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Microbiologists working in clinical/diagnostic microbi-
ology or public health microbiology (mainly food, water 
and environmental), have experienced a major revolu-
tion of their profession over recent years. Technological 
advancements involving the development and imple-
mentation of new analytical platforms have allowed for 
faster, more accurate and more complex diagnostics 
[1]. Some of these technologies are novel and emerge 
as ‘disruptive technologies’, while others improve and 
enhance existing diagnostic approaches. In this con-
text, how do we define ‘advanced diagnostics’?

Advanced diagnostics can be divided into several 
groups, according to their methodological approach as 
well as their practical applications. One such division 
differentiates between culture-dependent (culture-
based) and culture-independent microbiology (Table). 
With culture-based diagnostics, applicable mainly to 
bacterial and fungal pathogens, one or more culture 
phases are involved in order to yield growth of the sus-
pected microorganism from a clinical or non-clinical 
sample. Subsequently, growing isolates are charac-
terised with respect to taxonomy, antimicrobial drug 
susceptibility and other traits (such as virulence and 
molecular subtypes) by a range of approaches. These 
mainly include—but are not necessarily restricted to—
characterisation by conventional (phenotypic) tech-
niques, molecular assays targeting specific genes, 
proteomics (primarily taxonomical identification using 
matrix-assisted laser desorption-ionisation time-of-
flight mass spectrometry (MALDI-TOF-MS)) or single-
cell whole genome sequencing (WGS), followed by 
bioinformatics analyses to call the taxonomy and phy-
logenomic subtype and infer phenotypic resistance 
and virulence, by mapping the resistome and virulome. 
WGS, powered by next-generation sequencing (NGS), 
is undoubtedly the most impactful application, down-
stream to culture isolation, and has the potential to 

serve as a one-stop-shop for pathogen characterisa-
tion, while allowing for unprecedented accuracy and 
resolution [2].

On the other hand, culture-independent microbiol-
ogy involves the application of diagnostic techniques 
directly on clinical or non-clinical samples, while obvi-
ating the need to recover an organism by culture. This 
approach has long been used in the field of virology, 
where virus isolation is rarely performed for routine 
diagnostic purposes whereas it was not common prac-
tice for other pathogens. However, culture-independ-
ent detection methods are also applicable to bacterial, 
fungal and parasitic diseases. With culture-independ-
ent microbiology, several diagnostic strategies are now 
commonly used also for the latter group of pathogens, 
including the application of PCR assays targeting spe-
cific genes that relate to presence of a pathogen and/
or an important inferred phenotype, such as antimi-
crobial resistance to a key agent. More recently, a 
massive increase in the availability of in-house and 
commercial multiplex PCR assays is evident, covering a 
wide range of diagnostic targets in a single run. These 
assays are increasingly designed for syndromic diag-
nosis, covering the most common pathogens causing 
infection in well-defined infectious disease syndromes 
such as respiratory, gastrointestinal or genitourinary 
syndromes, as well as syndromes caused by cen-
tral nervous system infections and even bloodstream 
infections [3]. Rapid diagnostic tests (RDTs) that are 
derivatives of syndromic multiplex assays have been 
designed to generate rapid results in a fairly robust 
manner and they could be used outside the medical 
laboratory, closer to the patient or in the field, even 
by non-laboratorians [4]. These point of care (POC) or 
point of impact (POI) molecular tests are highly promis-
ing also with respect to their impact on public health. 
Lastly, applying NGS technology directly on samples, 
an approach also known as metagenomics, has been 
used for many years now in ecology and environmental 
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sciences. It has the potential, when applied on clinical 
materials, to accurately map the microbial population 
in a body site (i.e. the microbiome) by amplification of 
a target gene such as the 16S rRNA gene, or to gener-
ate information regarding the entire taxonomical com-
position of a sample, while allowing deeper analysis 
of microbial characteristics and functions (shotgun or 
whole genome metagenomics) [5]. The latter is espe-
cially appealing because of its potential for not only 
analysing the microbiota, but also allowing whole 
genome assemblies’ extraction from the metagenome, 
enabling therapeutic inferences and, in the future, 
complementary analysis of the host human genome or 
transcriptome for tailoring treatment and establishing 
prognosis.

In this special issue of  Eurosurveillance, 10 articles 
describe the development and application of such 
advanced diagnostics, with respect to communicable 
diseases of public health concern. Through this suite 
of articles, it is evident that the diagnostic revolution 
in the field of microbiology is already creating a major 
impact on public health response and policy making 
related to infectious diseases.

Two papers focus on harnessing WGS for performing 
national surveillance of pathogens of public health 
importance. The first, by Toleman et al., demonstrates 
the added value of genomic surveillance of meticillin-
resistant  Staphylococcus aureus  (MRSA) in the United 
Kingdom (UK) [6]. This one-year study of all available 
isolates implicated in bloodstream infections dem-
onstrated the dynamics of MRSA diversity in the UK, 
identified high-risk clones and contextualised several 
reported outbreaks. The second paper, by Jenkins et 

al., shares the UK experience of standardising genomic 
surveillance of Shiga-toxin producing  Escherichia 
coli  (STEC) as a foodborne pathogen [7]. This effort 
proved successful with respect to resolving case clus-
ters with obscure epidemiological data and provided 
insight into the evolution of pathogenic strain and geo-
graphical spread.

Four papers focus on employing WGS for cluster/out-
break investigation in different settings. Fazio et al. 
studied the increase in serogroup W  Neisseria men-
ingitidis  in Italy over nearly two decades, showing an 
unusual cocirculation of two meningococcal lineages 
originating from South America and the Hajj pilgrim-
age [8]. Similarly, Siira et al. investigated an increase 
in  Salmonella  Chester infections in Norway also over 
nearly two decades. WGS dissected this cluster of 
cases into several distinct geographical origins and 
unravelled the occurrence of an outbreak originating in 
another European country [9]. Abascal et al. used WGS 
to target cross-border surveillance of tuberculosis in 
Spain. Their data confirm the limitations of the myco-
bacterial interspersed repetitive-unit-variable-number 
tandem-repeat (MIRU-VNTR) approach, in that MIRU-
VNTR failed to discriminate importations and recent 
transmissions [10]. Finally, Wüthrich et al. studied an 
exceedance of legionellosis cases in the city of Basel, 
Switzerland. Genomic analysis revealed several inter-
esting features, including the contamination of cooling 
towers by multiple strains, the involvement of highly 
conserved strains in causing disease over a long time 
period and the interrelations between cooling towers, 
which could form a complex microbial network in the 
same area [11].

Table
Advanced diagnostics by technology and approaches, 2019

Approach

Technology

Conventional / 
standard 

 
microbiology

Molecular microbiology Proteomics Molecular 
 

standard 
typing 

methods

Genomics / metagenomics

PCR Multiplex PCR MALDI-TOF-MS WGS Microbiomics Whole genome 
metagenomics

Culture-based Organism ID/AST

Detection/Sanger 
sequencing of 

specific gene for 
characterisation 

of grown organism 
(e.g. resistance 

or virulence 
determinant)

Detection of 
specific genes for 
characterisation 

of grown organism 
(e.g. resistance 

or virulence 
determinant),

Identification 
of grown 

organism; 
more recently, 
potential for 
detection of 
resistance or 

typing

PFGE, 
SLST, 
MLST, 
MLVA

ID/AST, 
mapping of 
resistome 

and 
virulome, 
typing by 
SNPs or 
cgMLST

NA NA

Culture- 
independent NA

Detection of 
specific genes, 

for organism 
presence (or 

characteristic 
such as presence 
of specific gene)

Syndromic 
testing for a 

range of potential 
pathogens per 

sample type

Application of 
MALDI-TOF-MS 

directly on 
samples still 
experimental

NA NA
Microbial 

population 
analysis

Microbial population 
analysis, functional 

characterisation, 
extraction of whole 

genome assemblies, 
phenotype 
prediction

AST: antimicrobial susceptibility testing; cgMLST: core genome multilocus sequence typing; ID: identification; MALDI-TOF MS: matrix-assisted 
laser desorption ionization-time of flight mass spectrometry: MLST: multilocus sequence typing; MLVA: multilocus variable number tandem 
repeat analysis; NA: not applicable; PFGE: pulsed-field gel electrophoresis; SLST: singlelocus sequence typing; SNP: single nucleotide 
polymorphism; WGS: whole genome sequencing.
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Rodriguez-Sánchez et al. reviewed the utility of MALDI-
TOF-MS for public health purposes, beyond the main 
application of proteomics. Such applications include 
direct application of MALDI-TOF MS on positive blood 
cultures to improve time to detection of pathogens 
causing bacteraemia (especially Gram-negative rods), 
using MALDI-TOF-MS for identification of molecular 
mechanisms of resistance such as carbapenemases 
and using MALDI-TOF MS for phylogenetic typing for 
strains tracking and outbreak detection [12].

Three papers demonstrate the strength of culture-inde-
pendent microbiology. Ricci et al. performed an evalu-
ation of a commercial and an in-house qPCR assay for 
the detection of Legionella pneumophila  in respiratory 
samples [13]. Their results show that qPCR outper-
formed the urinary antigen test and culture. While 
these findings are not unexpected, mindful of the 
known limitation of these two methods, the increase 
in sensitivity by molecular diagnosis has public health 
implications, as more Legionnaires’ disease cases and 
clusters will be detected and investigated. In another 
paper, van der Veer et al. report on a culture-independ-
ent method they developed for typing Neisseria gonor-
rhoeae  [14]. This approach is advantageous, as typing 
of this fastidious organism requires its isolation in cul-
ture, which may be challenging. The method developed 
and implemented by the authors improved the type-
ability by ca 50%. Interestingly, this approach has also 
shown that multiple subtypes may coinfect individu-
als, which is an important epidemiological finding that 
would have otherwise been missed, should culture 
be performed as per existing guidelines from a sin-
gle anatomical site. Lastly, Kafetzopoulou et al. have 
used metagenomics to recover the near-full sequences 
of arboviruses from clinical samples that tested posi-
tive for chikungunya or dengue viruses using real-time 
reverse transcription-PCR [15]. The authors have suc-
cessfully used two different sequencing technologies. 
While the samples sequenced were serum/plasma, 
which are normally sterile, making the bioinformatics 
analysis for genome recovery less challenging, these 
findings are encouraging with respect to the feasibil-
ity of future metagenomics approaches for arboviral 
diseases.

Despite the promising results, several challenges 
remain and need to be addressed by the public health, 
microbiological and infectious disease communi-
ties. Reliance on culture-based methods prolongs the 
turnaround time for diagnosis and, despite WGS being 
increasingly streamlined, producing clinically action-
able information in real-time via WGS is still chal-
lenging. Moreover, predicting phenotypes based on 
genomics (e.g. prediction of minimum inhibitory con-
centration to antimicrobials) is still not readily achiev-
able [16]. MALDI-TOF MS has become very popular and 
many frontline laboratories are using it routinely. Still, 
more advanced applications of MALDI-TOF MS, such 
as assessment of antimicrobial resistance or typing, 
require more development and validation [16]. With 

culture-independent approaches, multiplex testing may 
detect non-culturable, non-viable organisms whose 
significance is unknown, as is the frequent detection of 
co-infections that are difficult to translate into manage-
ment decisions while validation is ongoing. Increased 
reliance on multiplex PCRs also suggests the reduced 
availability of cultured organisms, which has conse-
quences with respect to strain referral and reference 
microbiology as a central element of microbiological 
surveillance at national and international levels. With 
metagenomics there are still many hindrances, includ-
ing costs, disparities in capabilities and capacities for 
performing deep sequencing, optimisation of sample 
preparation and, most importantly, the bioinformatics 
analysis, which is incredibly complex, especially when 
genotype to phenotype correlations are sought.

As proteomics, genomics and metagenomics are 
increasingly being implemented in microbiology labo-
ratories there are many aspects that need further con-
sideration. These encompass quality control, including 
the use of certified reference materials and internal 
and external quality assurance [1,17,18]. Furthermore, 
there is a need for validation of bioinformatics pipe-
lines that will allow a standardised analysis [19] and 
meet accreditation requirements, for ensured reverse 
compatibility between methods [18], for data safety 
and security, for data sharing agreements as well as 
deposition and metadata collection etc. The success-
ful implementation of advanced diagnostics in the ser-
vice of public health, thus depends on many factors. 
Appropriate national and international frameworks are 
needed that support timely diagnosis of infectious dis-
eases and high pathogen resolution by using the most 
appropriate diagnostic methods available today or 
becoming available in the near future.
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Background: The analysis of transmission of tubercu-
losis (TB) is challenging in areas with a large migrant 
population. Standard genotyping may fail to differ-
entiate transmission within the host country from 
new importations, which is key from an epidemio-
logical perspective. Aim: To propose a new strategy 
to simplify and optimise cross-border surveillance 
of tuberculosis and to distinguish between recent 
transmission in the host country and new importa-
tions. Methods: We selected 10 clusters, defined by 
24-locus mycobacterial interspersed repetitive unit-
variable number tandem repeat (MIRU-VNTR), from 
a population in Spain rich in migrants from eastern 
Europe, north Africa and west Africa and reanalysed 
66 isolates by whole-genome sequencing (WGS). A 
multiplex-allele-specific PCR was designed to target 
strain-specific marker single nucleotide polymor-
phisms (SNPs), identified from WGS data, to optimise 
the surveillance of the most complex cluster. Results: 
In five of 10 clusters not all isolates showed the short 
genetic distances expected for recent transmission 
and revealed a higher number of SNPs, thus suggest-
ing independent importations of prevalent strains 
in the country of origin. In the most complex cluster, 
rich in Moroccan cases, a multiplex allele-specific 

oligonucleotide-PCR (ASO-PCR) targeting the marker 
SNPs for the transmission subcluster enabled us to 
prospectively identify new secondary cases. The ASO-
PCR-based strategy was transferred and applied in 
Morocco, demonstrating that the strain was prevalent 
in the country. Conclusion: We provide a new model for 
optimising the analysis of cross-border surveillance of 
TB transmission in the scenario of global migration.

Background
International migration has modified the epidemiology 
of tuberculosis (TB) in most high-income countries and 
today, migrants account for up to 40–60% of cases in 
large cities [1-4]. Some cases are reactivations of infec-
tions acquired in the country of origin, with the remain-
der resulting from recent transmission after arrival in 
the host country.

Molecular epidemiology provides more accurate data 
on the transmission dynamics of TB in settings with a 
complex composition of cases due to migration [5-7]. 
Several studies have shown variable composition in 
the nationalities comprising transmission clusters. 
This variety ranges from settings with marked trans-
mission permeability leading to multinational clusters, 
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to other socio-epidemiological contexts where a more 
homogeneous composition of nationalities is found, 
with clusters only involving single nationalities [6,8]. 
Autochthonous clusters and those comprising several 
nationalities more likely reflect recent transmission 
events. However, clusters rich in cases from one coun-
try of origin are especially difficult to interpret. This 
is because they can be the result of either of two cir-
cumstances: (i) a strain is imported from the country 
of origin and subsequently transmitted to migrants of 
the same nationality in the host country; or (ii) geneti-
cally closely related strains, which are prevalent in the 
country of origin, are independently imported by indi-
viduals who were exposed in the country of origin but 
are not epidemiologically related in the host country. 
Thus, differentiation between these alternatives, i.e. 
recent transmission in the host country vs importation, 
is challenging, yet highly relevant in epidemiological 
terms.

Application of whole-genome sequencing (WGS) for 
analysis of transmission of TB has given birth to the 
field of genomic epidemiology, which has markedly 
increased specificity in the definition of transmission 
clusters [9-12]. Determination of the number of single 
nucleotide polymorphisms (SNPs) [12] between the 
sequences of different isolates allows to split clusters 
that had been previously defined by standard molecu-
lar tools into smaller subclusters that are much more 
consistent with the geographic distribution of the cases 
and with the epidemiological links between them [11].

Our aim was to apply WGS in a more in-depth analy-
sis of migrant TB cases involved in clusters in Spain 
that had been defined by standard genotyping. We 
attempted to determine whether the clusters corre-
sponded to recent transmission in the host country 
(because  Mycobacterium tuberculosis  (MTB) isolates 
show no or a very short genetic distance) or to 
undetected independent importations of strains that 
are prevalent in the country of origin and have acquired 
higher SNP-based diversity as a result of prolonged 
periods of circulation. In addition, we took advantage of 
the SNPs identified for either the recently transmitted 
or imported isolates, to tailor simple PCR tools to sim-
plify and optimise the precise assignation of recent 
transmission or importation in the new clusters arising. 
Further, we used these same tools in a new extended 
and cross-border analysis, for an in-depth surveillance 
of the MTB strains analysed in unrelated Spanish popu-
lations, as well as in the country of origin.

