathogens of regional importance to Australia
and the Southwest Pacific, and describe the first 26 complete
genomes to be added. We will continue to build on this
resource as further strains are sequenced and assembled.

METHODS
Whole-genome sequencing

All strains were grown in appropriate media for the organism
following standard laboratory protocols. Whole-genomic
DNA was extracted using various methods, selected based
on the species to ensure high-quality DNA for short- and
long-read sequencing (outlined in Fig. 1). For the Chemagic
Viral DNA/RNA kit (PerkinElmer), the GenElute Bacterial
Genomic DNA kit (Sigma-Aldrich) and the Nanobind CBB
Big DNA kit (Circulomics), extractions were performed as
per the manufacturer’s recommendations. For mycobacterial
species, the protocol outlined in McNerney et al. [26] was used
with the following modifications. Growth from five brown
and buckle slopes was used for gDNA extraction, dissolved in
500 pl molecular grade (Ultrapure, Life Technologies) water
and heated for 60 min at 80 °C. Following incubation with
lysozyme (Sigma Aldrich), samples were mixed by manual
inversion and all incubation steps were performed at 60 °C.
Samples were eluted in EB Buffer (Qiagen, 10 mM Tris/Cl,
pH 8.5 buffer) by overnight incubation at 4 °C followed by
incubation at 60 °C for 15 min, and then centrifugation.

Short-read genomic DNA was sequenced on either the
[lumina NextSeq500/550 (2x150 bp paired-end) or MiSeq

Significance as a BioResource to the community

Referenced-based bioinformatic analyses are increas-
ingly being used to enhance public health activities;
comparative genomics having been shown to appreci-
ably assist in outbreak investigation and understanding
the genetic context underlying clinically relevant pheno-
types. However, reference-based analyses are inherently
constrained by the genetic similarity of the reference
strain to the population being studied and subsequently
a catalogue of high-quality reference strains is required
to support the diverse analyses undertaken in the public
health environment. The genomes reported here repre-
sent the first 26 reference strains to be incorporated
into a new public health resource; a collection of diverse
bacterial pathogens of importance to Australia and
the Southwest Pacific (including curated genomic and
phenotypic data), that will continue to be added to in a
multi-jurisdictional collaboration between public health
laboratories in the region. To further support public
health activities, we also provide a detailed framework
for bacterial genome reconstruction, using a combina-
tion of short- and long-read sequence data generated
from different platforms. Included is a discussion of the
challenges encountered and the considerations made to
ensure both accuracy and reproducibility in the construc-
tion of these reference genomes.

(2%300 bp paired-end) platforms. Long-read genomic data
were produced on either the PacBio RS-II (P6-C4 chemistry)
or Oxford Nanopore GridION X5 (with FLO-MIN106D R9
flow cells) platforms. The DNA extraction, library preparation
and sequencing workflow is illustrated in Fig. 1, with strain-
specific methodology provided in the figure, Table S1, and the
respective NCBI BioSample record (Table 1).

Genome assembly

Before de novo assembly, all sequence data underwent quality
control (QC) to ensure sufficient depth and basecall quality,
and that the sequence data represented the expected organism
based on a kraken2 [27] analysis (Fig. 1). Confirmation of
Shigella sonnei identification was performed by phylogenetic
analysis of the strains against samples described elsewhere
[28]. In the case of PacBio data, provided that the above QC
requirements were met, the consensus circular subreads fastq
files were concatenated and used as the input for de novo
assembly. In the case of Nanopore data, sequence data were
basecalled onboard the GridION X5 using ONT’s Guppy base-
caller v3.2.4 with the high accuracy protocol. Demultiplexing
and adaptor trimming were performed using Porechop v0.2.4
(https://github.com/rrwick/Porechop). Default parameters
were used with two exceptions: to be kept, a read required (i)
both barcodes to be identified with (ii) a minimum identity
of 85%. Long-read datasets were then filtered using Filtlong
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AUSMDU00010527, AUSMDU00010528, AUSMDU00010530, AUSMDU00010533);
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(AUSMDU00010538)
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(AUSMDU00010534)
4. S. enterica (AUSMDU00010531, AUSMDUO00008979)
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10. S. enterica (AUSMDU00005056)
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SeroBA v1.0.1 (S. pneumoniae), SISTR v1.0.2 (S. enterica), SRST2 v0.2.0 (E.coli, using ECOH DB)

