In Focus

From isolate to answer: how whole genome
sequencing is helping us rapidly characterise
nosocomial bacterial outbreaks
an outbreak. However, these techniques are unable to render
ﬁne-scale analyses capable of detecting transmission pathways
and otherwise unexpected epidemiological connections. As such,
new high-resolution technologies, such as whole genome
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sequencing (WGS), are now being used in response to outbreak
investigations. This article will discuss the three main WGS
technologies available today and brieﬂy review their existing and
future impact in clinical settings.

Short-read sequencing in nosocomial settings
The occurrence of highly resistant bacterial pathogens has

Many hospitals worldwide already appreciate the power of

risen in recent years, causing immense strain on the health-

WGS analysis, having integrated it into several published

care industry. Hospital-acquired infections are arguably of

investigations5–7. The advantages of WGS are most accessible

most concern, as bacterial outbreaks in clinical settings

through the use of short-read sequencing as exempliﬁed by the

provide an ideal environment for proliferation among vul-

Illumina platform. In addition to being both high-throughput

nerable populations. Understanding these outbreaks be-

and cost-effective, analysis tools speciﬁc for short-read sequencing

yond what can be determined with traditional clinical

are well established, making it a useful and reliable research tool.

diagnostics and implementing these new techniques rou-

One of the main advantages of WGS is the ability to detect single

tinely in the hospital environment has now become a major

nucleotide variants (SNV). Detection of SNV can allow prediction

focus. This brief review will discuss the three main whole

of phenotypic changes, such as enhanced resistant to antibiotics

genome sequence techniques available today, and how they

(for example, via the loss of a functional outer membrane porin

are being used to further discriminate bacterial outbreaks

cause by indels or point mutations8–10). When coupled with meta-

in nosocomial settings.

data, SNV data can also be used to predict transmission pathways

In recent decades, society has witnessed a rapid and alarming
increase in highly resistant pathogens causing human disease, to
the extent that the World Health Organization (WHO) has labelled
antimicrobial resistance (AMR) as, ‘a serious threat to global public

by inferring transmission directionality via the accumulation
of SNV over time. Short-read data are also routinely used to
determine presence or absence of genes using read mapping or
short-read assembly techniques.

health’1. The challenge of AMR is arguably greatest in health-care

Carbapenem-resistant Enterobacteriaceae (CRE) are among the

facilities, which present a unique environment for pathogens to

most prevalent clinically relevant organisms, designated as an

proliferate and infect those most vulnerable. Once within the

urgent threat by the Centers for Disease Control and Prevention11.

hospital, these pathogens can be readily spread due to the close

Snitkin et al.12 were amongst the ﬁrst to apply WGS to identify

proximity of patients and the mass of shared vectors in the envi-

transmission pathways in a CRE outbreak that could not be resolved

ronment (including bathrooms, wards, healthcare workers, trol-

using traditional epidemiological investigations alone. Recently, we

leys, etc.). With limited treatment options, patient outcomes

have used WGS to investigate a suspected CRE outbreak in a

during these nosocomial outbreaks decline, leading to increased

Brisbane hospital13. Using Illumina short-read sequencing,

mortality and a substantial economic burden2–4. Traditional tech-

we were able to determine transmission of a carbapenemase-

niques employed in routine hospital diagnostics focus mainly

producing Enterobacter cloacae sequence type (ST) 90 strain

on phenotypic and gene-centric analyses, which are useful for

within the intensive care unit (ICU) between three patients over

inexpensive and rapid surveillance in the preliminary stages of

a three-month period. Of the 10 isolates analysed, we detected only
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4 SNV overall, indicative of direct transmission. Patients 1 and 3

complex ~55 kb multidrug resistant (MDR) region that contained

were found to have identical isolates at the core genome level,

the carbapenemase gene blaIMP4. Once characterised, we were able

despite not being in the ICU at the same time. This suggested a

to undertake broader epidemiological surveillance for this plasmid,

probable environmental source of the infection, rather than direct

resulting in its identiﬁcation in E. cloacae patient isolates (and an

patient-to-patient transmission. This was supported by comparison

Escherichia coli) from other South-East Queensland hospitals.