Methods

Clusters and strains selected
We retrospectively selected all clusters from the ongo-
ing molecular epidemiology universal genotyping pro-
gramme in Almería, south-east Spain [7,13] fulfilling 
the following selection criteria: The clusters analysed 
were 24 locus mycobacterial interspersed repetitive 
unit-variable number tandem repeat (MIRU-VNTR)–
defined clusters [14] including four or more cases, cov-
ering at least 5 years and rich (>60% of the clustered 
cases) in migrants from a single country from one of 

Figure 1
Chart summarising the general data of the clusters analysed, rich in cases from sub-Saharan Africa, eastern Europe and 
north Africa, 2003–2017 (n = 10 clusters)
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three geographic areas (eastern Europe, north Africa 
and sub-Saharan Africa). The lineage of the strains 
involved in the selected clusters was assigned based 
on the determination of lineage-specific SNP markers 
[15] by multiplex allele-specific oligonucleotide-PCR 
(ASO-PCR) [16].

Convenience samples from Valencia (all isolates with 
available WGS data in IBV, for the period 2004-2017) 
and Madrid (all isolates with genotypic data available 
in Hospital Gregorio Marañón, Spain) for the period 
2004-10, were also included in the study. A retrospec-
tive convenience sample of part of the isolates from 
northern Morocco (Tangier, Tetouan and Larache) 
obtained during the same period also were included; 
no previous genotypic information was available for 

these isolates. Finally, a pool of 20 randomly selected 
TB migrant cases from Morocco (among all those diag-
nosed in Almería) that were infected with strains other 
than those analysed in this study were selected as 
controls.

Genomic analysis

DNA purification
DNA for WGS of the MIRU-VNTR-defined clusters from 
Almería was purified from subcultures on Mycobacteria 
Growth Indicator Tube (MGIT) (using Qiagen kit; 
QIAamp DNA Mini Kit, Qiagen, Courtaboeuf, France) or 
Lowenstein Jensen medium (CTAB (cetyl trimethylam-
monium bromide)-based standard purification).

Figure 2
Networks of relationships obtained from the whole genome sequencing analysis for clusters rich in cases from sub-Saharan 
Africa
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WGS of the strains from the collection in Morocco was 
performed by purifying (Qiagen kit) the DNA from the 
remnants of bacterial lysates that had been stored.

WGS of the strains from the collection in Madrid was 
performed by purifying DNA (Qiagen kit) from freshly 
inactivated suspensions from the stored frozen 
isolates.

Whole genome sequencing and single nucleotide 
polymorphism analysis
WGS was performed as detailed elsewhere [17]. Briefly, 
DNA libraries were generated following the Nextera 
XT Illumina protocol (Nextera XT Library Prep kit (FC-
131–1024), Illumina, San Diego, United States (US)). 
Library quality and size distribution were checked on 
a 2200 TapeStation Bioanalyzer (Agilent Technologies, 
Santa Clara, US). Libraries were run in a Miseq device 
(Illumina), which generated 35–151–bp paired-end reads 
and an average per base coverage of 70 x. Sequences 
were deposited in  www.ebi.ac.uk  (PRJEB23664 and 
PRJEB25814).

We mapped the reads for each strain using the Burrows-
Wheeler Aligner and the ancestral MTB genome, which 
was identical to H37Rv in terms of structure, but which 
included the maximum likelihood–inferred ancestral nt 
positions from a virtual ancestor [18]. SNP calls were 
made with SAMtools and VarScan (coverage of at least 
20  x, mean SNP mapping quality of 20). From all the 
variants detected, we kept only the homozygous calls 
(those present in at least 90% of the reads in a spe-
cific position). Moreover, to filter out potential false 
positive SNPs due to mapping errors we omitted the 
variants detected in repetitive regions, phages and 
PE/PPE regions. Also, SNPs close to indels and those 
present in areas with an anomalous accumulation of 
variants (three or more SNPs in 10 bp) were omitted. 
Alignments and SNP variants (called with a > 20 x cov-
erage in at least one of the isolates in a cluster) were 
visualised and checked for the remaining isolates in 
the Integrative Genomics Viewer IGV (version 2.3.59) 
programme. Multiple comparisons between the SNPs 
from different isolates were made using an in-house 
script written in R [19]. We used the reference values 
(in the number of SNPs) of Walker et al. [12] to deter-
mine whether the isolates in a MIRU-VNTR cluster were 
related. In three isolates we detected an unexpectedly 
high number of SNPs (> 200) with respect to the other 
members in the cluster; they were considered to be 
clustered as the result of homoplasy in the MIRU-VNTR 
pattern and therefore were eliminated from the study.

The median-joining networks were constructed from 
the SNP matrix generated for each case using the pro-
gramme NETWORK 5.0.0.1. Median vectors (mv) were 
defined when the distribution of SNPs of the isolates 
analysed indicated the existence of a node that was 
not represented by the sampled isolates sequenced 
for each cluster. These median vectors therefore cor-
responded to non-sampled isolates in the cluster. The 

chronology of acquisition of SNPs is represented from 
left to right in the networks.

Cluster-specific single nucleotide polymorphisms and 
design of ASO-PCRs
To identify SNPs which were specific for cluster 113, 
we created a database of variants using sequences 
from isolates which were representative of the global 
MTB complex (MTBC) diversity. We downloaded all the 
accessible raw data from different publications [20-
22]. All the fastq files published in these studies were 
downloaded and aligned against the ancestral MTB 
genome using the BWA tool. We kept the alignments 
that had a mean coverage higher than 20. Using this 
criterion, we kept 7,977 samples representative from 
the seven lineages. We extracted all the variants pre-
sent in these samples as described above. The 7,977 
samples were filtered to remove transmission clusters 
so we kept one representative strain of each transmis-
sion cluster detected. Once the transmission clusters 
were filtered, we kept 4,762 sequences. The 207,188 
variants present in these samples were used to con-
struct a reference database to evaluate the specificity 
of the SNPs selected for the ASO-PCRs to be applied in 
cluster 113.

Two different ASO-PCRs were designed to analyse 
strain 113. The first ASO-PCR aimed to differentiate 
new secondary transmitted cases in Almería from 
independently imported cases. We designed a four-
plex single-tube format. Two of the four SNPs targeted 
were strain 113-marker-SNPs (one targeted the 113 
allele and the other the non-113 allele). The remaining 
two SNPs targeted were only shared by the 113-strain 
isolates involved in the recent transmission clus-
ter (Supplementary Table S1). The design pursued to 
obtain three different amplification patterns depend-
ing on whether a new case corresponded to recent 
transmission by strain 113, importation of strain 113 or 
infection with a strain other than 113.

The reaction conditions were as follows: 1.5 mM MgCl2, 
0.2 μM of each primer (Supplementary Table S1), 200 
μM deoxynucleotides (dNTPs) (Roche, Mannheim, 
Germany), 1% Dimethyl sulfoxide (DMSO) and 1.5 μL 
Taq DNA Polymerase (Roche, Mannheim, Germany). 
The PCR conditions were 95  °C for 5 min followed by 
25–40 cycles (95 °C for 1 min, 61 °C for 1 min, and 72 °C 
for 1 min) and 72  °C for 10 min. The number of cycles 
was 25 when using as a template DNA purified from 
primary positive cultures and 40 when it was purified 
from sputa.

The second ASO-PCR was applied to assess whether an 
MTB isolate corresponded to strain 113 or to any other 
strain. We prepared another version of a four-plex sin-
gle-tube ASO-PCR to target four SNPs (two alleles spe-
cific for isolates 113 and the other two alleles expected 
for non-113 strains) (Supplementary Table S2). Two 
different amplification patterns indicated whether a 
strain corresponded to the 113 strain or to any strain 
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Figure 3
Networks of relationships obtained from the whole genome sequencing analysis for clusters rich in cases from eastern 
Europe
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other than 113. The reaction conditions were as follows: 
1.5 mM MgCl2, 0.2 μM of each primer (Supplementary 
Table S2), 200 μM dNTPs (Roche, Mannheim, Germany) 
and 1.5 μL Taq DNA Polymerase (Roche, Mannheim, 
Germany). The PCR conditions were 95 °C for 5 min fol-
lowed by 30 cycles (95 °C for 1 min, 64 °C for 1 min, and 
72 °C for 1 min) and 72 °C for 10 min. The ASO-PCR was 
applied on purified DNA purified or directly on bacterial 
lysates obtained from boiling stored frozen isolates.

The amplification patterns were analysed by siz-
ing the amplification products using agarose gel 
electrophoresis.

Results
We selected 10 MIRU-VNTR–defined clusters (Figure 
1) from the universal molecular epidemiology survey 
that has been running in Almería since 2003. The clus-
ters were rich in cases from countries representative 
of three wide geographic areas, namely, sub-Saharan 
Africa (two clusters, in which most cases were from 
Senegal and Mali), north Africa (four clusters in which 
most cases were from Morocco) and eastern Europe 
(four clusters in which most cases were from Romania). 
All the involved strains were pansusceptible and cor-
responded to lineage four.

Sub-Saharan clusters
In cluster 1202, the analysis of SNPs from the 10 cases 
indicated the coexistence of a group of nine cases with 
a genetic distance of 0–7 SNPs between cases (Figure 
2). The group included seven cases from Senegal, one 
from Morocco and one from Spain. Both observations 
strongly suggested that these nine cases were in fact 
part of a recent transmission event in Spain. Despite 
sharing an identical MIRU-VNTR pattern, the remaining 
case from Senegal showed a higher genetic distance 
i.e. 12 SNPs, with seven specific for this isolate and not 
sharing the five SNPs shared by all the isolates in the 
recent transmission group (Figure 2). These observa-
tions made it more likely, that this case corresponded 
to an unrelated importation from Senegal.

In cluster 789 (Figure 2), we sequenced five of the 
cases (four from Mali and the only case from Nigeria). 
The genetic distances between cases were 0–6 SNPs. 
No cases showed a distribution of SNPs that differed 
markedly within the group, suggesting the absence of 
independent importations from the country of origin.

Eastern European clusters
In three of the four clusters that were rich in cases from 
Romania (Figure 3), we detected the coincidence of 
cases due to either recent transmission or to independ-
ent importations.

In cluster 951, of the five cases, clustered by MIRU-
VNTR, (Figure 3) WGS analysis of the four available 
isolates suggested that the theoretical cluster was hid-
ing two independent subclusters. Two Romanian cases 
from the year 2011 differed in 27 SNPs and therefore 

corresponded to independent importations. Each case 
caused a secondary case in 2014 due to recent trans-
mission in the host country. The isolates from the sec-
ondary cases had two SNPs (Spanish case) and zero 
SNPs (Romanian case) with respect to the correspond-
ing index case.

A similar situation was observed for cluster 691 (Figure 
3). WGS revealed that the MIRU-VNTR–defined clus-
ter included two cases that brought together a high 
number of SNPs between them (35 SNPs), likely cor-
responding to two independent importations. A true 
recent transmission cluster had developed from one 
of these cases, with another five secondary cases 
occurring with genetic distances between cases of 
0–5 SNPs. The other imported case corresponded to a 
dead-end branch i.e. it resulted in no secondary cases.

For cluster 74, we identified two different patterns 
(Figure 3). First, there were four highly related isolates, 
with 0–1 SNPs between cases, clearly indicative of 
recent transmission. Second, there were two branches, 
possibly corresponding to two independently imported 
cases with five and eleven specific SNPs, respectively, 
and did not share the five SNPs found in the four iso-
lates belonging to the transmission subgroup. The 
transmission event (years 2003–2008) was caused by 
one of these likely imported cases, whereas the remain-
ing two were representative of dead-end branches 
(years of isolation: 2013 and 2015).

Finally, in cluster 348 (Figure 3), two cases had a 
genetic distance of three SNPs, suggesting recent 
transmission between them. However, a definitive 
interpretation could not be found for the remaining 
two cases. The cases showed a genetic distance of six 
SNPs between them, but a non-sampled node (mv2) 
was inferred to be located between them in the net-
work. It is, therefore, unclear whether these two cases 
are part of a recent transmission chain involving a non-
sampled case in Spain or if they corresponded to two 
imported cases that were epidemiologically related 
with a non-sampled case at the host country.

North African clusters
In three of the four clusters, predominately comprising 
of cases from Morocco, short genetic distances were 
recorded between all clustered cases (cluster 558: 0–5 
SNPs, cluster 1192: 0–3 SNPs and cluster 5: 0–2 SNPs 
between cases), highly indicative of recent transmis-
sion in the host country, Spain (Figure 4).

However, for the remaining cluster, cluster 113, which 
included 17 cases, WGS of the 14 available isolates 
revealed a much more complex network of relation-
ships (Figure 4).

Three median vectors (mv) corresponding to non-
sampled cases had to be defined. Seven independ-
ent branches were observed (Figure 4), with four, four, 
seven, eight, nine, 10 and 13 specific SNPs for each of 
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Figure 4
Networks of relationships obtained from the whole genome sequencing analysis for clusters rich in cases from North Africa
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the branches and each more likely corresponding to 
unrelated cases (distances between each two branches 
were in the range of 11–24 SNPs). Therefore, these 
cases were likely due to unrelated importations from 
Morocco. Of the seven branches, four corresponded to 
dead-ends, including a single case each (years 2003, 
2010, 2015, and 2016); three were from Morocco and 
were diagnosed 10, 6, and 2 years after arrival. As 
there were no additional related secondary cases, the 
findings seem consistent with likely reactivations.

Two of the remaining three branches showed one addi-
tional case that was closely related to the imported 
index case in each branch (zero and one SNPs), which 
was diagnosed the same year as the index case (year 
2007 and 2015, respectively), possibly due to self-lim-
ited recent transmission events in Spain.

The remaining branch was the only one with a higher 
number of cases i.e. six, among which no SNPs were 
found. Of note, two alleles were in heterozygosis in one 
of these cases (year 2011) and were fixed as homozy-
gotes in the remaining five cases. Based on this obser-
vation, we can infer that the case with heterozygosis 
was the index case and the remaining five cases were 
secondary cases and likely due to recent transmissions 
in Spain.

New strategy based on whole genome 
sequencing data to precisely identify recent 
transmission
In our context, MIRU-VNTR was proved useless, because 
it could not discriminate between the three events 
observed for strain 113 e.g. dead end-imported hosts, 
self-limited transmission chains and ongoing active 
transmission events. Among the 17 cases theoretically 
linked by MIRU-VNTR, only six were really involved 
in an active recent transmission chain whereas the 
remaining 11 cases had been misclassified and their 
epidemiological follow-up was not well oriented. Using 
standardised interviews with the cases it was possible 
to establish epidemiological links between the cases in 
the six-case subcluster, revealing that three cases were 
customers of the same bar and another case shared a 
flat with them.

In order to be able to precisely identify the true second-
ary cases in an active transmission chain, we defined a 
new approach. We first identified the 71 common SNPs 
shared by all members in MIRU-VNTR–defined cluster 
113 and those SNPs which were specific for the differ-
ent branches in the network. We designed an allele-
specific multiplex PCR (ASO-PCR) including four PCRs, 
which targeted the following (Supplementary Table S1): 
(i) two SNPs specific for all the strain 113 isolates in 
the network, which were selected as a general marker 
for this strain (one PCR targeting the 113 allele in one 

Figure 5
Results for the multiplex ASO-PCR designed to precisely assign new incident cases infected by the strain 113 in Almería 
and labelling them as due to recent transmission or importation.
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of these SNPs and the other PCR the non-113 allele 
from the other SNP) and (ii) two SNPs among the nine 
SNPs that were only shared by the branch including the 
active transmission subcluster (targeting the alleles for 
the active transmission subcluster).

The ASO-PCR was designed following a four-plex for-
mat to target the four SNPs simultaneously in the same 
reaction tube. This lead to three different amplifica-
tion patterns depending on whether a new case corre-
sponded to the recently transmitted subcluster 113, to a 
113 isolate not involved in this active subcluster (there-
fore corresponding to a new unrelated importation) or 
to a strain other than 113 (Figure 5). The specificity of 
the multiplex ASO-PCR was checked by testing all the 
14 isolates with the 113 VNTR pattern and a selection 
of 20 randomly selected strains for Moroccan migrants 
among those diagnosed in Almería. The expected 

pattern for the three possible profiles was obtained in 
all cases.

The PCR was transferred to Torrecardenas Hospital in 
Almería to be prospectively applied on all newly diag-
nosed TB cases of Moroccan origin or living in the same 
area as the cases involved in the MIRU-VNTR–defined 
cluster 113. We first checked that the PCR was sensitive 
enough to be applied directly on respiratory specimens 
and were able to obtain an interpretable profile when 
decontaminated sputa with high or medium bacillary 
load were used as templates.