Fig. 1. Schematic of the methodology used for sequence data generation and genome assembly. *Modifications to the published CTAB
method are decsribed in the methods section. **Nanopore data was filtered to 100x for the expected species size, preferencing quality
and length equally using Filtlong v0.2.0; ***PacBio data was filtered using a minimum read quality [mQ] = 0.80; *multiple versions used
- refer to the methods section and supplementary tables; P/0O = parameters/options (that differ from default); mRL = minimum read
length; cOR = corOutCoverage; GS = genome size (°set as Mb closest to species average); cER = correctedErrorRate (‘set as 0.144 for
Nanopore or 0.045 for PacBio data); PLD = plasmid flag used; SLR = seed read length; oER = overlapper error rate; 9start replicon was
dnaA for chromosome sequences and rep for plasmid sequences, based on prokka annotations.
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v0.2.0 (https://github.com/rrwick/Filtlong), to a final dataset
equivalent to 100-fold coverage for the expected genome size,
weighting read length and quality equally.

All genomes were assembled using four different approaches.
Three were applied to all datasets, one for PacBio data only,
and one for ONT data only, as outlined in Fig. 1.

(1) Hybrid assembly with Unicycler v0.4.6 or v0.4.8 [29].
All default parameters were used, providing both the
short- and long-read sequence data.

(2) Longread-only assembly with Unicycler v0.4.6 or v0.4.8
[29]. All default parameters were used, providing only
long-read sequence data. Following assembly, contigs
underwent a single round of error correction with the
short-read sequence data using Snippy v4.3 or v4.4
(https://github.com/tseemann/snippy).

(3) Longread-only assembly with Canu v1.8.0 [30]. Default
parameters were used with the following exceptions:
(i) genomeSize was set as ‘3nmy’ for small genomes (e.g.
Listeria, Streptococcus, Enterococcus) or ‘6m’ for large
genomes (e.g. Mycobacteria, Salmonella, Escherichia).
(ii) the correctedErrorRate was set as ‘0.045 for PacBio
data or ‘0.144’ for Nanopore data. (iii) minReadLength
was set as ‘1000’ and (iv) corOutCoverage as ‘50’ If highly
fragmented, a second assembly was performed lower-
ing this parameter to 20’ Following assembly, contigs
underwent a single round of error correction with the
short-read sequence data using Snippy v4.3 or v4.4, and
then circularization was attempted using berokka v0.2.1
(https://github.com/tseemann/berokka).

(4) (PacBio) Long read-only assembly with HGAP3, SMRT-
Portal v2.3.0 [31]. Default parameters were used with
the following exceptions: (i) seed read length was set to
‘1 kb, (ii) minimum read quality was set to ‘0.80; (iii)
genome size was set to ‘5000000’ for all assemblies (based
on in-house testing) and (iv) the over-lapper error rate
was set to ‘0.04 Following assembly, circularization was
attempted using berokka v0.2.1.

(5) (ONT) Long read-only assembly with Flye v2.4.2 or v2.6
[32]. Default parameters were used with the following
exceptions: (i) genome-size was set as ‘3m’ (for small
genomes) or ‘6m’ (for large genomes), and both --meta
and --plasmid flags were used to improve plasmid recov-
ery [33]. Following assembly, contigs underwent a single
round of error correction with the short-read sequence
data using Snippy v4.3 or v4.4, and then circularization
was attempted using berokka v0.2.1.

Following assembly, all draft genomes were compared for
structural consistency and a single assembly was selected.
Features considered during comparison were: (i) inter-
assembly variation in genome size and consistency with
expected size for the species; (ii) number and location of
ribosomal RNA gene; (iii) broad structural similarity as
assessed visually from an alignment generated with Mauve
v1.1.1 [34], looking for large differences (i.e. >5 kb) including
inversions, duplications and deletions; (iv) representation of
small replicons (e.g. plasmids and other mobile elements).