of the isolates to publicly available genomes, which identiﬁed a

Comparison of our plasmid to publicly available data also found

near-identical E. cloacae from 2013 (isolated in the same ward and

a remarkably similar plasmid carried by a Salmonella enterica

hospital). This E. cloacae differed by only one SNV from the 2015

isolate from a cat26. Similarly, Sheppard et al.27 were able to use a

isolates, suggesting a reservoir in the hospital environment since at

combination of long- and short-read sequencing to track blaKPC

least 2013. Despite efforts to identify the environmental source in

positive Enterobacteriaceae in a single hospital over 5 years, ulti-

the hospital through extensive screening of all possible environ-

mately showing the promiscuity of blaKPC within several different

mental vectors (excluding healthcare workers), a source was not

hosts and in several different plasmids. These studies highlight the

found. Overall, WGS was able to accurately determine the relation-

importance of tracking not only outbreaks focused on clonal

ship of E. cloacae over the course of the outbreak, providing

transmission, but also MGE transmission between bacterial strains

unambiguous evidence of environmental cross-transmission over

or species in hospital settings (Figure 1).

at least two years, prompting further surveillance and re-imposing
infection control standards.

While this technology is effective at producing complete genomes,
it does come at a price. A single bacterial genome with PacBio SMRT
sequencing can cost 20 times that of an Illumina sequence28.

Beyond clonal transmission: tracking mobile
genetic elements with long-read sequencing
The most signiﬁcant drawback of using short-read sequencing is
the inability to accurately characterise mobile genetic elements
(MGE) such as insertion sequences (IS), genomic islands and
plasmids. MGE are often associated with important elements such

Additionally, the amount of DNA required, the time needed for
the library preparation (Figure 2), as well as the relatively low
throughput system, makes routine sequencing with PacBio less
attractive than short-read sequencing due to the time required per
sample. Ultimately, to implement long-read sequencing into the
clinical setting, the turn-around time from sample isolation to
analysis results needs to be within a workable timeframe.

as virulence factors and antibiotic resistance genes14–16, but are also
being IS . These repetitive regions are unable to be traversed by

Nanopore: a new and emerging technology
for real-time analysis

short-read sequencing, causing ‘collapsed repeats’ in ﬁnal assem-

Oxford Nanopore MinION sequencing is a relatively new sequenc-

blies that ultimately impedes the contextualisation of important

ing platform designed to couple long-read sequencing with a rapid

genomic regions18–20. While tools exist to patch together these

turn-around time. Its portability and capacity to perform real-time

assemblies, such as Bandage21, increasing the sequence read length

analysis during sequencing has made it an attractive companion for

to span these repetitive regions is the only unambiguous solution

outbreak investigations in remote regions, as was the case with the

for resolving MGEs22.

ZIBRA project29. Clinically, MinION sequencing has been used

known to comprise numerous repetitive regions, the main culprit
17

Currently, the most established long-read sequencing technology
is Paciﬁc Biosciences (PacBio) Single Molecule Real-Time (SMRT)
sequencing. This technology can now routinely provide complete
bacterial chromosomes and plasmids23, allowing contextualisation
of important genomic regions, tracking of plasmids and completion
of high-quality reference genomes24. One of the most progressive
examples of PacBio integration into clinical settings comes from
Mount Sinai, New York, where Sullivan et al.25 successively sequenced 137 methicillin-resistant Staphylococcus aureus (MRSA)
isolates using PacBio to allow high-precision surveillance and
outbreak control. In our investigation of the 2015 carbapene-

to retrospectively analyse S. enterica isolates in relation to a
European-wide outbreak30, which showed that the outbreak strain
could be identiﬁed from less than 2 hours of sequencing, despite
not having the resolution to elucidate transmission pathways. Viral
pathogens have also been identiﬁed from clinical metagenomic
samples, with a projected turn-around time of less than 6 hours31.
While this new technology is promising, some hurdles remain
before MinION sequencing can be used routinely. These include
the lower base level accuracy, as well as the current difﬁculty in
sequencing more than 12 isolates in parallel (as compared to
Illumina)28,32.