An interpretable result was obtained for all the eight 
stain-positive cases in which the multiplex ASO-PCR 
was prospectively applied (during a 3-month period) 
directly on sputa. For the prospective cases with pauci-
bacillari sputa it was necessary to wait until culture 
was available. In 15 cases, the pattern corresponded 

Figure 6
Extended network of relationships obtained from the whole genome sequencing analysis for cluster 113 including Almería, 
Madrid, Valencia and Morocco isolates
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The two new cases identified in Almería by applying the ASO-PCR are shown in white boxes.
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to a non-113 strain; however, in two cases (one from 
Spain in 2016 and the other from Nigeria in 2017), we 
obtained the pattern expected for active subcluster 
113. Both isolates shared the expected 113 MIRU-VNTR 
pattern. Subsequent WGS analysis indicated that they 
showed zero and one SNPs with the six isolates previ-
ously included in the active subcluster (Figure 6).

Expanded analysis of strain 113 in unrelated 
populations
Once the demand for identification of new cases due 
to recent transmission of the active transmission node 
was resolved, we focused on the other issue affect-
ing this cluster i.e. the independent importations of 
closely related (genetically) strains from the country 
of origin, those likely prevalent in Morocco that have 
acquired diversity by circulating over extended periods 
of time. We tried to identify other examples of inde-
pendent importations for this strain in other unrelated 
populations.

For this purpose, we selected two Spanish populations: 
one from Valencia (eastern Spain), a representative of 
a node with WGS data available from a population-
based genomic epidemiology programme and another 
one from Madrid (central Spain), for which no popula-
tion-based WGS data were available.

The approach in Valencia was direct and limited to que-
rying on the presence of the 71 SNPs that are specific 
for the isolates in cluster 113; we identified two cases 
sharing all the 71 SNPs. When these were integrated 
into the Almería network, they consistently corre-
sponded to two new subbranches in two of the previ-
ously described importation branches (Figure 6).

The approach in Madrid was indirect, involving appli-
cation of a multiplex ASO-PCR directly on stored iso-
lates from Moroccan migrant TB cases. We prepared a 
new version of a four-plex ASO-PCR to target four SNPs. 
Two of the PCRs targeted the alleles that were specific 
for isolates 113 and the other two targeted the alleles 
expected for non-113 strains (Supplementary Table S2); 
the two amplification patterns identified indicated 
whether a strain corresponded to the 113 MIRU-VNTR 
cluster or to any strain other than 113 (Figure 7). We 
applied it to 134 available Moroccan isolates from our 
retrospective convenience sample and detected the 113 
pattern in five cases (Figure 7a). WGS of three of these 
isolates confirmed them to be 113 (they included all 
71 SNPs) and their integration in the network revealed 
three new branches (Figure 6).

Expanded analysis of strain 113 in the country 
of origin
We completed the general analysis of strain 113, with 
a cross-border analysis, by tracking its circulation in 
the country of origin. The epidemiological information 
collected from cases by interview aided in determining 
that most migrant cases were from cities in the north 
of Morocco.

Molecular epidemiology studies in northern Morocco 
were checked in which MIRU-VNTR genotypes corre-
sponding to strain 113 could be found. Chaoui et al. 
[23] reported a cluster involving four cases in Tangier 
infected by a LAM3 SIT33 strain that could correspond 
to strain 113. However, only data for the 12-loci version 
of MIRU-VNTR were available.

To confirm whether strain 113 was circulating in the 
area, as suggested by the published data, the same 
multiplex ASO-PCR that had been designed to track 
strain 113 in Madrid was transferred and locally applied 
in Morocco. Interrogation of 11 SIT33 isolates revealed 
seven with the pattern corresponding to strain 113. In 
addition, testing of 45 additional retrospective isolates 
from northern Morocco (Tangier, Tetouan and Larache), 
for which no previous genotypic information was avail-
able, revealed a 113 pattern in seven isolates (Figure 
7b). WGS was performed in six of the 14 isolates that 
were positive for 113 and enabled us to integrate them 
into the network of relationships (Figure 6). Three of 
the isolates were positioned in two new sub-branches 
and the other three were located in one of a previously 
defined importation branch. Furthermore, two prob-
able recent transmission events in Morocco, involving 
two and three cases respectively, were identified indi-
rectly (with three SNPs between cases in both of them).

Discussion
Molecular epidemiology based on universal genotyp-
ing of TB cases in a population allows us to identify 
clustered cases that are infected by  M. tuberculo-
sis isolates with identical fingerprints. From the analysis 
of clustered cases, we can obtain valuable data on 
transmission dynamics in different epidemiological 
scenarios.

The increased complexity resulting from chang-
ing socio-epidemiological features due to migra-
tion demands special attention. The clusters may be 
autochtonous, mixed multinational, and foreign-born 
clusters rich in cases from a specific country.

Some of the complex molecular clusters identified in 
populations with a higher percentage of migrants are 
not always accompanied by clear epidemiological links 
between the cases involved [7,24,25]. Here, we tried 
to analyse whether the lack of epidemiological sup-
port could mean that some of the clusters involving 
migrants were not robust and were misleadingly alert-
ing us to recent transmissions.

We hypothesised that some of the cases in these clus-
ters could correspond to independent importations of 
strains that might be prevalent in the country of origin. 
Genetic diversity would be expected to accumulate for 
a prevalent strain circulating in a high-incidence coun-
try over extended periods of time. However, the diver-
sity accumulated is probably insufficient to lead to a 
change in the MIRU-VNTR pattern, thus explaining why 
unrelated cases independently importing these strains 
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appear clustered. MIRU-VNTR types are conserved for 
highly prevalent strains, as reported in Denmark for a 
highly prevalent strain responsible for 35% cases over 
15 years [26]. However, the application of more dis-
criminative methods e.g. WGS, could help us to reveal 
some degree of diversity between these prevalent 
strains and differentiate between true recent trans-
mission in the host country (when no or very limited 
genetic diversity is found between the corresponding 
isolates) and independent, unrelated importations of 
prevalent strains in the country of origin (if we detect 
greater genetic distance).

Application of this strategy, following the consensus 
thresholds of diversity to assign or rule out recent trans-
mission with WGS [12], revealed that unrelated impor-
tations were hidden within some MIRU-VNTR–defined 
clusters and had been misinterpreted as recent trans-
missions in the host country. Due to the size of certain 
clusters in the analysis we only revealed a minority 

(one case in several clusters) that had been misclas-
sified as recent transmission when it was really due to 
importation. However, in some of the bigger clusters, 
the magnitude of misclassified cases revealed was 
higher (eight of 14).

In a 2016 publication, Stucki et al. [27] reported impor-
tations within MIRU-VNTR clusters in a nationwide 
analysis in Switzerland (90 patients in 35 clusters dur-
ing 2000–08). Only 25% of the MIRU-VNTR–defined 
clusters including migrants (in this case, mostly from 
east Africa) were refuted using WGS. The clustering 
proportion fell from 16.7% to 6.5% for migrant clus-
ters; when only Swiss-born clusters were considered, 
the decrease was smaller (19.3% to 14.3%). In addition, 
descriptions of misassignation of recent transmission 
in MIRU-VNTR–proven migrant clusters revealed by 
WGS have recently been reported in Canada [28] and 
the Netherlands [29].

Figure 7
Results for the multiplex ASO-PCR designed to (A) retrospectively track strain 113 in Madrid and (B) retrospectively track 
strain 113 in Morocco

A. Multiplex ASO-PCR results, retrospectively track strain 113, Madrid

B. Multiplex ASO-PCR results, retrospectively track strain 113, Morocco
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Although our findings are limited to the low number 
of clusters selected, both these data and ours sug-
gest that the involvement of genetically closely related 
strains imported independently from high-incidence 
regions is a widespread phenomenon. We cannot 
extend the findings from the migrant clusters in our 
study to all clusters including migrants because in 
our setting some migrant nationalities were not rep-
resented. Nevertheless, our results showed that this 
phenomenon was not anecdotal or restricted to spe-
cific geographic areas and that it was found in clus-
ters with migrants that were representative of different 
areas e.g. eastern Europe, north Africa and sub-Saha-
ran Africa.

In our study, the identification of imported cases 
within clusters defined by standard genotyping was 
mainly supported by the analysis of the total number of 
SNPs between the clustered cases. However, the analy-
sis of the chronology of diagnosis of the TB cases can 
also be useful to identify importations. This is because 
the order of emergence of SNPs is sequential and once 
acquired they do not reverse [30]. In cluster 558, the 
last case diagnosed (year 2014) did not present the 
four SNPs identified in the remaining clustered cases, 
diagnosed 3–8 years earlier. The most likely explana-
tion is that the 2014 case was imported from a more 
ancestral branch than the one involved in the recent 
transmission event in Spain.

The demonstration that both importations and recent 
transmissions could co-exist in a cluster defined by 
standard genotyping raised an alert: once one of these 
genetically closely related strains is imported into a 
host country, standard molecular epidemiology–sur-
veillance approaches are of very limited value. Based 
on standard MIRU-VNTR, it would be impossible to dis-
criminate between secondary cases that originated in 
the host country and unrelated independent importa-
tions: all cases would be equally considered clustered.

It is important to differentiate between a new 
imported case and a recently transmitted secondary 
case, because each represents a completely differ-
ent epidemiological situation that has to be managed 
separately. Consequently, other authors have recom-
mended WGS as the only way to ensure more accu-
rate identification of recent transmission, particularly 
among migrants from high-incidence areas [27,31]. An 
alternative to the analysis based on WGS and SNPs 
calling based on pipelines is the technique of core 
genome MLST typing, which takes advantage to the 
discriminatory power of the next generation sequenc-
ing (NGS) technique and makes easier the SNP calling 
by standardised processing and allows a more direct 
comparative analysis across different laboratories [32]. 
However, global implementation of WGS is expensive 
and WGS has been successfully implemented at popu-
lation level in few settings only [33-35]. With the aim 
to overcome these limitations and to find a solution 
that can be implemented in settings where nationwide 

WGS application is not a reality, we adapted a strategy 
previously developed by our group to survey high-risk 
strains. This strategy is based on tailored ASO-PCRs 
targeting strain-specific SNPs identified from WGS 
data of representative isolates for the strains to be 
surveyed [36]. We implemented it in previous studies 
to be able to provide a fast response to challenges, 
such as optimising surveillance of transmission of 
actively transmitted strains [36], rapid tracking of the 
presence of specific outbreak strains in a population 
[37] and confirming the presence of secondary cases 
due to imported XDR strains from Russia directly on 
respiratory specimens in the hospital setting [38]. In 
the current study we adapted the strategy to tailor 
PCRs targeting the SNPs that were specific for isolates 
actively involved in recent transmission in the host 
country and to differentiate these isolates from other 
independently imported isolates which lacked those 
SNPs.

To pilot this strategy, we selected the most complex 
cluster in our study, namely cluster 113, which was 
rich in cases from Morocco (six different importation 
branches together with an active transmission cluster). 
The strategy prospectively identified new secondary 
cases directly from respiratory specimens. Our pro-
posal not only resolved the epidemiological challenge 
at the local level, but also enabled us to expand the 
boundaries of our analysis to other unrelated popula-
tions in Spain. If this strain corresponded to a preva-
lent strain in the country of origin, we would be able to 
find it in unrelated populations receiving migrants from 
Morocco. We identified the strain in the two unrelated 
populations surveyed and proved that importations of 
the same strain occurred in other settings, thus show-
ing that they were not the result of recent transmis-
sions. For some of the remaining studied strains from 
migrants from Morocco we also found data indicating 
they are circulating also in Morocco [23,39] and similar 
efforts could be done to fully characterise their global 
distribution.

Conclusion
Tracking transmission of TB through cross-border 
surveillance is a crucial element in the current epide-
miological surveillance of TB, and data from both the 
country of origin and host countries must be integrated 
as recently exemplified in a study revealing a cross-
border MDR-TB cluster involving several European 
countries [40]. Our findings revealed standard MIRU-
VNTR-based epidemiology was not a suitable approach 
for cross-border surveillance as it was unable to dis-
criminate between importations and recent transmis-
sions. WGS-based analysis was able to differentiate 
these two overlapping events, however, genomic anal-
ysis is not accessible for many countries involved in 
cross-border TB transmission. Here, we propose a new 
strategy, adapted to settings with no or limited access 
to WGS , based on designing simple PCR tools tailored 
to be adapted to identify either recent transmission in 
the host country or independent importations from the 
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country of origin. Adapted versions of the same PCRs 
were also designed to be transferred and applied to 
track the strain circulating in the country of origin.

Our next step will be to extend the approaches used 
in this study to develop a network of nodes surveying 
prevalent strains from countries with a high TB inci-
dence that are being exported to countries with low-TB 
burden. Such a network could contribute to the estab-
lishment of a new global cross-border surveillance 
system, fitted to the challenges associated with inter-
national migration.
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In Italy, B and C are the predominant serogroups 
among meningococci causing invasive diseases. 
Nevertheless, in the period from 2013 to 2016, an 
increase in serogroup W Neisseria meningitidis (MenW) 
was observed. This study intends to define the main 
characteristics of 63 MenW isolates responsible of 
invasive meningococcal disease (IMD) in Italy from 2000 
to 2016. We performed whole genome sequencing on 
bacterial isolates or single gene sequencing on culture-
negative samples to evaluate molecular heterogeneity. 
Our main finding was the cocirculation of the Hajj and 
the South American sublineages belonging to MenW/
clonal complex (cc)11, which gradually surpassed the 
MenW/cc22 in Italy. All MenW/cc11 isolates were fully 
susceptible to cefotaxime, ceftriaxone, ciprofloxacin, 
penicillin G and rifampicin. We identified the full-
length NadA protein variant 2/3, present in all the 
MenW/cc11. We also identified the fHbp variant 1, 
which we found exclusively in the MenW/cc11/Hajj 
sublineage. Concern about the epidemic potential of 
MenW/cc11 has increased worldwide since the year 
2000. Continued surveillance, supported by genomic 
characterisation, allows high-resolution tracking of 
pathogen dissemination and the detection of epidemic-
associated strains.

Introduction
The history of the global spread of invasive 
meningococcal disease (IMD) caused by serogroup 
W  Neisseria meningitidis  (MenW) started in the year 
2000, following an international emergency during 
the annual Hajj season in Saudi Arabia [1]. Before 
that, MenW had rarely been recorded as the cause 
of outbreaks but rather of sporadic IMD, with a low 
reported incidence [1]. Recently, MenW has been 
spreading in different countries worldwide [2-6]. It 
is of concern that in the United Kingdom (UK), MenW 
IMD incidence has increased year by year, reaching 
24% of all IMD laboratory-confirmed cases in the 
epidemiological year 2014/15 [5,7]. In the Netherlands, 
in the epidemiological year 2015/16, the MenW 
incidence (0.15 cases per 100,000 inhabitants) was 
fivefold higher than the average incidence (0.03 cases 
per 100,000) reported in the period from 2002/03 to 
2014/15 [7].

Whole genome sequencing (WGS) evidenced the het-
erogeneity of meningococci belonging to serogroup W/
cc11 from different geographical areas and identified 
several genomic types by country [5,8]. As reported by 
Lucidarme et al. [5,9], genomic comparison classified 
most of MenW/cc11 as lineage 11.1. Moreover, this line-
age includes two sublineages: Hajj and South American 
(previously designated the ‘South American/UK strain’) 
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[5,9]. The first sublineage comprises the MenW/cc11 
Hajj outbreak strain, the sub-Saharan African MenW/
cc11 strains from epidemic periods and the endemic 
South African MenW/cc11 strain [9]. The second sublin-
eage contains three main strains: the South American 
strain, the original UK strain (emerged in 2009 in the 
UK) and the UK 2013 strain [9].

The Hajj sublineage appeared in Saudi Arabia in 2000, 
spreading first in the African meningitis belt and then, 
with smaller outbreaks, in South Africa [4,8,10]. In the 
UK, this sublineage caused IMD in the period from 2000 
to 2004; after that, it was replaced by the endogenous 
MenW/cc11 strain [4,9]. In France, eight MenW/cc11 
cases were reported between January and April 2012 
as linked to recent travel history to Sub-Saharan Africa 
during the MenW epidemic [11,12].