When selecting a final assembly, the hybrid assembly
approach was prioritized. If required, selection between long
read-only assembly approaches was based on which produced
a structure that most closely represented the consensus of
the assembly outputs. In general, this was HGAP3 (PacBio)
or Flye (ONT), followed by Unicycler, then Canu; an order
that is consistent with a benchmarking study that established
performance standards for these assemblers in the context of
long-read genome assembly [33].

Following selection, the final assembly was assessed for orien-
tation to an appropriate start replicon and adjusted if required.
The assembly then underwent a final error correction with the
short-read sequence data using Snippy v4.3 or v4.4, run in an
iterative manner until no variants were detected. This was also
performed on hybrid assemblies generated by Unicycler, even
though the software performs its own short-read correction,
the reasoning for which is explained below. Strain-specific
assembly information is illustrated in Fig. 1, and provided in
Table S1 and the respective NCBI BioSample record (Table 1).

Sequences representing plasmids were additionally checked
for similarity to published sequences deposited in the NCBI
database (https://www.ncbi.nlm.nih.gov/). Of the 39 plasmids
recovered, only one was identified as novel; that belonging
to the Salmonella enterica subsp. enterica serovar Birken-
head AUSMDU00010532. This sequence contained genes
consistent with plasmid replication machinery.

Genome characterization

In silico multi-locus sequence typing (MLST) was performed
using mlst v2.19.0 (https://github.com/tseemann/mlst),
employing the pubMLST schemes [35]. Antimicrobial resist-
ance genes were detected using abriTAMR v0.2.2 (https://
github.com/MDU-PHL/abritamr), and outputs were filtered
with minimum gene length and minimum nucleotide identify
cut-offs of 90%. In silico typing/serotyping was performed
using emmtyper v0.1.0 (https://github.com/MDU-PHL/
emmtyper) for S. pyogenes, Kleborate v0.3.0 (https://github.
com/katholt/Kleborate) for Klebsiella pneumoniae, legsta
v0.3.2 (https://github.com/tseemann/legsta) for Legionella
pneumophila, LisSero v0.2 (https://github.com/MDU-PHL/
LisSero) for Listeria monocytogenes, meningotype v0.8.2-beta
(https://github.com/MDU-PHL/meningotype) for Neisseria
meningitidis, ngmaster v0.5.5 (https://github.com/MDU-
PHL/ngmaster) for Neisseria gonorrhoeae, SeroBA v1.0.1
[36] for Streptococcus pneumoniae, SISTR v1.0.2 [37] for
Salmonella enterica, and SRST2 v0.2.0 [38] using the EcCOH
DB for Escherichia coli.

RESULTS AND DISCUSSION

Here, we present 26 high-quality complete bacterial reference
genomes. Strains were selected to represent a broad range
of organisms of importance for public health in Australia
and the Southwest Pacific. These included foodborne (e.g.
L. monocytogenes, and S. enterica), waterborne (e.g. L. pneu-
mophila), sexually transmitted (e.g. N. gonorrhoeae) and other
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pathogens of public health importance (e.g. K. pneumoniae,
Mycobacterium sp., N. meningitidis). In some cases, we chose
the strains because of their relevance to local surveillance
and outbreak requirements as well as their virulence or
antimicrobial resistance (AMR) phenotypes (e.g. colistin-
resistant S. enterica, carbapenem-resistant K. pneumoniae
and vancomycin-resistant Enterococcus faecium). Presented
in Table 1 is a summary of the demographic and genomic
characteristics (including in silico MLST and serotypes) of the
26 reference genomes. Phenotypic antimicrobial susceptibility
data (when testing is appropriate for the given species) and
the matched genotypic AMR profiles are presented in Table 2.

With the increasing use of genomics in public health inves-
tigation, high-quality reference genomes have become a
key resource but one that must be continually updated with
shifts in circulating microbial lineages, the emergence of new
outbreak clones and the ongoing spread of genetic material
encoding clinically relevant phenotypes. The advances in
long-read sequencing technology have made it increasingly
cost-effective to generate the data needed to construct refer-
ence genomes. However, missing are pipelines to automate the
downstream assembly process. Such a pipeline would need to
be capable of generating accurate and reproducible genomes
and reliably handle genetically diverse datasets with minimal
manual intervention. Following is a discussion about our
experiences with reconstructing the 26 genomes described
in this paper and considerations that should be made in the
generation of such a bioinformatic pipeline.