mase-producing E. cloacae, we used PacBio SMRT sequencing to

Overall, WGS technology has advanced considerably in the last

completely characterise a large ~330 kb IncHI2 plasmid carrying a

decade, with an equivalently rapid decline in price33–35. While still

12 8

M I C R O B I O L O G Y AU S T R AL I A S EP T E MB E R 20 17
*

In Focus
(a) Clonal transmission

(b) Mobile Genetic Element
(MGE) transmission

Single bacterial strain

Gene of interest
eg. Antibiotic resistance

Cassette or
genomic island

Plasmid

Patient 2

Patient 1

E. coli
Healthcare
worker

K. pneumoniae

Enterobacter

Patient 3

Environment vector
eg. computer

Figure 1. Comparison between clonal transmission (a) and transmission of mobile genetic elements between different bacterial species (b).

Sequencing Platform Timelines
DNA extraction Library preparation

Sequencing

Analysis

Illumina
NextSeq500

PacBio RSII

Oxford Nanopore
MinION

Analysis and sequencing can
happen simultaneously
Results can be obtained
during analysis
1

2

3

4

5

6

Days
Figure 2. Approximate timelines from DNA extraction to analysis for three major sequencing platforms.

being more expensive than traditional diagnostics, if successful

comprehensive outbreak understanding and provide ongoing

in preventing further transmission during an outbreak this cost

genomic surveillance of the strain or element. Routine implemen-

becomes negligible compared to the cost of continued

tation of WGS in healthcare settings will undoubtedly become

patient treatment and repeated infection control. WGS also

widespread in the near future, aiding clinicians, patients, infection

retrospectively provides a large wealth of information, allowing

control and researchers alike.

the hospital to progressively catalogue past and ongoing infection
occurrences, ultimately providing a highly detailed epidemiological map of pathogen movement in the hospital and from the

References

community that can quickly be referred to in the case of new

1.

WHO (2016) World Health Organization Antimicrobial resistance facts sheet.
http://www.who.int/mediacentre/factsheets/fs194/en/ (accessed 15 June 2017).

2.

Kaye, K.S. et al. (2014) Effect of nosocomial bloodstream infections on mortality,
length of stay, and hospital costs in older adults. J. Am. Geriatr. Soc. 62,
306–311. doi:10.1111/jgs.12634

3.

Kollef, M.H. (2000) Inadequate antimicrobial treatment: an important determinant of outcome for hospitalized patients. Clin. Infect. Dis. 31(Suppl 4),
S131–S138. doi:10.1086/314079

infections. Implementation of WGS in response to an outbreak
guarantees an in-depth high-resolution analysis that cannot be
determined using traditional phenotypic and genotypic methods
alone. Currently, all three sequencing technologies presented
in this article can be used complimentarily to produce a
M I C R O B I O L O GY A U S T R A L I A SEPTE MBER 201 7
*

1 29

In Focus
4.

Sydnor, E.R. and Perl, T.M. (2011) Hospital epidemiology and infection control
in acute-care settings. Clin. Microbiol. Rev. 24, 141–173. doi:10.1128/CMR.
00027-10

23. Stoesser, N. et al. (2016) Complete sequencing of plasmids containing blaOXA-163
and blaOXA-48 in Escherichia coli sequence type 131. Antimicrob. Agents Chemother. 60, 6948–6951. doi:10.1128/AAC.01130-16

5.

Ben Zakour, N.L. et al. (2012) Analysis of a Streptococcus pyogenes puerperal
sepsis cluster by use of whole-genome sequencing. J. Clin. Microbiol. 50,
2224–2228. doi:10.1128/JCM.00675-12

24. Rasko, D.A. et al. (2011) Origins of the E. coli strain causing an outbreak
of hemolytic-uremic syndrome in Germany. N. Engl. J. Med. 365, 709–717.
doi:10.1056/NEJMoa1106920

6.