In South America, an increase in the proportion of 
MenW IMD cases has also been reported in early 2000 
[2]. With the exception of one IMD case reported in 
Brazil [3], the South American MenW/cc11 isolates 
were not identified as Hajj strain at that time. Later, the 
so-called South American sublineage was responsible 
for clusters in southern Brazil (2003–05), in the United 
States (US) (2008–09) and in Chile (2010–12) [4]. In 
Europe, and in particular in the UK, Ireland and France, 
clusters of MenW belonging to the South American 
strain sublineage were reported more recently, 2009–
15 [8]. In Sweden, the UK 2013 strain, belonging to 
the South American sublineage, was the cause of an 
increase in MenW IMD starting from 2014 [6].

In Italy, as in the other European countries, sero-
groups B and C are predominant, with an increase in 
the proportion of isolates of serogroup Y from 2% in 
2007 to 17% in 2013 [13]. Even though serogroup W has 
rarely been identified in the country, an increase was 
observed following the global spread of these menin-
gococcal strains [7,14].

Here, the genetic variation within and between 
meningococci associated with invasive disease 
was assessed by molecular analysis of  N. 
meningitidis serogroup W collected from 2000 to 2016 
for an overview of the phylogenetic diversity among 
strains circulating in Italy. Moreover, the rapid increase 
in MenW cases and the contemporaneous introduction 
of serogroup B  N. meningitidis  (MenB) vaccine 
(4CMenB) into the national immunisation schedule 
triggered us to study the vaccine antigen genes and 
their genetic variability. Although this vaccine is 
licensed for prevention of MenB disease, the antigens 
are not specific to this capsular group, and a potential 
cross-recognition and protection against other 
meningococcal serogroups deserves to be evaluated.
 

Methods

Surveillance of invasive meningococcal disease
The IMD National Surveillance System (NSS) is based 
on mandatory reporting to the Ministry of Health and to 
the Italian Institute of Public Health (Istituto Superiore 
di Sanità (ISS),  http://www.iss.it/mabi). ISS, as 
national reference laboratory (NRL), acts as coordinator 

Figure 1
Neisseria meningitidis serogroup W causing invasive meningococcal disease, by year, Italy, 2000–2016 (n = 63)
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of the NSS. Within the surveillance system, the hospi-
tal laboratories collect bacterial isolates and/or clinical 
samples from IMD cases and send them to the NRL for 
serogroup identification or confirmation and for molec-
ular investigations. The NRL collects demographic and 
relevant clinical data (i.e. vaccination history) from all 
notified IMD cases in a dedicated database.

The data are analysed using EpiInfo software (version 
3.5.3, 26 January 2011).

Microbiological analyses
For the samples sent to the NRL, the serogroup was 
identified or confirmed by slide agglutination with 
commercial antisera (Thermo Scientific,  Waltham, 
Massachusetts,  US) or by multiplex PCR [15]. For the 
bacterial isolates, susceptibility to cefotaxime, cef-
triaxone, ciprofloxacin, penicillin G and rifampicin 
was determined by the minimum inhibitory concen-
tration (MIC) test strip method (Liofilchem, Roseto 
degli Abruzzi, Italy) on Mueller-Hinton agar (Thermo 
Scientific, Waltham, Massachusetts, US) supple-
mented with 5% of sheep blood. The breakpoints were 
those recommended by the European Committee on 
Antimicrobial Susceptibility Testing (EUCAST) [16]. 
Chromosomal DNA was extracted using the QiAmp mini 
kit (Qiagen, Hilden, Germany) from an overnight culture 
or directly from the clinical sample, blood or cerebro-
spinal fluid (CSF). Multilocus sequence typing (MLST), 
PorA and FetA typing, MenB vaccine antigen variants 
and penA gene were identified using the PubMLST.org 
database (http://pubmlst.org/neisseria/). The geno-
typic formula comprised capsular group:  porA  (P1).

VR1,VR2: fetA VR: ST(cc). The MenW/cc11 isolates were 
characterised for the allelic profile of six antigen-encod-
ing genes (porA, porB, fetA, nadA, nhba and fHbp) sug-
gested by Mustapha et al. as typical of the main MenW/
cc11 sublineages [4].

Whole genome sequencing
Cultivated isolates were analysed by WGS. For each 
isolate, 1 ng of DNA was used to prepare the sequencing 
libraries following the Nextera XT DNA protocol. The 
Illumina MiSeq platform (kit v3, 600 cycles) was used 
for the WGS analysis. A first quality check of the raw 
sequence data was performed using FastQC [17]. 
Reads were trimmed using the software Sickle [18] to 
maintain a Q score > 25, and de novo assembly was 
carried out with the ABySS software version 1.5.2 (k 
parameter = 63) [19]. Contigs longer than 500 bp were 
selected using an ad hoc script and kept for further 
analysis. The final assembly ranged from 84 to 316 
(median: 209) contigs per sample (N50: 10,999–59,092 
bp; median: 19,790 bp), covering the ca 2.2 Mb of 
the N. meningitidis genome.

Genome comparison
Genomes were uploaded to the PubMLST.org database 
(http://pubmlst.org/neisseria/) and compared using 
the BIGSdb Genome Comparator [20] through gene-
by-gene analysis. Phylogenetic analysis of the iso-
lates was performed by core genome MLST (cgMLST) 
[21]. Incomplete loci were automatically removed from 
the distance matrix calculation for the neighbour-net 
graphs. The resulting distance matrices were visualised 

Figure 2
Number of invasive meningococcal disease cases caused by Neisseria meningitidis, by clonal complex, Italy, 2000–2016 
(n = 51)
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as neighbour-net networks, generated by SplitsTree4 
(version 4.13.1) [22].

Statistics
Change in the average annual incidence of MenW from 
2000 to 2012 vs 2013 to 2016 was evaluated using a 
negative binomial regression model.

Results
From 2000 to 2016, 3,540 laboratory-confirmed IMD 
cases were reported within the NSS for IMD in Italy, 
with an incidence of 0.37 per 100,000 in 2016 (www.
iss.it/mabi/, last access: 3 September 2018).

For 2,357 IMD cases, the capsular serogroup was 
identified: 1,249 were B, 861 were C, 161 were Y, 63 were 
W, 17 were A, five were X and one was 29E. One isolate 
was capsule null locus (cnl). The majority of cases were 
due to serogroups B and C, with proportions of 36% 
and 42%, respectively, in 2016.

As shown in Figure 1, MenW was rare from 2000 until 
2012, with an average annual incidence of 0.004 per 
100,000 population (30 cases). From 2013 to 2016, the 
average annual incidence grew to 0.01 per 100,000 
population (33 cases), significantly higher than in the 
previous time period (p < 0.05). In 2016, 13 MenW cases 
were identified, with an incidence of 0.02 per 100,000 
population, four times higher than the average value of 
0.005 per 100,000 population observed in the previous 
years 2000 to 2015.

Among the 63 MenW IMD cases, 53 samples were sent 
to the NRL for further analyses: 47 bacterial isolates 
and six CSF or blood samples.

Demographic and clinical data of Neisseria 
meningitidis serogroup W cases
The median age of the 63 MenW cases was 20 years 
(mean: 29 years), ranging from 1 month to 86 years. 
Until 2005, MenW was responsible of IMD cases 
exclusively among children younger than 10 years (the 
median age was 1 year), except for one. In the period 
from 2006 to 2016, the median age increased to 26 
years.

The female:male ratio was 28:35. Meningitis (25 
cases) and septicaemia (22 cases) were the main 
clinical presentations, followed by meningitis plus 
septicaemia (16 cases). Four cases had an atypical 
clinical presentation: two (aged 3 and 26 years) had 
arthritis; one (20 years-old) had a pericolic abscess 
and one (5 months-old) had dysentery. Six patients 
(aged between 22 and 63 years) died, defining a case 
fatality rate of 10%.

Eleven patients came from foreign countries: Eritrea 
(n = 1) [23], Mali (n = 1) [23], Ivory Coast (n = 1), 
Morocco (n = 1) [23], Niger (n = 1), Nigeria (n = 5) and 
Somalia (n = 1).

Table
Molecular characterisation of Neisseria meningitidis MenW/cc11 bacterial isolates, Italy 2000–2016 (n = 18)

Bacterial 
isolate ID ID (http://pubmlst.org/Neisseria) Year of isolation BAST cgMLST sublineage Six antigen-encoding 

gene profile
1142 42867 2001 898 Hajj a
1505 42851 2004 898 Hajj a
1638 42852 2005 898 Hajj a
2205 42884 2009 898 Hajj a
2517 42886 2013 898 Hajj a
2693 36847 2014 898 Hajj a
2767 42888 2015 898 Hajj a
2808 44961 2016 898 Hajj a
2857 51615 2016 898 Hajj a
2904 51617 2016 898 Hajj a
2916 51618 2016 898 Hajj a
2940 56641 2016 898 Hajj a
2509 42885 2013 2 South American b
2593 36848 2014 2 South American b
2585 36849 2014 2 South American b
2685 36845 2015 2 South American b
2858 51616 2016 2 South American b
2602 42887 2013 6 Singleton c

BAST: Bexsero antigen sequence typing; cgMLST: core genome multilocus sequence typing; ID: identification code.
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Microbiological and molecular analyses

Antimicrobial susceptibility
Of the 47 MenW bacterial isolates received at the 
NRL, 44 could be cultured and tested for antimicrobial 
susceptibility. All of them were susceptible to 
cefotaxime, ceftriaxone, ciprofloxacin and rifampicin. 
Moreover, 14 showed decreased susceptibility to 
penicillin G (PenI, 0.064 > MIC ≥ 0.25) with a MIC50 and 
MIC90 of 0.064 mg/L and 0.19 mg/L, respectively.

MLST and genotypic formula
The molecular characterisation was performed at the 
NRL for 51 of 53 MenW. Two samples were not suitable 
for the molecular analyses. MLST identified two main 
clonal complexes, cc22 (n = 25) and cc11 (n = 23). In 
addition, two isolates were cc23 and one was cc60.

As shown in  Figure 2, the main clonal complex 
between 2000 and 2012 was cc22 (19/26); from 2013 
onward, the cc11 (19/25) was predominant. Among 
the 25 cc22 bacterial isolates, eight sequence types 
(STs) were identified: ST-22, ST-184, ST-3189, ST-904, 
ST-1286, ST-1959, ST-6779 and ST-11935. Among 
them, 12 genotypic formulas were reported, of which 
W:P1.18–1,3:F4–1:ST-22(cc22) was the most frequent 
(five bacterial isolates; Supplementary Table S1). 
The 23 MenW/cc11 (18 bacterial isolates and five 
clinical samples) belonged to ST-11 and presented a 
single genotypic formula, W:P1.5,2:F1–1:ST-11(cc11) 
(Supplementary Table S1). The cc23 isolates belonged 
to ST-23 and ST-9253 and the cc60 isolate to ST-913. 

Whole genome sequencing
Whole genome sequencing was performed to identify: 
the Bexsero antigen sequence types (BAST), the 
cgMLST, the six antigen-encoding gene profile and 
the penA gene alleles.

BAST typing
As shown in the  Table, MenW/cc11 clustered in three 
BAST: BAST 898 (characterised by fHbp peptide variant 
1.9, NHBA peptide 96, NadA peptide 6, PorA VR1 5 and 
PorA VR2 2) for 12 bacterial isolates; BAST 2 (fHbp 
2.22, NHBA 29, NadA 6, PorA VR1 5 and PorA VR2 2) for 
five; BAST 6 (fHbp 2.151, NHBA 29, NadA 6, PorA VR1 5 
and PorA VR2 2) for the remaining one.

4CMenB variant antigens among MenW/cc22
The 4CMenB variant antigens identified among MenW/
cc22 isolates were: fHbp peptide variant 2.16, NHBA 
peptide 20, NadA interrupted by an IS element. The 
PorA VR1,VR2 were 18–1,3 in eight isolates, 5–1,10–1 in 
three isolates and 5,2 in one isolate.

cgMLST
We included 1,467 of the 1,605 core genome loci in 
the cgMLST analysis (138 loci incompletely assembled 
were excluded) for 18 MenW/cc11 and seven reference 
genomes.

As shown in Figure 3, the 18 MenW/cc11 split into two 
main sublineages corresponding to those described 
by Lucidarme et al. [5]. Twelve genomes (ID 36847, 
42851, 42852, 42867, 42884, 42886, 42888, 44961, 
51615, 51617, 51618 and 56641) grouped together with 
reference genomes belonging to the Hajj sublineage, 
with a mean distance of 89 loci with allelic differences. 
Eight of these 12 genomes (ID 36847, 42886, 42888, 
44961, 51615, 51617, 51618 and 56641) clustered in a 
subgroup; they had been isolated between 2013 and 
2016 and five of them were associated with MenW IMD 
in patients with Nigerian nationality (Supplementary 
Table S2).

Our 12 MenW/Hajj sublineage genomes were compared 
with 128 MenW genomes with the genotypic formula 
W:P1.5,2:F1–1:ST-11(cc11) and fHbp variant 1.9, 
identified from IMD cases in Africa (www.neisseria.
org; last accessed: 24 November 2017). All genomes 
showed a mean distance of 60 loci (data not shown).

Five MenW/cc11 genomes (ID 36845, 36848, 36849, 
42885 and 51616) clustered together with two genomes 
in the South American sublineage (ID 30154, as the 
original UK strain reference, and ID 30167, as the UK 
2013 strain reference) [9] with a mean distance of 74 
loci. In particular, genomes ID 51616 and ID 30167 
showed a higher proximity. The analysis of 27 of 30 
genes distinguishing the original and the novel UK 
strains [9] confirmed that ID 51616 was a UK 2013-strain. 
The remaining four genomes showed a higher similarity 
to the original UK strain. The ID 42887 genome was 
close to the reference ID 21587 (South Africa 2003) in a 
branch far from both the main sublineages.

For the 12 MenW/cc22 genomes, 1,540 of the 1,605 core 
genome loci were included in the cgMLST analysis, while 
the remaining 65 loci were incompletely assembled. 
The genome comparison highlighted a mean distance 
of 199 loci (Supplementary Figure S1). The cgMLST 
analysis of MenW/cc22 and cc11 highlighted high 
genetic diversity with a mean distance of 588 loci (data 
not shown).

Overall, the majority of MenW/cc11 were Hajj sublineage 
(16/22); in particular, it caused five sporadic IMD cases 
from 2001 to 2013 and 11 cases from 2014 to 2016 
(Supplementary Figure S2). Ten MenW/cc11 Hajj were 
obtained from African refugees and characterised by 
the presence of fHbp allele 9 (Supplementary Table 
S2). The South American sublineage appeared in Italy 
in 2013 and was responsible for five of 22 IMD cases 
(Supplementary Figure S2). One MenW/cc11 (ID 42887), 
identified in 2013, did not belong to any sublineage.

Six antigen-encoding gene profiles among MenW/cc11
Among the 18 MenW/cc11 bacterial isolates, we found 
three known profiles [4], comprising the alleles of porA
, porB, fetA, nadA, nhba and fHbp genes (Table). Profile 
a was found in 12 bacterial isolates: 1, 1, 13, 5 (peptide 
6), 72 (peptide 96), 9; profile b in five isolates: 1, 244, 
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Figure 3
Neighbour-net phylogenetic network based on a comparison of 1,467 core genome loci (cgMLST) of Neisseria meningitidis 
MenW/cc11 genomes Italy 2000–2016 (n = 25)
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13, 5 (peptide 6), 17 (peptide 29), 22; profile c in one 
isolate: 1, 311, 13, 5 (peptide 6), 17 (peptide 29), 160 
(peptide 151).

For four of five clinical samples, we identified nhba 72 
and  fHbp  9 (Supplemetary Table 2). The remaining 
sample was not suitable for the analysis.

As shown in the  Table, the isolates clustered as Hajj 
sublineage showed the profile a, the isolates belonging 
to the South America sublineage showed the profile b 
and the singleton showed the profile c.

penA gene characterisation
The 18 MenW/cc11 bacterial isolates were susceptible 
to penicillin G and showed the  penA  allele 1. Thirteen 
of 24 of MenW/cc22 were PenI, of which 12 harboured 
the penA allele 14 and the remaining one the penA 685.

Discussion
The epidemiology of IMD is constantly changing. The 
national vaccination programmes should consider 
these changes over time and the age groups that are 
affected most.

Since 2000, there has been an increase in the number 
of MenW cases in Europe, America and Africa [2-4]. 
This international context prompted us to ascertain the 
current situation of MenW in Italy and how it had evolved 
over the past 17 years. Although Italy is classified as 
a country with a low incidence of IMD in the overall 
population, the number of MenW notified cases has 
been increasing since 2013. Data collected within the 
established NSS for IMD reported an increase in MenW 
cases, even though the absolute number was lower 
than that reported in other European countries [4-7]. 
In the past, sporadic MenW IMD cases occurred mainly 
among children, but have gradually increased also in 
older age groups, in England since the epidemiological 
year 2013/14, and in the Netherlands since 2015/16 [7].