Assembly approaches; one size does not fit all

Of'the 104 assemblies performed (4 per genome), only 54 were
designated as ‘complete’ when considered in isolation; defined
as an assembly output that included (i) a chromosomal contig
that was circular and of an appropriate size for the species,
and (ii) if present, circular plasmid contig(s) that matched
published sequences (based on a nucleotide alignment and
length comparison), or in the case of AUSMDU00010532
(Salmonella Birkenhead) carried genes encoding known
plasmid replication machinery.

The remaining 50 assemblies were designated as either ‘draft’
(n=14) - contig(s) represented a full-length chromosome
and plasmid(s), when present, but were not circularized
(examination of the contig ends identified a sequence overlap,
indicating that the entire replicon was reconstructed) — or
‘failed’ (n=36), with most representing fragmented assem-
blies. There were only two assembly attempts in which the
assembly approach produced no output (Table S2, available
in the online version of this article).

Opverall, the hybrid assembly approach produced the highest
number of ‘complete’ assemblies (19/26). However, every
approach produced an assembly designated as ‘failed” on
at least three datasets. This indicated that there is no one-
size-fits-all approach to reconstructing the genomes of a
diverse collection of strains, consistent with the performance
of the various assemblers reported by Wick and Holt [33].

Subsequently, a pipeline developed for long-read genome
assembly in public health would need to incorporate multiple
assembly tools and approaches to maximize performance.

Structural consistency; assembling the same
dataset twice does not always give the same result

With the examination of a few assembly metrics it is reason-
ably straightforward to detect large errors in reconstructed
genomes. For example, fragmented or linear contigs, signifi-
cant length inconsistencies for a given species, and the absence
of genes of interest. However, there are a range of more subtle
errors that may go undetected when an assembly output is
considered in isolation. These include structural rearrange-
ments (inversions, duplications and deletions), absence
of plasmids and other small replicons, and the presence of
superfluous contigs that do not represent true replicons. All of
which could contribute to error in a reference-based analysis.

Therefore, all assemblies (with the exception of those that
were highly fragmented or for which no output was produced)
were compared for structural consistency (as outlined in
the methods). This identified 28 assemblies with structural
inconsistencies (Table S2), 22 of which were initially deemed
‘complete’ or ‘draft’ (due to linear contigs) when considered
in isolation. Of these, 10 were inconsistent due to the absence
of small replicon(s) and 16 due to the presence of inver-
sions, duplications or deletions (the affected regions ranging
in the 10s to 100s of kb). Four assemblies contained both
inconsistencies.

These findings highlight a significant issue with reproduc-
ibility. Every assembly approach generated at least one output
that was deemed to be structurally inconsistent. We will
not comment on which assemblies were ‘correct’ or which
approach produced the least number of ‘incorrect’ assemblies,
as we have made our judgments based on which genome
structure was most commonly observed in the assembly
outputs, and have not preformed the required laboratory-
based experiments to determine which is biologically correct.

Regardless, our experience highlights that to achieve complete
and reproducible genome reconstruction, multiple assembly
approaches should be used, and their outputs compared. This
creates challenges for pipeline generation, with the compar-
ison of assembly outputs still requiring some level of manual
curation. For example, of the 68 assemblies classified as
‘complete’ or ‘draft’ (ignoring structural inconsistencies), the
outputs of 20 contained small superfluous contigs; artefacts of
the assembly approaches that were not representative of true
replicons (Table S2). A small number of these were circular-
ized due to repetitive sequence and without comparison and
curation would have been included in the final assembly.

Ultimately, which assembly is selected as the ‘final’ one is
dependent on the species, available sequence data and the
assembly approach(es) used. Our method was to select the
assembly output that most closely represented the consensus
of all outputs, was biologically consistent with the species and
contained the characteristics expected for the strain (i.e. AMR
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determinants), favouring the hybrid assembly output when it
met these requirements.

Since the submission of our manuscript, our conclusions have
been additionally supported by observations from others
(R. Wick, personal communication), leading to the recent
release of TryCycler (https://github.com/rrwick/Trycycler), a
tool that may help automate comparisons of multiple genome
assemblies and the identification of a consensus assembly. We
look forward to contributing to the development of TryCy-
cler by comparing our manually curated outputs with those
produced by the tool.