Köser, C.U. et al. (2012) Rapid whole-genome sequencing for investigation
of a neonatal MRSA outbreak. N. Engl. J. Med. 366, 2267–2275. doi:10.1056/
NEJMoa1109910

25. Sullivan, M. et al. (2016) Continuous surveillance by whole-genome sequencing
to identify and manage methicillin-resistant Staphylococcus aureus outbreaks.
Open Forum Infectious Diseases 3(Suppl 1), 942.

7.

Lewis, T. et al. (2010) High-throughput whole-genome sequencing to dissect the
epidemiology of Acinetobacter baumannii isolates from a hospital outbreak.
J. Hosp. Infect. 75, 37–41. doi:10.1016/j.jhin.2010.01.012

26. Abraham, S. et al. (2016) Isolation and plasmid characterization of carbapenemase (IMP-4) producing Salmonella enterica Typhimurium from cats. Sci. Rep.
6, 35527. doi:10.1038/srep35527

8.

Babouee Flury, B. et al. (2016) Association of novel nonsynonymous single
nucleotide polymorphisms in ampD with cephalosporin resistance and phylogenetic variations in ampC, ampR, ompF, and ompC in Enterobacter cloacae
isolates that are highly resistant to carbapenems. Antimicrob. Agents Chemother.
60, 2383–2390. doi:10.1128/AAC.02835-15

27. Sheppard, A.E. et al. (2016) Nested Russian Doll-like genetic mobility drives rapid
dissemination of the carbapenem resistance gene blaKPC. Antimicrob. Agents
Chemother. 60, 3767–3778. doi:10.1128/AAC.00464-16

Ocampo-Sosa, A.A. et al. (2012) Alterations of OprD in carbapenem-intermediate
and -susceptible strains of Pseudomonas aeruginosa isolated from patients with
bacteremia in a Spanish multicenter study. Antimicrob. Agents Chemother. 56,
1703–1713. doi:10.1128/AAC.05451-11

9.

10. uz Zaman, T. et al. (2014) Multi-drug carbapenem-resistant Klebsiella pneumoniae infection carrying the OXA-48 gene and showing variations in outer membrane protein 36 causing an outbreak in a tertiary care hospital in Riyadh, Saudi
Arabia. Int. J. Infect. Dis. 28, 186–192. doi:10.1016/j.ijid.2014.05.021
11. CDC (2017) Antibiotic/antimicrobial resistance. https://http://www.cdc.gov/drugresistance/biggest_threats.html (accessed 23 June 2017).
12. Snitkin, E.S. et al. (2012) Tracking a hospital outbreak of carbapenem-resistant
Klebsiella pneumoniae with whole-genome sequencing. Sci. Transl. Med. 4,
148ra116. doi:10.1126/scitranslmed.3004129
13. Roberts, L.W. et al. (2017) Genomic investigation of an outbreak of carbapenemase-producing Enterobacter cloacae: long-read sequencing reveals the context
of blaIMP4 on a widely distributed IncHI2 plasmid. BioRxiv. doi:10.1101/172536
14. Brown-Jaque, M. et al. (2015) Transfer of antibiotic-resistance genes via phagerelated mobile elements. Plasmid 79, 1–7. doi:10.1016/j.plasmid.2015.01.001
15. Liu, Y.Y. et al. (2016) Emergence of plasmid-mediated colistin resistance mechanism MCR-1 in animals and human beings in China: a microbiological
and molecular biological study. Lancet Infect. Dis. 16, 161–168. doi:10.1016/
S1473-3099(15)00424-7