In 2016, MenW represented 7% of the total IMD 
cases reported in Italy. In contrast to other countries 
[24], very few cases were characterised by atypical 
clinical presentation; it is likely that this is due to the 
small total number of reported cases and incomplete 
available information. In 17 years, cc11 has become the 
prevalent clonal complex among MenW in the country. 
In contrast to what was reported in Australia in 2016 
[25], MenW/cc11 was not associated with the emerging 
resistance to penicillin.

The most interesting finding of this study is that both 
of the MenW/cc11 sublineages, South American and 
Hajj, cocirculate in Italy. Cocirculation has already been 
reported in some parts of the African meningitis belt 
and in South Africa [8], but not in Europe. In the UK in 
the mid-2000s, the Hajj sublineage was replaced by the 
South American sublineage [9]. Likewise, in France, the 
Hajj sublineage, detected up to 2012 [12], was replaced 
in 2013 by the South American sublineage [26]. The 

Hajj sublineage appeared in Italy in 2001 and became 
predominant in 2014. Across the entire study period, 
the Hajj sublineage represented 73% of the MenW/cc11 
identified in Italy.

Five of the 22 MenW/cc11 were South American 
sublineage. They appeared in Italy for the first time in 
2013, causing five IMD among Italian patients. Four of 
them were the original UK strain and only one, in 2016, 
was the UK 2013 strain. As extensively described, 
the UK 2013 strain has been spreading in northern 
European countries since 2013 [6,7,9].

In Italy, the National Immunisation Plan 2017–2019 
recommends the quadrivalent meningococcal vaccine 
for adolescents, as the main group of people affected 
by serogroups Y and W, acting as catch-up or booster of 
the primary immunisation [27]. The immunisation is also 
recommended for travellers to countries endemic for 
the serogroups contained in the vaccine and for people 
at high risk of IMD [27]. Moreover, the recommendation 
for the meningococcal B vaccine (4CMenB) for infants 
before the age of 13 months is administered free of 
charge. Possible cross-protection against other non-B 
meningococci, through the presence of the same 
subcapsular vaccine antigens, need to be evaluated 
[28,29]. In the UK, serum bactericidal antibody (SBA) 
activity, promoted by immunisation with 4CMenB 
vaccine against  N. meningitidis  W strains, was clearly 
demonstrated [28]. Here, all MenW/cc11 meningococci 
showed the NadA peptide 6, belonging to the variant 
2/3, predicted to be cross-protective with the 4CMenB 
NadA variant [28]. Moreover, the MenW/cc11/Hajj 
sublineage isolates showed the fHbp variant 1, one of 
the antigens of the 4CMenB vaccine. The multi-antigen 
typing system [30] together with SBA test [31] could 
define precisely the vaccine coverage against MenW; 
further evaluations are needed to precisely answer this 
question also for the MenW identified in Italy.

Conclusion
In Italy, we observed cocirculation of two sublineages, 
the Hajj and the South American. This is uncommon 
and not reported in other European countries. It is 
likely that the geographical location of our country may 
favour a peculiar epidemiological situation that needs 
to be carefully monitored and evaluated.
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Background: Genotyping of  Neisseria gonor-
rhoeae (NG) is essential for surveillance to monitor NG 
transmission and dissemination of resistant strains. 
Current genotyping methods rely on bacterial culture 
which frequently fails. Aim: Our aim was to develop 
a culture-free genotyping method that is compatible 
with the widely used  N. gonorrhoeaemulti-antigen 
sequence typing (NG-MAST) database, which facili-
tates genotyping of NG detected at separate anatomi-
cal sites in individual patients. Methods: Specific 
primers for both PCR targets  porB  and  tbpB  were 
designed and technically validated by assessing the 
analytical sensitivity, cross-reactivity with 32 non-
gonoccocal  Neisseria  species, and concordance with 
NG-MAST. Clinical application was assessed on 205 
paired samples from concurrent NG infections at dif-
ferent anatomical sites of 98 patients (81 men who 
have sex with men and 17 women) visiting our sexually 
transmitted infections clinic. Results: Typing could be 
consistently performed on samples with a PCR quanti-
fication cycle (Cq) value <35. Furthermore, the method 
showed no cross-reactivity and was concordant with 
NG-MAST. Culture-free NG-MAST improved the typ-
ing rate from 62% (59/95) for cultured samples to 94% 
(89/95) compared with culture-dependent NG-MAST. 
Paired samples of 80 of 98 patients were genotyped, 
revealing distinct NG strains in separate anatomi-
cal sites in 25% (20/80) of the patients. Conclusions: 
This NG-specific genotyping method can improve NG 
surveillance as it facilitates genotyping of non-cultur-
able and extra-genital samples. Furthermore, 25% of 
patients were infected with multiple NG strains, which 
is missed in current culture-dependent surveillance. 
Including non-culturable and concurrent NG infections 
in surveillance informs actions on dissemination of 
multidrug-resistant NG strains.

Introduction
Neisseria gonorrhoeae (NG) is one of the most common 
bacterial sexually transmitted infections [1]. The World 
Health Organization (WHO) estimates that more than 
100 million new cases of NG occur each year, even 
though testing for NG and diagnostics have improved 
[1,2]. Detection of NG allows empirical treatment that 
results in cure in at least 95% of cases, and rapid cure 
subsequently limits transmission [1]. However, increas-
ingly resistant strains of NG have been reported in the 
last decades, which could complicate empirical treat-
ment [3]. Therefore, gaining insight in transmission 
and antimicrobial resistance (AMR) of NG is important. 
NG can be detected by culture or nucleic acid amplifi-
cation test (NAAT) but both methods have limitations 
[2]. Culture is known to be less sensitive because NG 
requires demanding nutritional and environmental 
conditions, leading to a low percentage of culture-con-
firmed diagnoses [4]. In contrast, NAAT are more sensi-
tive but cannot determine the AMR profile [2,5].

Surveillance of NG is essential to monitor transmis-
sion and dissemination of resistant strains. NG multi-
antigen sequence typing (NG-MAST) is a widely used 
genotyping method to monitor transmission and out-
breaks [6,7]. This method has a higher discrimina-
tory power than multilocus sequence typing (MLST) 
and is more cost-effective than highly discriminatory 
whole genome sequencing [8,9]. In addition, some 
of the NG-MAST sequence types (ST) are associated 
with AMR [7,10]. The currently used NG-MAST proto-
col requires culture because the primers cross-react 
with other  Neisseria  species [11]. To date, only two 
studies have genotyped non-cultured clinical samples 
with NG-MAST [6,11]. Whiley et al. demonstrated that 
NG-MAST can be applied to non-cultured urogenital 
samples but not to samples from extra-genital sites 
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(oropharynx and rectum) because of the presence of 
commensal  Neisseria  species [11]. They showed that 
mainly N. lactamica, N. meningitidis and N. polysaccha-
rea strains lead to the cross-reactivity. Furthermore, it 
appeared that successful application of NG-MAST to 
non-cultured samples was linked to the quantification 
cycle (Cq) of the PCR-positive sample because four of 
the five failed samples had a high Cq value (>35).

Previous studies have shown that patients can be 
NG-positive at extra-genital sites and have concur-
rent NG infections at different anatomical sites [12,13]. 
Most of the extra-genital and concurrent infections 
are observed in risk groups, for example in men who 
have sex with men (MSM). Extra-genital sites may 
act as a reservoir for AMR genes as the present com-
mensal  Neisseria  species, potentially harbouring AMR 
genes, readily exchange DNA with NG [14]. Typing the 
oropharyngeal site using culture-dependent methods 
is especially difficult because the bacterial load is 
lower than at other anatomical sites and this appears 
to be linked to culture success [15]. In previous stud-
ies, concurrent NG infections were studied with vari-
ous genotyping methods [6,11,16-18]. Distinct NG 
strains per anatomical site have been observed and 
some strains demonstrated discordant antibiotic sus-
ceptibility profiles [6,16-18]. The observed distinct 
NG strains could be explained by high-risk sexual 
behaviour and patients being part of different trans-
mission chains [16,18]. However, these studies were 
small (fewer than 10 patients), focussed on cultured 
isolates, used a single-position single nucleotide poly-
morphisms (SNP) and/or used non NG-specific primers 
[6,16-18]. Therefore, we aimed to develop a culture-free 
NG-MAST genotyping method that does not cross-react 
with other Neisseria species and is compatible with the 
NG-MAST database. Furthermore, we aimed to gain 
more insight in the frequency of distinct NG strains at 
separate anatomical sites in individual patients.

Methods
This study was designed to test the clinical application 
of the culture-free NG-MAST method to non-culturable 
clinical samples and use these data to compare ST of 
separate anatomical sites within a patient. The method 
was technically validated by assessing analytical sen-
sitivity, specificity and concordance with NG-MAST.

Clinical samples
All NG-positive clinical samples (n = 1,110) from differ-
ent anatomical sites were retrieved from 814 consulta-
tions (further referred to as number of patients) from 
642 individual patients. NG positivity was based on NG 
detection by the Cobas 4800 CT/NG NAAT assay (Roche 
Diagnostics, Basel, Switzerland), between January 
2012 and May 2016 from our sexually transmitted infec-
tions (STI) clinic (South Limburg Public Health Service). 
These samples were from MSM (n = 769 samples), 
women (n = 254 samples) and heterosexual men (n = 87 
samples). Samples with a Cq value of 35 or higher did 
not consistently yield PCR products in dilution series 

(see technical validation). Therefore, clinical samples 
with a Cq value of ≥35 were excluded (n = 418), leav-
ing 692 samples for analysis. Of the remaining 692 
NG-positive samples, we included only paired sam-
ples from separate anatomical sites belonging to a 
single STI clinic visit of a patient (n = 228). Different 
pairs of any combination of genital, anorectal or oro-
pharyngeal NG positivity were observed. A total of 108 
patients were NG-positive at two or three anatomical 
sites (90 MSM and 18 women who reported anal sex 
or symptoms and who were systematically tested on 
all three anatomical sites). The remaining amount of 
sample material was not sufficient for typing for 10 
patients (nine MSM and one woman) and therefore 
these patients were excluded, leaving 98 patients with 
paired samples for analysis. In total, 205 Cobas NAAT 
clinical samples were included: 57 urine, 17 vaginal, 92 
anorectal and 39 oropharyngeal samples. With these 
samples, we assessed the clinical application of the 
culture-free NG-MAST method and the presence of dis-
tinct STs within a patient. Data on culture success were 
retrieved by routine diagnostics because NG culture is 
mostly performed as part of the national NG resistance 
surveillance since NAAT diagnosis of NG is the primary 
diagnostic procedure. All patients were treated with a 
single dose of ceftriaxone, the primary choice of treat-
ment because no resistance exists in the Netherlands 
[4]. An additional swab or urine sample for routine NG 
culture is taken at the treatment visit at the STI clinic 
only when treatment has not already been provided 
at the diagnostic visit based on symptoms. For this 
study, data of this routine culture was available for all 
patients if culture was performed.

DNA isolation clinical samples
Total DNA was isolated from 400 µL Cobas 4800 clini-
cal samples using the QIAamp DNA Mini Kit (Qiagen, 
Hilden, Germany) and eluted in 50 µL Milli-Q water 
(MQ). To increase elution yield, we extended the incu-
bation time to 10 min. The eluate was stored at −20 °C.

DNA isolation cultured gonoccocal and 
non-gonoccocal Neisseria strains
Gonoccocal and non-gonoccocal clinical and refer-
ence  Neisseria  strains were inoculated on chocolate 
agar with IsoVitaleX or blood agar (BectonDickinson, 
Sparks, United States (US)) and incubated over night 
at 37 °C in 5% CO2. Morphology of the colonies was 
checked and a single colony was subcultured before 
DNA isolation. Bacterial suspensions were prepared 
in sterile saline solution from two or three colonies 
(depending on the size of the colonies) picked with a 
pre-wetted sterile swab. The bacteria were pelleted by 
centrifugation at 2,000 g for 5 min and washed once. 
The pellet was resuspended in 500 µL MQ and boiled 
for 10 min. Cell debris was pelleted by centrifugation 
at 8,000 g for 2 min and the supernatant was stored 
at −20 °C.
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NG-MAST genotyping
PCR for both targets was performed in 50 µL reac-
tion volumes using the Biometra T3000 Thermal 
Cycler (Labrepco Inc., US). Each reaction per target 
(porB  and  tbpB) contained 50 pmol of the NG-MAST 
forward and reverse primer for the respective target 
(Table 1), 2.5 U HotStar polymerase (Qiagen), 1× Qiagen 
PCR buffer, 0.2 mmol/L dNTP, 5 µL DNA lysate and 
MQ to a volume of 50 µL. The PCR protocol of Martin 
et al. was used to amplify the targets but cycles were 
increased to 30 [7].

The amplicons were precipitated with 50 µL 20% poly-
ethylene glycol 8000 and 2.5 mol/L sodium chloride 
at 37 °C for 15 min. Precipitated amplicons were centri-
fuged at 15,000 × g for 15 min and washed twice with 
ice-cold 80% ethanol. The pellet was allowed to dry 
and resuspended in 25 µL MQ.

The  porB  and  tbpB  fragments were sequenced with 
their respective forward and reverse primer using the 
BigDye Terminator v1.1 Cycle Sequencing kit (Thermo 
Fisher Scientific, Waltham, Massachusetts, US). The 
sequence protocol has an initial denaturation step of 
1 min at 96 °C, followed by 25 cycles of 10 s at 96 °C, 
10 s at 55 °C (porB) or 65 °C (tbpB), and 3 min at 60 °C.

Primer design culture-free NG-MAST
The genome sequences of all NG reference strains 
published by the WHO (n = 14) were downloaded from 
GenBank and used for multiple alignments with Clustal 
Omega [19]. A 2 kb flanking region of the aligned 
NG-MAST  porB  and  tbpB  primers were selected to 
identify conserved regions. Each flanking region was 
aligned and conserved regions were tested for in sil-
ico specificity using basic-local alignment search tool 

(BLAST). A specific sequence was identified that could 
be used as the forward primer for porB but no specific 
sequence was identified for the reverse primer, 
therefore the NG-MAST reverse primer was used which 
resulted in a fragment of ca 1.2 kb (Table 1). Two spe-
cific sequences were identified for  tbpB  which could 
be used as a forward and reverse primer, resulting in a 
fragment of ca 1.8 kb (Table 1).

Culture-free NG-MAST genotyping
This method was similar to the NG-MAST method 
apart from the initial PCR. Each reaction per target 
(porB and  tbpB) contained 50 pmol of the culture-free 
NG-MAST forward and reverse primer for the respective 
target (Table 1), 0.2 µL AccuPrime Taq DNA Polymerase 
High Fidelity (Thermo Fisher), 1× AccuPrime PCR buffer 
II, 15 µL DNA isolated from a clinical sample and MQ 
to a volume of 50 µL. The PCR protocol had an initial 
denaturation step of 5 min at 95 °C, followed by 40 
cycles of 30 s at 95 °C, 60 s at 58 °C (porB)  or 69 °C 
(tbpB), 2.5 min at 68 °C, and a final extension of 10 min 
at 68 °C. The porB and tbpB amplicons were sequenced 
with NG-MAST primers (Table 1). The culture-free 
method was therefore compatible with the NG-MAST 
online database because we characterised the same 
fragments of porBand tbpB genes.