Nanopore vs PacBio, and are short-read sequence
data really needed?

There was no clear difference in the assembly outputs in
terms of genome completeness or structural inconsistencies
between the PacBio and ONT datasets. The main distinction
between the two approaches is that the latter is more cost-
effective for bacterial genomes and requires smaller amounts
of input DNA. It has become standard practice at MDUPHL
to undertake short-read sequencing on the same genomic
DNA that is used for long-read sequencing. Our findings
from these assemblies indicate that it is worthwhile as the
hybrid assembly approaches, which utilizes both datasets
in the assembly process, generated the highest number of
‘complete’ genomes (Table S2). Both short- and long-read
sequence data can be generated in similar time frames in
public health laboratories. However, multiplexing enhances
cost savings and outside of urgent public health activities,
there is often a delay in the generation of long-read data,
waiting until a sufficient number of samples are available to
maximize the output of the platform.

Another common use for short-read sequence data in this
context is in genome polishing; a process of correction by
mapping the short reads to the long-read assembly and
identifying the consensus. Multiple iterations of long-read
polishing can result in 99.9% consensus between the reads
and the assembly. However, in a bacterial genome this still
equates to thousands of potential errors, the majority of which
are insertions or deletions due to the known issue with base-
calling homopolymers during long-read sequencing.

We recommend short-read polishing because it provides
relatively cheap, high-depth coverage across the genome and
helps overcome the higher error rate in long-read sequence
data, further reducing the number of potential errors in
the final genome, a feature that is very important for the
mapping-based analyses conducted by public health labora-
tories to investigate transmission. For consistency, we opted
to short-read polish all final assemblies, including the hybrid
assemblies generated with Unicycler, which undertakes a
short-read correction step but utilizes a different tool from
that used in our laboratory for mapping-based analysis.

Orientation; to start at dnaA or not

While it is a preference with minimal to no impact on down-
stream analysis, we support the practice of orientating contigs
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to start at genes encoding the replication machinery. This is
straightforward for chromosomes, only requiring the identi-
fication of dnaA. It is more challenging for plasmids, which
carry diverse and often multiple replication-associated genes,
with the identification of which is responsible for replication
not always simple. Of the assembly tools used, only Unicycler
included a step to orientate contigs. Of the 21 final assemblies
constructed by either the hybrid or long read-only approaches
using Unicycler, the chromosome orientation was correct in
16, with the other 5 requiring adjustment (Table S2).

Next steps: pipeline generation and open access

With long-read sequencing on a trajectory to become part
of routine public health practice, the next required step is
the development of a pipeline to automate the process of
assembly. As indicated, such a pipeline would need to incor-
porate multiple tools and approaches, compare outputs for
inconsistencies, handle data from different platforms and
from diverse species, and preferably orientate final contigs
to a suitable start replicon. As mentioned, TryCycler appears
to be a promising step in this direction. Outside of this,
such a pipeline should (i) be amenable to rapidly changing
sequencing technologies. (ii) Be designed in a way to enable to
development of genus- and/or species-specific workflows (e.g.
through specifying organism-specific parameters through a
config file that could be easily shared). In this scenario, we
would envision such configuration parameters being tuned
on large datasets, such as those housed at the NCBI Pathogen
Portal, and shared with the wider community. It has not been
mentioned, but assembly challenges were noted for specific
species due to genome structural complexity, and repetitive
and/or recombinant regions. (iii) Most importantly, such a
pipeline would need to be proven to reliably and reproduc-
ibility generate data that are consistent with both short-read
sequence and phenotypic data to be accredited for use in
a public health laboratory. Here again, we would advocate
taking advantage of the large numbers of assembled genomes
already on the NCBI Pathogen Portal, as well as the ATCC’s
high-quality reference genome collection (https://www.atcc.
org/en/Documents/Marketing Literature/Genome_Portal _
Technical_Document.aspx).