28. Goodwin, S. et al. (2016) Coming of age: ten years of next-generation sequencing
technologies. Nat. Rev. Genet. 17, 333–351. doi:10.1038/nrg.2016.49
29. Faria, N.R. et al. (2017) Establishment and cryptic transmission of Zika virus in
Brazil and the Americas. Nature 546, 406–410. doi:10.1038/nature22401
30. Quick, J. et al. (2015) Rapid draft sequencing and real-time nanopore sequencing
in a hospital outbreak of Salmonella. Genome Biol. 16, 114. doi:10.1186/
s13059-015-0677-2
31. Greninger, A.L. et al. (2015) Rapid metagenomic identiﬁcation of viral pathogens
in clinical samples by real-time nanopore sequencing analysis. Genome Med. 7,
99. doi:10.1186/s13073-015-0220-9
32. Lu, H. et al. (2016) Oxford Nanopore MinION Sequencing and Genome Assembly.
Genomics Proteomics Bioinformatics 14, 265–279. doi:10.1016/j.gpb.2016.
05.004
33. Mardis, E.R. (2011) A decade’s perspective on DNA sequencing technology.
Nature 470, 198–203. doi:10.1038/nature09796
34. Muir, P. et al. (2016) The real cost of sequencing: scaling computation to
keep pace with data generation. Genome Biol. 17, 53. doi:10.1186/s13059016-0917-0
35. Wetterstrand, K.A. DNA Sequencing Costs: Data from the NHGRI Genome
Sequencing Program (GSP) 2016. http://www.genome.gov/sequencingcostsdata/ (accessed 15 June 2017).

Biography

16. Wellington, E.M. et al. (2013) The role of the natural environment in the
emergence of antibiotic resistance in gram-negative bacteria. Lancet Infect. Dis.
13, 155–165. doi:10.1016/S1473-3099(12)70317-1

Leah Roberts is currently a third-year PhD candidate completing

17. Siguier, P. et al. (2014) Bacterial insertion sequences: their genomic impact and
diversity. FEMS Microbiol. Rev. 38, 865–891. doi:10.1111/1574-6976.12067

Under the supervision of Associate Professor Scott A Beatson and

18. Kingsford, C. et al. (2010) Assembly complexity of prokaryotic genomes using
short reads. BMC Bioinformatics 11, 21. doi:10.1186/1471-2105-11-21

her studies at the University of Queensland, Brisbane, Australia.
Professor Mark A Schembri, her research interests have mainly
focused on the use of whole genome sequencing and its application

19. Ricker, N. et al. (2012) The limitations of draft assemblies for understanding
prokaryotic adaptation and evolution. Genomics 100, 167–175. doi:10.1016/
j.ygeno.2012.06.009

in clinical settings. Using a range of sequencing technologies such

20. Toussaint, A. and Chandler, M. (2012) Prokaryote genome ﬂuidity: toward a
system approach of the mobilome. Methods Mol. Biol. 804, 57–80. doi:10.1007/
978-1-61779-361-5_4

bacterial outbreaks, including Acinetobacter baumannii, Klebsi-

21. Wick, R.R. et al. (2015) Bandage: interactive visualization of de novo genome
assemblies. Bioinformatics 31, 3350–3352. doi:10.1093/bioinformatics/btv383
22. Koren, S. and Phillippy, A.M. (2015) One chromosome, one contig: complete
microbial genomes from long-read sequencing and assembly. Curr. Opin.
Microbiol. 23, 110–120. doi:10.1016/j.mib.2014.11.014

as Illumina, PacBio and Nanopore, Leah has analysed a variety of
ella pneumoniae and Enterobacter cloacae. She has presented
her work at both domestic and international conferences, and has
won several awards including the 2016 ASM BD award for Queensland, as well as the 2017 Applied Bioinformatics and Public Health
Microbiology (ABPHM) student poster prize.

Access to Microbiology Australia
Online early articles: Articles appear on the Microbiology Australia website (http://microbiology.publish.csiro.au/) when authors have approved
the pdf of their article.
Completed issues: Register at http://microbiology.publish.csiro.au/ to receive notification that an issue is complete. You will get an email
showing the titles and abstracts of the completed issue. You will have one click access to any article or the whole issue.
Print issue: ASM members are welcome to receive the print version of Microbiology Australia without charge. To receive the print version you
need to notify the ASM National Office (http://www.theasm.org.au/).

13 0

M I C R O B I O L O G Y AU S T R AL I A S EP T E MB E R 20 17
*