Technical validation of culture-free NG-MAST 
method
Analytical sensitivity was determined using dilution 
series ranging from 1.3 × 106 to 1.3 × 102 colony-forming 
units (CFU)/mL. Concordance of culture-free NG-MAST 
method with NG-MAST was tested with seven randomly 
selected isolates cultured from four urine samples, two 
anorectal swabs and one oropharyngeal swab, and their 
respective unculturable Cobas 4800 screening samples 

Table 1
Overview of primers used in PCR and sequencing reactions for NG-MAST and culture-free NG-MAST

NG-MAST [7] Culture-free NG-MAST
PCR primers porB 
 
Forward 
 
Reverse

  
 
5’-CAA GAA GAC CTC GGC AA-3’ 
 
5’-CCG ACA ACC ACT TGG T-3’

  
 
5’-GTT AAT CCG CTA TAA CCC CC-3’ 
 
5’-CCG ACA ACC ACT TGG T-3’

PCR primers tbpB 
 
Forward 
 
Reverse

  
 
5’-CGT TGT CGG CAG CGC GAA AAC-3’ 
 
5’-TTC ATC GGT GCG CTC GCC TTG-3’

  
 
5’-TTC CTT CCA AAA AAC CGG AAG CCC G-3’ 
 
5’-CAT TGC CCG GAT AGG CAA ACC A-3’

Sequence primers porB 
 
Forward 
 
Reverse

  
 
5’-CAA GAA GAC CTC GGC AA-3’ 
 
5’-CCG ACA ACC ACT TGG T-3’

  
 
5’-CAA GAA GAC CTC GGC AA-3’ 
 
5’-CCG ACA ACC ACT TGG T-3’

Sequence primers tbpB 
 
Forward 
 
Reverse

  
 
5’-CGT TGT CGG CAG CGC GAA AAC-3’ 
 
5’-TTC ATC GGT GCG CTC GCC TTG-3’

  
 
5’-CGT TGT CGG CAG CGC GAA AAC-3’ 
 
5’-TTC ATC GGT GCG CTC GCC TTG-3’
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between January and March 2017. The isolates were 
subjected to NG-MAST genotyping whereas the clinical 
samples were subjected to the culture-free NG-MAST 
method. The analytical specificity was tested with a 
panel of 32 non-gonococcal  Neisseria  species strains, 
including  N. cinerea  (n = 1),  N. denitrificans  (n = 1),  N. 
elongata  (n = 1),  N. flavescens  (n = 1),  N. lactam-
ica  (n = 2), N. meningitidis  (n = 3), N. mucosa  (n = 7), N. 
perflava  (n = 1),  N. polysaccharea  (n = 1) and  N. 
subflava (n = 14).

Data analysis
The trace files were assembled, trimmed and edited 
using Bionumerics (version 7.6, Applied Maths, Sint-
Martens-Latem, Belgium). The starting trimming pat-
terns for  porB  and  tbpB  and lengths were used as 
described in Martin et al. [7]. Alleles and ST were called 
according to the NG-MAST online curated database. 
Phylogenetic trees of  porB,  tbpBand concatenated 
sequences were constructed using multiple alignment 
and unweighted pair group method with arithmic mean 
(UPGMA) clustering using default settings with gap 
penalty at 100%.

Ethical statement
The study protocol was approved as a scientific study 
not done in humans by the Medical Ethical Committee 
of Maastricht University Medical Centre (MUMC+; num-
ber METC 2017–2-0251) as it concerned a laboratory 
and observational study using anonymous data and 
leftover diagnostic samples only. This was part of an 
STI clinic procedure where patients did not object to 
the use of their data and samples anonymously for 
research purposes.

Results

Analytical sensitivity, specificity and 
concordance of culture-free NG-MAST
Dilution series in triplicate showed that culture-
free NG-MAST consistently yielded PCR products for 
both  porB  and  tbpB  in samples with a Cq value <35. 
None of the tested 32 non-gonococcal Neisseria strains 
were PCR-positive for either porB or tbpB in the culture-
free NG-MAST PCR reactions. The seven randomly 
selected cultured isolates had identical ST as their 
respective unculturable Cobas 4800 screening sample 
but distinct ST were observed between the selected 
isolates.

Paired clinical samples
In total, 90.2% (185/205) of the selected paired clini-
cal samples were successfully genotyped with the 
culture-free NG-MAST method. The porB fragment was 
successfully sequenced in 95.6% (196/205) of samples 
and  tbpB  in 93.7% (192/205). Failure of both targets 
in a sample does not appear to be related to the Cq 
value because both low (<30) and higher (30–35) Cq 
values show comparable failure rates (data not shown). 
We observed 36 different  porB  and 22  tbpB  alleles, 
resulting in 45 ST. Among the samples,  porB-1808 

and tbpB-29 were the most common alleles, present in 
51 and 49 samples, respectively. Furthermore, we found 
five previously unidentified porB and two  tbpB alleles 
which all had the highest identity with NG using a 
BLAST search. The most prevalent ST were ST2992 
(n = 36), ST11461 (n = 30), and ST5441 (n = 26), and 15 
new STs were found.

Routine culture was performed for 95 of the 205 paired 
clinical samples and 59 (62.1%) were culture-positive. 
Typically, only one anatomical site was sampled for cul-
ture, and the majority of the culture-positive samples 
were collected from the genital site (44/59). Culture-
free NG-MAST applied to the non-culturable clinical 
material (Cobas 4800 sample material) of samples 
send in for culture (including culture-negative samples) 
showed that 93.7% (89/95) were genotyped success-
fully. However, four samples negative in culture-free 
NG-MAST were culture-positive. Of the remaining 
110 uncultured clinical samples, 98 (89.1%) could be 
genotyped.

Sequence diversity within porB and tbpB alleles
High sequence diversity was observed for 
both  porB  and  tbpB  in this study population 
(Supplement Figures S1 and S2). Two  porB  alleles 
(90 and 2723) were divergent, with more than 50% 
dissimilarity, from all other observed alleles. The newly 
identified  tbpB  allele with 91% similarity with  tbpB-
1251 was divergent from all other observed alleles with 
more than 60% dissimilarity. In addition, the aver-
age dissimilarity between  tbpB alleles appeared to be 
greater than between porB alleles.

Sequence types of samples from separate 
anatomical sites in a patient
In this dataset of clinical samples, we genotyped 169 
paired samples (taken from a single patient at sepa-
rate anatomical sites) from 80 patients (66 MSM and 
14 women) (Supplement Table). We observed distinct 
concurrent ST in a quarter (20/80) of the patients. They 
had the following combinations of sample material: 
urine-anorectal (n = 6), urine-oropharyngeal (n = 1), 
anorectal-oropharyngeal (n = 8), urine-anorectal-oro-
pharyngeal (n = 1), vaginal-anorectal (n = 3), and vag-
inal-anorectal-oropharyngeal (n = 1) (Table 2). Similar 
proportions of distinct concurrent ST were observed in 
MSM (16/66) and women (4/14). Interestingly, a single 
patient (patient 32) was NG-positive with a distinct NG 
strain at all three tested anatomical sites (Table 2).

The  Figure  presents the dissimilarity of concatenated 
sequences of  porB  and  tbpB  between STs. For the 
majority of the patients with distinct concurrent STs, 
a large (>15%) dissimilarity was observed between the 
concatenated sequences. Patients 31 and 48 had only 
1% dissimilarity between the concatenated sequences. 
In both patients, the tbpB allele was identical between 
the distinct ST but the  porB  allele showed >1% 
dissimilarity, meaning the two ST did not belong to the 
same genogroup. When assigning ST to genogroups, 
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we identified two genogroups that consisted of more 
than five samples: G2992 (n = 32) and G11084 (n = 6). 
Furthermore, we identified three samples belonging 
to G1407 (one ST1407 and two ST2212) of which only 
one (ST2212) was culture-positive and susceptible for 
ceftriaxone.

Discussion
In this study we show that the culture-free NG-MAST 
method can readily be used to genotype NG in clinical 
samples including extra-genital samples. In addition, 
the method is compatible with the online NG-MAST 
database. The culture-free NG-MAST method was 
technically validated by assessing the NG analytical 
specificity using non-gonoccocal  Neisseria  species; 
it demonstrated good specificity for NG as no cross-
reactivity was observed. Furthermore, concordance 
with NG-MAST was demonstrated by comparing typ-
ing results of non-culturable clinical samples (Cobas 
4800 sample material) with cultured isolates, which 
were taken less than 2 weeks apart. In this time frame, 

identical genotypes were expected based on the 
study by Martin et al. [7]. With culture-free NG-MAST, 
we genotyped 90% of the selected paired clinical 
samples with sufficient bacterial load (Cq value <35). 
Extrapolating this genotyping rate to all NG positive 
samples (n = 1,110) would result in successful typing 
of 56% (624/1,110) of all NG-positive samples. Among 
all samples sent in for culture, culture-free NG-MAST 
showed a higher typing rate of 94% (89/95) compared 
with the culture-dependent method with 62% (59/95). 
However, four of the 59 culture-positive samples were 
negative in culture-free NG-MAST. The clinical sam-
ples testing negative in culture-free NG-MAST could 
be caused by PCR-inhibitory substances in the clini-
cal material. The majority of the culture-positive sam-
ples were collected from the genital site (44/59); that 
could be explained by the sampling strategy, but the 
low sensitivity of extra-genital NG culture could also 
have contributed [2]. This highlights the importance 
of culture-free genotyping as the current surveillance 
data would be biased towards genital samples. With 

Table 2
Characteristics of patients with concurrent Neisseria gonorrhoeae infection with distinct sequence types, including age, risk 
group, multiple sequence types and NG-MAST results per sample site, the Netherlands, January 2012–May 2016 (n = 42)

Patient
Age 

 
(years)

Risk group
Urine Vaginal Anorectal Oropharyngeal

porB tbpB ST porB tbpB ST porB tbpB ST porB tbpB ST

9 26 Womena - - - 1808 91%-1251 New 
ST1 1808 29 2992 - - -

10 22 MSM - - - - - - 3031 33 4995 1489 33 10257

24 27 MSM - - - - - - 7272 33 New ST4 99%-7988 110 New 
ST3

27 24 Womena - - - 301 29 359 2723 110 4431 301 29 359
28 20 MSM - - - - - - 908 27 3588 2723 27 15046
29 41 MSM 6720 188 11461 - - - 1808 137 11084 - - -
31 44 MSM 7988 110 13902 - - - 908 110 1407 - - -

32 42 MSM 182 74 1247 - - - 1808 29 2992 1808 836 New 
ST6

33 21 Womena - - - 99%-
6405 74 New 

ST7 6720 188 11461 - - -

37 25 MSM 1808 188 New 
ST8 - - - 182 74 1247 - - -

39 20 MSM - - - - - - 3031 33 4995 4288 4 9382

48 21 MSM - - - - - - 6720 188 11461 4288 188 New 
ST9

53 41 MSM 30 18 5441 - - - 3059 29 5049 - - -
54 25 MSM - - - - - - 1808 29 2992 30 18 5441
55 36 Womena - - - 1808 29 2992 6720 188 11461 - - -
58 49 MSM 30 18 5441 - - - - - - 1808 29 2992
59 26 MSM - - - - - - 1808 29 2992 30 18 5441
60 42 MSM 30 18 5441 - - - 1808 29 2992 - - -

79 20 MSM - - - - - - 4199 29 New 
ST14 4199 4 New 

ST12
80 19 MSM 6720 188 11461 - - - 30 29 298 - - -

NG-MAST: Neisseria gonorrhoeae multi-antigen sequence typing; ST: sequence type.
a Women reporting anal sex or symptoms.
Sample material that was NG-negative or not sampled as part of routine diagnostics is indicated with a hyphen.
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Figure 
Dendogram constructed by multiple alignment of concatenated porB and tbpB sequences clustered with unweighted pair 
group method with arithmic mean (UPGMA) algorithm, the Netherlands, January 2012–May 2016 (n = 169)
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our method, we were able to genotype 33 of the 36 
culture-negative samples, which were mainly extra-
genital samples (25/33).

Our results show that both sexes were frequently 
infected with distinct NG strains in a quarter of 
patients (20/80) which is higher than most previous 
studies [6,11,17,18]. The studies of Whiley et al. (0/4) 
and Carannante et al. (1/8) assessed, respectively, 
only four and eight patients with paired samples, 
which could explain the lower proportion [6,11]. Pond 
et al. (3/71) developed a real-time PCR assay to predict 
ciprofloxacin resistance with the detection of a resist-
ance-associated SNP [17]. This method uses a single 
position to identify distinct strains of NG, leading to 
a lower resolution than NG-MAST where two internal 
fragments (490 bp and 390 bp) of highly polymorphic 
genes are analysed. De Silva et al. (26/206) performed 
whole genome sequencing only on cultured strains 
and therefore may have missed distinct strains from 
samples that were NAAT-positive but culture-negative 
[18]. A higher percentage of distinct strains in paired 
clinical samples was reported in a study by Kolader et 
al. (52/130) which applied por-oparestriction fragment 
length polymorphism typing [16]. The authors hypoth-
esised that the observed high frequency could be the 
result of high-risk sexual behaviour or also of recombi-
nation in the opa genes.

High-risk behaviour and sex with multiple sex part-
ners on the same occasion may explain the frequently 
observed distinct ST in our study as we included MSM 
and women reporting anal sex or symptoms attend-
ing our STI clinic, who are considered as risk groups 
[1,16]. Another possible reason could be DNA exchange 
with commensal  Neisseriaspecies or other NG strains 
[11,16]. Patients colonised with multiple NG strains 
could have different AMR profiles, potentially resulting 
in under-treatment which could allow dissemination of 
resistant strains [6,17]. However, the impact of multiple 
strain infections on treatment needs to be addressed 
in future research to answer questions of the effect 
on AMR development and dissemination of resistant 
strains.

The observed concurrent infections with distinct strains 
in our study would be overlooked in routine diagnostics 
as Dutch and European (European Centre for Disease 
Prevention and Control) NG resistance surveillance 
guidelines recommend culture of only one anatomical 
site [2,20,21]. Without typing data for concurrent NG 
infections, surveillance data are incomplete and poten-
tial transmission links or associations between ST and 
AMR can be missed. This potentially results in dis-
semination of unrecognised resistant types. Therefore, 
early detection and improved surveillance of ST that 
are linked to AMR could minimise sequelae and pre-
vent dissemination of multidrug-resistant strains.

We observed high variability in both alleles and ST in 
our study population, which could be due to sampling 

over a prolonged time period and from different risk 
groups (MSM and women reporting anal sex or symp-
toms). For example, ST2212, ST2992, ST5441 and 
ST5793 are more prevalent in MSM than heterosexual 
men or women [10,22,23]. In our study, these STs were 
mainly found in MSM, but eight samples with ST2992 
and one with ST5793 were from women. Interestingly, 
we found three samples which belong to the genogroup 
G1407 (ST1407 (n = 1) and ST2212 (n = 2)) linked to 
decreased susceptibility to the last first-line treatment 
with ceftriaxone [10,23]. Only one of the three could be 
cultured (ST2212) and was susceptible to ceftriaxone. 
Furthermore, ST359, ST2992, ST3588 and ST4995 are 
linked to azithromycin resistance which is the recom-
mended dual-therapy treatment with ceftriaxone in 
case of a Chlamydia trachomatis co-infection [1,23-25]. 
In addition, this dual therapy is applied to slow down 
emerging resistance or where local resistance data are 
not available [1,5,20]. In the Netherlands, a single treat-
ment with ceftriaxone is applied because no resistance 
has yet been found in the Netherlands [4]. However, a 
multidrug-resistant isolate was recently found in the 
United Kingdom that showed high-level resistance 
to both ceftriaxone and azithromycin, thereby high-
lighting the need for improved surveillance [26]. In 
our study population, we found a high prevalence of 
ST belonging to genogroup G2992 (19.5%), which is 
in line with earlier data from the Netherlands (16.1%), 
while genogroups G1407 (1.7%) and G359 (1.1%) were 
less frequent (respectively 7.7% and 6.3% in the study 
of Wind et al.) [23]. The genogroup G2992 is also fre-
quently observed in most other countries in Europe 
[27] and G1407 prevalence is higher in most European 
countries than in the Netherlands.

Even though many NG-MAST ST are linked to resistance 
profiles in NG, this does not necessarily imply that the 
strain is phenotypically resistant [7,10]. Additional 
tests that can identify mutations leading to resistance, 
for example azithromycin resistance, could give more 
insight into those strains that cannot be cultured [28]. 
A limitation of this study is that we only included sam-
ples with a higher NG load (Cq value <35); therefore the 
typing rate of samples with a lower bacterial load is 
unknown. However, as culture success is also associ-
ated with bacterial load, culture-dependent methods 
are expected to perform worse than our culture-free 
method in samples with a low NG load (Cq value ≥35). 
This hypothesis is strengthened because only 10% 
(18/188) of the samples with a Cq value ≥35 were cul-
ture-positive in routine diagnostics. A nested PCR 
approach might improve genotyping of samples with a 
low bacterial load as has been applied for medico legal 
purposes to allow typing from a piece of clothing [29].