Another important step is open access for newly generated
reference genomes. While there are a number of challenges
to uploading public health data (including legal, ethical and
computational considerations), where possible reference
genomes and linked phenotypic and demographic data
should be openly available to maximize the use of these public
health resources. We have chosen to focus first on building
our reference dataset with predominantly endemic clones.
However, a clone that is endemic in one region may be an
imported clone in another, and open access to reference
genome collections will enable other laboratories to access
high-quality genomes for their own public health activities.
To further improve this resource, additional genomic char-
acteristics could be included, such as characterization of key
mobile genetic elements or genomic regions that may inter-
fere with reference-based analyses (e.g. integrated phage);
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information that may help public health laboratories with
reference selection and use.

CONCLUSIONS

We report the establishment of a new public health resource;
a collection of high-quality reference genomes and matched
phenotypic data to support regional public health activities.
We will continue to add to this resource as part of a multi-
jurisdictional collaboration. Additionally, we share our
process for genome reconstruction, highlighting some of
the challenges and considerations for accurate, reproducible
and eventually automated assembly of high-quality complete
microbial genomes of medical and public health relevance.

Funding information

This study was funded by a grant from the Department of Health of
the Australian Federal Government to the Communicable Diseases
Genomics Network (CDGN).

Acknowledgements

We would like to acknowledge the assistance of the following indi-
viduals in providing isolates and/or phenotypic data: Linda Viberg and
Diane Daniel (MDUPHL); Taryn Crighton, Peter Howard and Shahin
Oftadeh (ICPMR); the public health microbiology staff at FSS. Commu-
nicable Diseases Genomics Network (CDGN) members: Victoria -
Benjamin Howden, Deborah Williamson, Mike Catton, Torsten Seemann,
Susan Ballard, Patiyan Andersson; New South Wales - Vitali Sintch-
enko, Qinning Wang, William Rawlinson, Andrew Ginn, Rebecca Rockett;
Queensland — Amy Jennison, Sanmarie Schlebusch, Patrick Harris,
Jenny Robson, Arnold Bainomugisa; South Australia — Ivan Bastian,
Lex Leong, Mark Turra; Western Australia — David Speers, Avram
Levy; Tasmania — Louise Cooley; Australian Capital Territory — Karina
Kennedy; Northern Territory — Ella Meumann; New Zealand - Joep de
Ligt; Australian Government Department of Health - Amy Black, Melissa
Howlett, Gary Lum, Aruna Phabmixay, Rose Wright; CDGN - Chantel Lin,
Tuyet Hoang, Anders Gongalves da Silva, Kristy Horan.

Author contributions

A J, V.S, TRPS,D.AW,B.PH andT S. conceptualized the study and
sourced funding for this work. G.P.C., . R, R.M. G, Q. W, R. J.R, V. J.
T,E-M.,S. B, T.T,N. I, K. A H. and W. P. contributed to data generation
and curation. S. L. B.,, A. G. S, B. P H. and T. S. were responsible for
development of methodology and data analysis. S. L. B. and A. G. S.
drafted the paper, and all authors contributed to the review and editing
of the paper.

Conflicts of interest
The authors declare that there are no conflicts of interest

References
1. Allard MW. The future of whole-genome sequencing for public
health and the clinic. J Clin Microbiol 2016;54:1946-1948.

2. Arnold C. Public Health England Initiative for Infectious Disease
Genomics; 2014.

3. Brown EW, Gonzalez-Escalona N, Stones R, Timme R, Allard MW.
The rise of genomics and the promise of whole genome sequencing
for understanding microbial foodborne pathogens. In: Gurtler J,
Doyle M, Kornacki J (editors). Foodborne Pathogens Food Microbi-
ology and Food Saftey. Cham: Springer; 2017. pp. 333-351.

4. Kwong JC, McCallum N, Sintchenko V, Howden BP. Whole genome
sequencing in clinical and public health microbiology. Pathology
2015;47:199-210.

5. Gardy J,Loman NJ, Rambaut A. Real-time digital pathogen surveil-
lance - the time is now. Genome Biol 2015;16:155.

6. Kwong JC, Lane CR, Romanes F, Gongalves da Silva A, Easton M
et al. Translating genomics into practice for real-time surveillance

11

20.

21.

22.

23.

24.

25.

and response to carbapenemase-producing Enterobacteriaceae:
evidence from a complex multi-institutional KPC outbreak. PeerJ
2018;6:e4210.

Gongalves da Silva A, Baines SL, Carter GP, Heffernan H, French NP
et al. A phylogenomic framework for assessing the global emer-
gence and evolution of clonal complex 398 methicillin-resistant
Staphylococcus aureus. Microb Genom 2017;3:e000105.

Gwinn M, MacCannell D, Armstrong GL. Next-Generation
sequencing of infectious pathogens. JAMA 2019;321:893-894.

Luheshi L, Raza S, Moorthie S, Hall A, Blackburn L. Pathogen
Genomics into Practice. PHG Foundation; 2015.

Nadon C, Van Walle I, Gerner-Smidt P, Campos J, Chinen | et al.
Pulsenet international: vision for the implementation of whole
genome sequencing (WGS) for global food-borne disease surveil-
lance. Euro Surveill. 2017;22.

. Williamson DA, Kirk MD, Sintchenko V, Howden BP. The impor-

tance of public health genomics for ensuring health security for
Australia. Med J Aust 2019;210:€291:295-297.

Weimer BC. 100K pathogen genome Project. Genome Announc
2017;5.

Arnott A, Wang Q, Bachmann N, Sadsad R, Biswas C et al.
Multidrug-resistant Salmonella enterica 4,[5],12:i:- sequence Type
34, New South Wales, Australia, 2016-2017. Emerg Infect Dis
2018;24:751-753.

BertelsF,Silander OK,PachkovM,RaineyPB,vanNimwegen E. Auto-
mated reconstruction of whole-genome phylogenies from short-
sequence reads. Mol Biol Evol 2014;31:1077-1088.

Edwards DJ, Holt KE. Beginner's guide to comparative bacterial
genome analysis using next-generation sequence data. Microb
Inform Exp 2013;3:2.

Olson ND, Lund SP, Colman RE, Foster JT, Sahl JW et al. Best prac-
tices for evaluating single nucleotide variant calling methods for
microbial genomics. Front Genet 2015;6:235.

Baines SL, Holt KE, Schultz MB, Seemann T, Howden BO et al.
Convergent adaptation in the dominant global hospital clone
ST239 of methicillin-resistant Staphylococcus aureus. mBio
2015;6:e00080.

Carter GP, Buultjens AH, Ballard SA, Baines SL, Tomita T et al.
Emergence of endemic MLST non-typeable vancomycin-resistant
Enterococcus faecium. J Antimicrob Chemother 2016;71:3367-3371.

Gymoese P, Sgrensen G, Litrup E, Olsen JE, Nielsen EM et al. Inves-
tigation of outbreaks of Salmonella enterica serovar Typhimurium
and Its monophasic variants using whole-genome sequencing,
Denmark. Emerg Infect Dis 2017;23:1631-1639.

Graham RMA, Hiley L, Rathnayake IU, Jennison AV. Comparative
genomics identifies distinct lineages of S. enteritidis from Queens-
land, Australia. PLoS One 2018;13:e0191042.

Rockett RJ, Oftadeh S, Bachmann NL, Timms VJ, Kong F et al.
Genome-wide analysis of Streptococcus pneumoniae serogroup 19
in the decade after the introduction of pneumococcal conjugate
vaccines in Australia. Sci Rep 2018;8:16969.

Timms VJ, Rockett R, Bachmann NL, Martinez E, Wang Q et al.
Genome sequencing links persistent outbreak of legionellosis
in Sydney (New South Wales, Australia) to an emerging clone of
Legionella pneumophila sequence Type 211. Appl Environ Microbiol
2018;84.

Ingle DJ, Gongalves da Silva A, Valcanis M, Ballard SA, Seemann T
et al. Emergence and divergence of major lineages of Shiga-toxin-
producing Escherichia coli in Australia. Microb Genom 2019;5.

Saltykova A, Wuyts V, Mattheus W, Bertrand S, Roosens NHC
et al. Comparison of SNP-based subtyping workflows for bacte-
rial isolates using WGS data, applied to Salmonella enterica
serotype Typhimurium and serotype 1,4,[5],12:i. PLoS One
2018;13:e0192504.