Conclusion
The culture-free NG-MAST method can genotype NG 
from most non-culturable clinical samples, including 
extra-genital samples, as cross-reactivity with com-
mensal Neisseria species was not observed. Compared 
with culture-dependent NG-MAST, culture-free 
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NG-MAST has a higher typing rate and does not have 
high demands on sample conditions. Applying culture-
free NG-MAST to clinical samples revealed frequent 
concurrent infections with distinct ST at separate ana-
tomical sites in MSM and women reporting anal sex 
or symptoms. These distinct concurrent ST and extra-
genital NG infections would be missed in the current 
European surveillance strategy possibly allowing dis-
semination of resistant NG strains. Including non-cul-
turable and concurrent NG infections in surveillance 
informs actions to contain the dissemination of multid-
rug-resistant NG strains.
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Aim: To evaluate real-time PCR as a diagnostic 
method for Legionnaires’ disease (LD). Detection 
of  Legionella  DNA is among the laboratory criteria of 
a probable LD case, according to the European Centre 
for Disease Prevention and Control, although the util-
ity and advantages, as compared to culture, are widely 
recognised. Methods: Two independent laboratories, 
one using an in-house and the other a commercial 
real-time PCR assay, analysed 354 respiratory sam-
ples from 311 patients hospitalised with pneumonia 
between 2010–15. The real-time PCR reliability was 
compared with that of culture and urinary antigen 
tests (UAT). Concordance, specificity, sensitivity and 
positive and negative predictive values (PPV and NPV, 
respectively) were calculated. Results: Overall PCR 
detected eight additional LD cases, six of which were 
due to  Legionella pneumophila  (Lp) non-serogroup 
1. The two real-time PCR assays were concordant in 
99.4% of the samples. Considering in-house real-time 
PCR as the reference method, specificity of culture 
and UAT was 100% and 97.9% (95% CI: 96.2–99.6), 
while the sensitivity was 63.6% (95%CI: 58.6–68.6) 
and 77.8% (95% CI: 72.9–82.7). PPV and NPV for cul-
ture were 100% and 93.7% (95% CI: 91.2-96.3). PPV 
and NPV for UAT were 87.5% (95% CI: 83.6-91.4) and 
95.8% (95% CI: 93.5-98.2). Conclusion: Regardless of 
the real-time PCR assay used, it was possible to diag-
nose LD cases with higher sensitivity than using cul-
ture or UAT. These data encourage the adoption of PCR 
as routine laboratory testing to diagnose LD and such 
methods should be eligible to define a confirmed LD 
case.

Introduction
Legionnaires’ disease (LD) is a severe form of pneu-
monia and is caused by bacteria belonging to 
the  Legionella  genus. These microorganisms are 
ubiquitous in natural freshwater environments and 
can also thrive in man-made water systems. Legionella 
pneumophila  (Lp) is the mostly responsible for the 
development of LD; serogroup 1 (sg1) is most fre-
quently isolated from clinical samples [1]. LD cannot be 
clinically or radiologically distinguished from pneumo-
nia cases of different aetiology, therefore the disease 
often remains undiagnosed. Age, underlying diseases, 
delay in diagnosis and inappropriate antibiotic therapy 
can result in an increase of the case fatality rate from 
LD [2].

In 2015, the enumeration of all cases with a known 
outcome demonstrated an average case fatality rate of 
8%, with a higher rate (28%) in nosocomial cases in 
Europe [3]. According to LD case definition [4,5], cul-
ture, a fourfold raise in Lp sg1 antibodies and urinary 
antigen test (UAT) are the only laboratory methods 
considered reliable for LD case confirmation. While 
serology has been nearly abandoned, UAT has almost 
completely replaced culture, representing 82% and 
97% of diagnosis in Europe and in the United States 
(US), respectively [1,3]. A similar trend was observed 
in Italy, where in 2016 UAT and culture were used to 
diagnose 95.5% and 2.7% of cases, respectively [6]. 
However, both culture and UAT have some limitations; 
culture is time consuming and has a sensitivity ranging 
from <  10–80% [1], UAT can be performed rapidly and 
with very high specificity for Lp sg1, but sensitivity for 
non-sg1 antigens is very low. In addition, the sensitivity 
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of UAT has been demonstrated to be lower for non-Lp 
sg1 MAb 3/1-positive strains [2]. Of note, laboratory 
diagnosis is often based on a single method, without 
taking into account the limitations that each diagnostic 
assay might have [3,7].

Diagnostic tools based on detection of nucleic acids 
are an option to overcome the limitations observed 
by both culture and UAT. The numerous PCR assays 
proposed have shown high sensitivity and specificity, 
provided fast results and were able to detect a higher 
number of cases, giving the possibility to improve sur-
veillance and better characterise local LD epidemiology 
[8-14]. Despite an increase in the proportion of cases 
diagnosed by PCR being reported in several European 
countries, the use of PCR is still very limited; presently 
a positive PCR result only defines a LD probable case 
[4,5]. Currently, in Italy, only 0.1% of LD cases are diag-
nosed by PCR [6].

The aim of this retrospective study was to evaluate 
real-time PCR as rapid diagnostic tool to define a LD 
case.

Methods
Respiratory samples were analysed using two differ-
ent real-time PCR assays, performed in two different 
laboratories.

Samples collection
A total of 369 respiratory samples (including sputa, 
bronchial-alveolar lavages and bronchial aspirates) 
collected from 326 patients admitted to hospital for 
any pneumonia between 2010 and 2015 in Italy and 
were retrospectively analysed for  Legionella pneu-
mophila DNA detection.

Clinical samples were collected by two hospital lab-
oratories, 74 samples (from 74 patients) from the 
Laboratory of Microbiology and Virology (University 
Hospital of Verona) and 295 (from 252 patients) from 
the Modena Regional Reference Laboratory (RRL) for 
Clinical Diagnosis of Legionellosis (Unit of Microbiology 
and Virology-Polyclinic University Hospital). All clinical 
samples were obtained 1 or 2 days after the onset of 
symptoms except three samples that were collected 5 

days after onset of the disease. After collection, res-
piratory samples were stored at - 80 °C until tested.

Furthermore, 278 urine samples were available from 
246 patients. There were 74 urine samples from 74 
patients from Verona and 204 urine samples from 172 
patients from Modena RRL.

Culture examination and urinary antigen test
While patients were hospitalised with pneumo-
nia symptoms, the Laboratory of Microbiology 
and Virology of Verona and the Modena RRL per-
formed  Legionella  culture and UAT. For 25 patients 
culture was performed on two different respiratory 
samples and for nine patients on three samples, while 
for the remaining patients culture was performed on 
only one sample. Culture was carried out according to 
the procedures described elsewhere [15].

Both laboratories performed UAT by using both 
BinaxNOW Legionella Urinary Antigen Card kit and 
Binax Legionella Urinary Antigen EIA kit (Alere, 
Scarborough, US). Urine samples were always boiled 
before testing. For 19 patients UAT was performed on 
two urinary samples and for eight patients on three 
samples.

Real-time PCR
DNA extraction was performed at the Modena RRL 
using the ELITe STAR 200 Extraction kit (ELITechGroup 
S.p.A, Torino, Italy). DNA extracts were split in two ali-
quots to be analysed by real-time PCR at the Modena 
RRL and at the National Reference Laboratory at the 
Istituto Superiore di Sanità in Rome.

The Modena RRL analysed 5μL of DNA with the CE IVD 
marked real-time PCR commercial kit Legionella pn. 
Q-PCR Alert (ELITechGroup, CE IVD marked) detect-
ing for Lp  mip  gene, according to the manufacturer’s 
instructions on a 7300 Real-Time PCR System (Applied 
Biosystems, Foster City, California (CA), US). The NRL 
also analysed 5μL of DNA using an in-house real-time 
PCR assay in a final volume of 20μL, containing 10μL 
of EXPRESS qPCR SuperMix, (Invitrogen, Carlsbad, 
CA, US), with Chromo 4 BioRad instrument (Bio-Rad, 
Hercules, CA, US), updated to CFX-96, and the follow-
ing thermal protocol: 5 minutes at 95°C followed by 

Table 1
Clinical samples analysed for admitted patients, Italy, 2010–15 (n = 311)

Number of tested 
samples

Number of positive 
samples

Number of negative 
samples

Number of individuals 
tested

In-house real-time PCR assay 354 55 299 311
Commercial real-time PCR assay 354 53 301 311
UAT 278 40 238 246
Culture 354 35 319 311

PCR: polymerase chain reaction; UAT: urinary antigen test.



40 www.eurosurveillance.org

45 cycles of denaturation at 95°C for 10 seconds and 
annealing/extension at 60  °C for 15 seconds. Primers 
and probes were as described by Mentasti et al. [14], 
targeting mip and wzm genes for detection of Lp (sg1–
15) and sg1 marker, respectively. Primers and probes 
for internal control DNA were also as already described 
[14].

Statistical analysis
The concordance between tests was evaluated using 
the Kappa test (K < 0.20 = “poor”; 0.20–0.40 = “fair”; 
0.40–0.60 = “moderate”; 0.60–0.80 = “good”; 0.80–
1.00 = “very good”). The specificity, sensitivity and the 
positive and negative predictive values (PPV and NPV, 
respectively) and 95% confidence intervals (CI) for all 
methods were calculated considering the in-house 
real-time PCR as a reference method. In addition, the 
concordance between all methods was also calculated. 
All statistical analyses were performed by Stata soft-
ware version 11.2 (StataCorp, Texas, US).

Results

Samples analysed by real-time PCR, culture 
and urinary antigen test
Of 369 DNA samples, 15 were excluded from the 
comparison with culture and UAT because they were 
inhibitory in both PCR assays, as demonstrated by the 
absence of amplification of the internal control. These 
samples were also found negative for culture and 
UAT. Therefore, 354 samples from 311 patients were 
included in the comparison of PCR results with culture 
and/or UAT results (Table 1).

Both commercial and in-house real-time PCR assays 
gave the same results in 352 out of 354 samples, of 
which 299 (85%) were negative and 53 (15%) were posi-
tive (53 positive for  mip  marker and six positive also 
for  wzm  target). The in-house PCR detected two more 
positive samples (n = 55) compared with the commercial 
one. Of the 354 samples analysed by in-house PCR, 
six samples, (five negatives for both culture and UAT 
and one negative only for UAT but positive for culture) 

were identified as Lp non-sg1. Since the in-house PCR 
assay was able to differentiate Lp sg1 from the other 
serogroups, it was arbitrarily considered as a reference 
assay.

The concordance of the two PCR assays (commercial 
vs in-house) was 99.4% with a K  =  0.98 (p  <  0.0001). 
Specificity and sensitivity of commercial PCR assay 
were calculated equal to 100% and 96.4% (95% CI: 
94.4–98.3) respectively.

All 354 respiratory samples were also tested by culture; 
of these, 35 (9.9%) were positive.

A total of 278 urine samples were tested by UAT and 
40 (14.3%) were found positive. The two methods used 
to detect the urinary antigen were concordant on all 
tested samples.

Legionnaires’ disease cases detected
The total number of LD cases detected was 52 (Table 
2) and it was calculated considering the patients with 
at least one positive diagnostic test (culture, UAT and 
PCR). The in-house PCR assay was considered as a ref-
erence for comparison with culture and UAT results.

Using culture and/or urinary antigen test for diagnosis, 
the number of LD cases detected was 44; when the in-
house PCR assay was added, the number of detected 
cases increased to 52 (Table 2). PCR confirmed LD diag-
nosis in 84.6% of cases with at least one traditional 
diagnostic criterion positive (culture or UAT or both) 
and an increment of 18.2% was observed.

The comparison between culture and the in-house real-
time PCR assay showed that the sensitivity of culture 
(63.6%; 95% CI: 58.6–68.6) was lower, while the speci-
ficity was 100%. The PPV and the NPV were 100% and 
93.7% (95% CI: 91.2-96.3), respectively. Overall con-
cordance was good (94.3%; k = 0.75; p < 0.0001) (Table 
3).

The comparison between UAT and the in-house PCR 
showed a higher sensitivity (77.8%; 95% CI: 72.9–82.7) 
than between culture and PCR, while specificity was 
slightly lower (97.9%; 95% CI: 96.2–99.6), and PPV and 
NPV were 87.5% (95% CI: 83.6–91.4) and 95.8% (95% 
CI: 93.5–98.2) respectively. Overall concordance of the 
two assays was good (94.6%; k  =  0.79; p  <  0.0001) 
(Table 3).

Discussion
In this study two independent laboratories, using a dif-
ferent real-time PCR assay for  Legionella pneumoph-
ila  DNA detection, analysed 354 respiratory samples 
and provided results with a very high concordance 
(99.4%).

Our results highlight a higher sensitivity of PCR com-
pared with culture and a higher diagnostic efficiency 
compared with UAT. Furthermore, as recently stressed 

Table 2
Legionnaires’ disease cases with at least one positive 
diagnostic test, Italy, 2010–15 (n = 52)

Culture Urinary 
antigen test

In-house real-
time PCR

Number of cases 
 

N = 52
Positive   Positive   Positive 21
Positive Negative  Positive 3
Positive ND    Positive 5
Negative   Positive  Positive 10
Negative ND   Positive 3
Negative Negative  Positive 5
Negative  Positive  Positive 5

ND: not done.
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by other authors [16,17], it is important to perform more 
than one diagnostic assay in order to properly diag-
nose LD. Five of the eight LD cases with negative UAT 
results would have been missed if PCR assays, able 
to detect all Lp serogroups, had not been performed. 
Although in some instances UAT can incidentally detect 
non-1 Lp serogroups, they are designed to specifically 
detect Lp1 antigen, therefore, negative UAT results do 
not completely rule out LD infection. In addition to the 
aforementioned five cases (negative for UAT and for 
culture), three more culture-negative cases, resulted 
positive for Lp DNA by PCR. For these three, clinicians 
had only requested cultures and did not request UAT. 
Overall the eight additional cases show that even with 
a negative diagnosis but in presence of pneumonia, LD 
infection should be suspected and all available tests 
performed to investigate it.

Considering that urine samples were boiled before 
testing to destroy heat-sensitive proteins that could 
affect the test, false positive results can be reasonably 
excluded [7]. A possible explanation for the five UAT-
positive but PCR-negative cases was obtained query-
ing patients’ records: for two patients a sputum sample 
was promptly collected and analysed, while for the 
others sputum analysis was requested 5 or more days 
after the antibiotic therapy was started. Although there 
are not sufficient data to show if and how PCR results 
might be affected by an on-going antibiotic therapy, 
the above observation suggests the need to perform 
PCR assay as soon as possible, ideally before or imme-
diately after the initiation of the antibiotic treatment.

The NPV was suggestive of the excellent reliability of 
the PCR methods, even though only Lp DNA was tar-
geted. However, this limitation can often be found 
also using culture method, because specific and 
selective  Legionellaisolation media, such as buff-
ered charcoal yeast extract (BCYE) and glycine van-
comycin polymyxin cycloheximide (GVPC), poorly 
support  Legionella  non-pneumophila  growth [18]. The 

PPV was also consistent with a higher sensitivity of 
PCR than culture.

The reliability of PCR in diagnosing LD is more and more 
recognised by the scientific community and recent 
studies demonstrated a better performance of PCR 
compared with other diagnostic assays, regardless of 
the type of respiratory sample (bronchoalveolar lavage 
or sputum) [9,13]. Moreover, PCR can also detect the 
presence of all  Legionella  species some of which are 
notoriously difficult to isolate by culture [19].

In this study, the use of real-time PCR resulted in an 
increment of eight (18.2%) identified LD cases and 
therefore is an objective improvement in the diagnosis 
of LD. Real-time PCR has been considered a poorly reli-
able method due to the risk of cross-contaminations, 
however, the introduction of automated procedures for 
DNA extractions and also for PCR set up, has resulted 
in a consistent improvement in preventing this PCR 
drawback. Therefore, after an appropriate validation of 
their own molecular tests, clinical microbiology labo-
ratories can adopt PCR assays to detect  Legionella  in 
respiratory samples.

The adoption of rapid methods to quickly identify LD 
cases is a priority, as the infection rate is underesti-
mated all over the world and difficult to quantify, and 
increasing in several countries [2,3,20]. The labora-
tory procedures currently used to define confirmed 
LD cases are not able to guarantee a high level of 
sensitivity and specificity of results and they can be 
time-consuming. As a rapid LD diagnosis is crucial for 
both patient management and public health purposes, 
real-time PCR should be considered and implemented 
both locally and at Legionella reference laboratories in 
combination with all the other available methods.

In conclusion, as already observed in other countries, 
this study shows that the introduction of real-time PCR 
can improve LD diagnosis and should be considered 
among the criteria to define confirmed cases of LD [13].