Kwong JC, Mercoulia K, Tomita T, Easton M, Li HY et al. Prospec-
tive whole-genome sequencing enhances national surveillance of
Listeria monocytogenes. J Clin Microbiol 2016;54:333-342.



Baines et al., Microbial Genomics 2020;6

26.

27.

28.

29.

30.

31.

McNerney R, Clark TG, Campino S, Rodrigues C, Dolinger D et al.
Removing the bottleneck in whole genome sequencing of Myco-
bacterium tuberculosis for rapid drug resistance analysis: a call to
action. Int J Infect Dis 2017;56:130-135.

Wood DE, Salzberg SL. Kraken: ultrafast metagenomic sequence
classification using exact alignments. Genome Biol 2014;15:R46.

Pettengill EA, Pettengill JB, Binet R. Phylogenetic analyses of
Shigella and enteroinvasive Escherichia coli for the identification
of molecular epidemiological markers: whole-genome compara-
tive analysis does not support distinct genera designation. Front
Microbiol 2015;6:1573.

Wick RR, Judd LM, Gorrie CL, Holt KE. Unicycler: resolving bacte-
rial genome assemblies from short and long sequencing reads.
PLoS Comput Biol 2017;13:e1005595.

Koren S, Walenz BP, Berlin K, Miller JR, Bergman NH et al. Canu:
scalable and accurate long-read assembly via adaptive k-mer
weighting and repeat separation. Genome Res 2017,27.722-736.
Chin CS, Alexander DH, Marks P, Klammer AA, Drake J et al.
Nonhybrid, finished microbial genome assemblies from long-read
SMRT sequencing data. Nat Methods 2013;10:563-569.

32.

33.

34.

35.

36.

37.

38.

Kolmogorov M, Yuan J, Lin Y, Pevzner PA. Assembly of long, error-
prone reads using repeat graphs. Nat Biotechnol 2019;37:540-546.

Wick RR, Holt KE. Benchmarking of long-read assemblers for
prokaryote whole genome sequencing. F1000Res 2019;8:2138.

Darling AE, Mau B, Perna NT. progressiveMauve: multiple genome
alignment with gene gain, loss and rearrangement. PLoS One
2010;5:e11147.

Jolley KA, Bray JE, Maiden MCJ. Open-access bacterial population
genomics: BIGSdb software, the PubMLST.org website and their
applications. Wellcome Open Res 2018;3:124.

Epping L, van Tonder AJ, Gladstone RA. The global pneumococcal
sequencing C, Bentley SD, et al. SeroBA: rapid high-throughput
serotyping of Streptococcus pneumoniae from whole genome
sequence data. Microb Genom 2018;4.

Yoshida CE, Kruczkiewicz P, Laing CR, Lingohr EJ, Gannon VPJ
et al. The Salmonella In Silico Typing Resource (SISTR): An Open
Web-Accessible Tool for Rapidly Typing and Subtyping Draft
Salmonella Genome Assemblies. PLoS One 2016;11:e0147101.
Inouye M, Dashnow H, Raven LA, Schultz MB, Pope BJ et al. SRST2:
rapid genomic surveillance for public health and hospital microbi-
ology labs. Genome Med 2014;6:90.

the world.

Five reasons to publish your next article with a Microbiology Society journal

1. The Microbiology Society is a not-for-profit organization.
2. We offer fast and rigorous peer review — average time to first decision is 4—6 weeks.
3. Our journals have a global readership with subscriptions held in research institutions around

4. 80% of our authors rate our submission process as ‘excellent’ or ‘very good".
5. Your article will be published on an interactive journal platform with advanced metrics.

Find out more and submit your article at microbiologyresearch.org.




	Complete microbial genomes for public health in Australia and the Southwest Pacific
	Abstract
	Data Summary﻿﻿
	Introduction
	Methods
	Whole-genome sequencing
	Genome assembly
	Genome characterization

	Results and Discussion
	Assembly approaches; one size does not fit all
	Structural consistency; assembling the same dataset twice does not always give the same result
	Nanopore vs PacBio, and are short-read sequence data really needed?
	Orientation; to start at ﻿dnaA﻿ or not
	Next steps: pipeline generation and open access

	Conclusions
	References