Table 3
Comparison of culture and UAT vs in-house real-time PCR by sensitivity, specificity, PPV, NPV, concordance and kappa 
value, Italy, 2010–15

Comparison Sensitivity (95% CI) Specificity (95% CI)
PPV 

 
(95% CI)

NPV 
 

(95% CI)
Concordance (%) Kappa 

value p-value

Culture vs 
real-time PCR in-house

63.6 
 

(58.6–68.6)
100.0 100.0

93.7 
 

(91.2–
96.3)

94.3 0.75 < 0.0001

UAT vs 
real-time PCR in-house

77.8 
 

(72.9–82.7)

97.9 
 

(96.2–99.6)

87.5 
 

(83.6–91.4)

95.8 
 

(93.5–
98.2)

94.6 0.79 < 0.0001

CI: confidence interval; NPV: negative predictive value; PCR: polymerase chain reaction; PPV: positive predictive value; UAT: urinary antigen 
test.
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Background: The recent global emergence and re-
emergence of arboviruses has caused significant 
human disease. Common vectors, symptoms and geo-
graphical distribution make differential diagnosis both 
important and challenging. Aim: To investigate the 
feasibility of metagenomic sequencing for recovering 
whole genome sequences of chikungunya and dengue 
viruses from clinical samples. Methods: We performed 
metagenomic sequencing using both the Illumina 
MiSeq and the portable Oxford Nanopore MinION on 
clinical samples which were real-time reverse tran-
scription-PCR (qRT-PCR) positive for chikungunya 
(CHIKV) or dengue virus (DENV), two of the most impor-
tant arboviruses. A total of 26 samples with a range 
of representative clinical Ct values were included in 
the study. Results: Direct metagenomic sequencing 
of nucleic acid extracts from serum or plasma with-
out viral enrichment allowed for virus identification, 
subtype determination and elucidated complete or 
near-complete genomes adequate for phylogenetic 
analysis. One PCR-positive CHIKV sample was also 
found to be coinfected with DENV. Conclusions: This 
work demonstrates that metagenomic whole genome 
sequencing is feasible for the majority of CHIKV and 
DENV PCR-positive patient serum or plasma samples. 
Additionally, it explores the use of Nanopore metagen-
omic sequencing for DENV and CHIKV, which can likely 
be applied to other RNA viruses, highlighting the appli-
cability of this approach to front-line public health and 
potential portable applications using the MinION.

Introduction
Arboviruses are predominantly RNA viruses that rep-
licate in haematophagous (blood-sucking) arthropod 
vectors such as ticks, mosquitoes and other biting flies 
to maintain their transmission cycle [1]. Human disease 
outbreaks caused by arboviruses have increased in 
prevalence since the 2000’s, led by the spread of mos-
quito-borne arboviruses such as chikungunya (CHIKV), 
dengue (DENV), West Nile (WNV), yellow fever (YFV) and 
Zika (ZIKV) viruses across both hemispheres [2]. CHIKV 
and DENV are of particular global health concern, as 
they have lost the need for enzootic amplification and 
consequently have caused extensive epidemics [3].

CHIKV is a single-stranded positive-sense RNA virus 
of the alphavirus genus, which causes the debilitating 
arthritic disease, chikungunya [4]. It has spread glob-
ally and been designated a serious emerging disease 
by the World Health Organization [5]. Outbreaks of 
CHIKV since 2005 have been associated with increased 
morbidity and possibly mortality [6,7].

DENV, which causes dengue, is a single-stranded pos-
itive-sense RNA virus of the flavivirus genus and the 
most prevalent human arboviral pathogen. Dengue 
occurs following infection with one of four DENV sero-
types (DENV1–4). A minority of cases develop acute 
haemorrhagic manifestations and multi-organ failure. 
Despite DENV cases being under-reported, a 143.1% 
increased global incidence was estimated between 
2005 and 2015 [8]. Approximately 500,000 DENV 
infected patients worldwide require hospitalisation 
annually [9].
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Both CHIKV and DENV are predominantly transmitted to 
humans via Aedes species mosquitoes, particularly Ae. 
aegypti  and  Ae. albopictus  [10,11], and share clini-
cal presentations of arthralgia, headache, high fever, 
myalgia and rash. Circulation of CHIKV, DENV (and 
other arboviruses) in the same areas leads to chal-
lenges in differential diagnosis, especially in endemic 
regions in which diagnosis is predominantly symptom-
based [12]. Additionally, reports of arboviral coinfec-
tions are increasingly common [13-16].

Metagenomic RNA sequencing allows for identification 
of multiple pathogens within a sample in a non-tar-
geted and unbiased manner. It has identified causative 
agents in outbreaks, e.g. Lujo virus in South Africa [17], 
Bundibugyo ebolavirus in Uganda [18] and lead to novel 

virus discovery such as a rhabdovirus causing haem-
orrhagic fever in central Africa [19]. It also provides 
genomic information for typing and surveillance. Real-
time genomic surveillance was facilitated on-site by 
the portable Oxford Nanopore MinION sequencer dur-
ing the 2014–16 Ebola virus (EBOV) epidemic in West 
Africa and the 2015-16 ZIKV outbreak in the Americas 
[20-23] for epidemiological and transmission chain 
investigations [24]. In both examples, an amplicon 
sequencing approach was used, but viruses and bac-
teria from clinical, environmental and vector samples 
have been sequenced using metagenomic approaches 
on the MinION [25-28]. Metagenomic sequencing of 
CHIKV was demonstrated in principle on the MinION 
by Greninger et al. in 2015 reporting the detection of 
CHIKV from a human blood sample [28]. Additionally, 
Illumina-based metagenomics identified CHIKV coin-
fections within a ZIKV sample cohort [29], with the high 
proportion of CHIKV reads present making it a promis-
ing target for the approach.

In this study we set out to test the feasibility of direct 
metagenomic sequencing of DENV and CHIKV genomes 
from a cohort of clinical serum and plasma samples 
across a representative range of viral loads. The objec-
tive was to assess the proportion of viral nucleic acid 
relative to patient/background present in each sample 
and determine the sequencing limits for whole genome 
retrieval using both the laboratory-based Illumina tech-
nology and the portable MinION platform.

Methods

Sample collection and nucleic acid extraction
Twenty-six routine diagnostic samples, nine plasma 
and 17 serum, were obtained from the Rare and 
Imported Pathogens Laboratory (RIPL), Public Health 
England (PHE), Porton Down. All had previously tested 
positive by real-time reverse transcription-PCR (qRT-
PCR) for chikungunya or dengue virus, with a maximum 
cut-off value of cycle threshold (Ct) 35. These samples 
had been selected based on their Ct values, among a 
larger set of 441 samples, so as to represent a Ct clini-
cal range. Total nucleic acid was extracted from 140 μL 
of each using the QIAamp viral RNA kit (Qiagen, Hilden, 
Germany) replacing carrier RNA with linear polyacryla-
mide and eluting in 60 µL elution buffer provided in the 
kit, followed by treatment with TURBO DNase (Thermo 
Fisher Scientific, Waltham, United States (US)) at 37 °C 
for 30 min. RNA was purified and concentrated to 8 
μL using the RNA Clean and Concentrator-5 kit (Zymo 
Research, Irvine, US).

Molecular confirmation and quantification
Drosten et al. [30] and Edwards et al. [31] RT-PCR 
assays were used for confirmation of DENV and CHIKV 
respectively. RNA oligomers were used as standards 
for genome copy quantitation.

Figure 1
Cycle threshold (Ct) values distribution of chikungunya 
(n = 73) and dengue virus (n = 368) positive samples from 
the Rare and Imported Pathogens Laboratory, Public 
Health England, United Kingdom, 2016 (n = 441 total 
samples)
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CHIKV: chikungunya virus; Ct: cycle threshold; DENV: dengue virus.

The 14 CHIKV and 12 DENV samples selected for this work are 
indicated by circles. For each virus, the median Ct value of positive 
samples by quantitative real-time PCR is shown (horizontal line 
inside the box), as well as 25th and 75th percentiles (box lower and 
upper boundaries) and total range (whiskers).
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Metagenomic cDNA reparation
Complementary DNA (cDNA) was prepared using a 
Sequence Independent Single Primer Amplification 
(SISPA) approach adapted from Greninger et al. [28]. 
Reverse transcription and second strand cDNA syn-
thesis were as described [28]. cDNA amplification was 
performed using AccuTaq LA (Sigma, Poole, United 
Kingdom), in which 5μL of cDNA and 1 μL (100 pmol/μL) 
Primer B (5’-GTTTCCCACTGGAGGATA-3’) were added to 
a 50 μL reaction, according to manufacturer’s instruc-
tions. PCR conditions were 98 °C for 30s, followed by 
30 cycles of 94 °C for 15 s, 50 °C for 20 s, and 68 °C for 
5 min, and a final step of 68 °C for 10 min. Amplified 
cDNA was purified using a 1:1 ratio of AMPure XP beads 
(Beckman Coulter, Brea, California (CA)) and quantified 
using the Qubit High Sensitivity dsDNA kit (Thermo 
Fisher, Waltham, US).

MinION library preparation and sequencing
MinION sequencing libraries were prepared using total 
amplified cDNA of each sample to a maximum of 1 µg. 
Oxford Nanopore kits SQK-NSK007 or SQK-LSK208 
(2D), SQK-LSK308 (1D2) and SQK-RBK001 (Rapid) were 
used and each sample was run individually on the 
appropriate flow cell (FLO-MIN105, FLO-MIN106 or FLO-
MIN107) using the 48hr run script. Base calling was 
performed using Metrichor (ONT) for SQK-NSK007 and 
SQK-LSK208 or Albacore v1.2 for SQK-LSK308 and SQK-
RBK001. Poretools [32] was used to extract FASTQ files 
from Metrichor FAST5 files.

Illumina library preparation and sequencing
Nextera XT V2 kit (Illumina) sequencing libraries were 
prepared using 1.5 ng of amplified cDNA as per man-
ufacturer’s instructions. Samples were multiplexed 
in batches of a maximum of 16 samples per run and 

Table 1
Description of samples positive for chikungunya and dengue virus by real-time reverse transcription-PCR with 
corresponding Illumina mapping data, United Kingdom, 2017a (n = 26 samples)

Sample Ct value

Estimated 
genome copy 
number in the 
sample (/mL)

Sample 
type

Total reads 
 

(R1 + R2)b

% reads 
mapping to 

reference viral 
genome

% 20x 
coverage

% 10x 
coverage

Reference 
virusc

Reference 
size (nts)

CHIKV 1 14.72 2.12E + 10 Plasma 1,113,560 78.32 99.59 99.72 CHIKV 11,826
CHIKV 2 20.06 5.49E + 08 Serum 1,278,624 98.48 99.14 99.47 CHIKV 11,826
CHIKV 3 21.41 2.18E + 08 Plasma 1,391,258 95.23 98.86 99.37 CHIKV 11,826
CHIKV 4 22.74 8.76E + 07 Plasma 888,968 19.16 97.08 97.32 CHIKV 11,826
CHIKV 5 23.77 4.33E + 07 Plasma 1,357,606 97.13 99.16 99.58 CHIKV 11,826
CHIKV 6 25.4 1.42E + 07 Serum 3,236,848 34.88 97.80 98.40 CHIKV 11,826
CHIKV 7 25.76 1.11E + 07 Plasma 3,748,070 72.77 99.04 99.56 CHIKV 11,826
CHIKV 8 28.17 2.13E + 06 Plasma 1,499,952 28.41 98.69 99.00 CHIKV 11,826
CHIKV 9 30.08 5.76E + 05 Serum 1,035,026 6.66 95.98 98.22 CHIKV 11,826
CHIKV 10 30.37 4.72E + 05 Serum 1,575,222 16.84 97.39 98.01 CHIKV 11,826
CHIKV 11 30.66 3.87E + 05 Serum 1,143,054 13.52 95.36 96.96 CHIKV 11,826
CHIKV 12 30.95 3.17E + 05 Serum 1,507,380 10.93 96.11 96.52 CHIKV 11,826
CHIKV 13 32.2 1.35E + 05 Serum 1,323,920 5.03 88.47 89.38 CHIKV 11,826
CHIKV 14 32.57 1.05E + 05 Serum 1,479,404 21.72 96.32 96.93 CHIKV 11,826
DENV 1 16.29 4.21E + 09 Plasma 439,292 93.44 99.51 99.58 DENV 1 10,735
DENV 2 16.85 2.83E + 09 Serum 513,472 92.56 99.40 99.58 DENV 1 10,735
DENV 3 17.67 1.58E + 09 Plasma 738,814 92.53 99.58 99.58 DENV 2 10,723
DENV 4 18.20 1.09E + 09 Serum 477,368 93.97 98.73 99.12 DENV 2 10,723
DENV 5 19.73 3.67E + 08 Serum 915554 89.65 99.14 99.40 DENV 2 10,723
DENV 6 21.22 3.61E + 07 Serum 3,587,926 83.87 99.68 99.69 DENV 4 10,649
DENV 7 23.76 2.11E + 07 Serum 4,146,678 2.17 86.99 89.13 DENV 1 10,735
DENV 8 24.8 1.01E + 07 Serum 777,264 69.23 99.56 99.58 DENV 3 10,707
DENV 9 25.28 7.17E + 06 Plasma 787,728 26.97 98.77 98.81 DENV 2 10,723
DENV 10 26.98 2.15E + 06 Serum 596,240 6.58 93.47 93.97 DENV 3 10,707
DENV 11 28.69 6.39E + 05 Serum 1,034,698 3.73 94.44 94.70 DENV 1 10,735
DENV 12 31.29 1.01E + 05 Serum 1,374,766 0.47 71.46 77.76 DENV 1 10,735

CHIKV: chikungunya virus; Ct: cycle threshold; DENV: dengue virus.
a The Illumina mapping data presented in the table were obtained in 2017 on samples that had been collected and found positive for 

chikungunya or dengue virus by real-time reverse transcription-PCR in 2016.
b ‘R1 + R2’ indicates paired-end sequencing.
c For DENV the serotype is also indicated.
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Figure 2
Proportion of reads mapping to the appropriate viral reference sequence and proportion of reference genome sequenced at 
minimum 20-fold coverage in each chikungunya or dengue virus positive sample, United Kingdom, 2017a (n = 26 samples)
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a The Illumina data presented in the figure were obtained in 2017 on samples that had been collected and found positive for chikungunya or 
dengue virus by real-time reverse transcription-PCR in 2016.

The percentage of total reads mapping to the appropriate reference sequence is plotted in the upper panel. Lower panels display the 
percentage of the reference genome sequenced to a minimum depth of 20-fold in the Illumina data.
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sequenced on a 2x150 bp-paired end Illumina MiSeq 
run, by Genomics Services Development Unit, PHE.

Data handling
BWA MEM v0.7.15 [33] was used to align reads to the 
following references (GenBank ID): DENV Serotype 
1 (NC_001477.1), DENV Serotype 2 (NC_001474.2), 
DENV Serotype 3 (NC_001475.2), DENV Serotype 4 
(NC_002640.1) and CHIKV (NC_004162.2) using -x 
ont2d mode for Nanopore and MEM defaults for Illumina 
reads. Samtools v1.4 [34] was used to compute per-
centage reads mapped and coverage depth. Bedtools 
v2.26.0 [35] was used to calculate genome coverage 
at 10x and 20x. Mapping consensuses for Illumina 
were generated using in-house software QuasiBam 
[36] and for MinION using a simple pileup with bases 
called at a minimum depth of 20x and 70% support 
fraction. Nanopolish variants [24,37] was used in con-
sensus mode to compute an error-corrected consensus 
sequence from the Rapid kit data. Taxonomic classifi-
cation was performed using Kraken (0.10.4-beta) [38] 
and a locally built database populated with all RefSeq 
bacterial, viral, and archaeal genomes plus additional 
sequences [39]. De novo assemblies were generated 
using Spades 3.8.2 [40] in combination with SSPACE 
Standard v3.0 [41] for Illumina generated sequences 
and Canu v1.6 [41,42] for Nanopore sequences (set-
tings: corOutCoverage = 1,000; genomeSize = 12,000; 
minReadLength = 300, minOverlapLength = 50).

Consensus sequences for all samples tested are avail-
able in Genbank, raw fast5 files from 1D2 and 1D data 
(viral reads only) are deposited in SRA (Both under 
BioProject PRJNA508296).

Results

Metagenomic Illumina sequencing
A total of 73 samples tested during 2016 in RIPL diag-
nostic laboratories, PHE Porton Down, were positive 
by qRT-PCR for CHIKV, and 368 were positive for DENV. 
Median Ct for CHIKV was 26.1, for DENV it was 26.8. 
For each virus, samples representing the range of viral 
titres seen during 2016 were selected, based on qRT-
PCR Ct value (Figure 1). CHIKV samples selected (n = 14) 
ranged from Ct 14.72 to Ct 32.57, corresponding to 
1010 and 105 genome copies per mL of plasma or serum. 
DENV samples selected (n = 12) ranged from Ct 16.29 to 
Ct 31.29, corresponding to 109 and 105 genome copies 
per mL (Table 1). To measure the proportion of viral 
nucleic acid present relative to host/background and 
assess genome coverage, all samples were processed 
as described in methods and Illumina sequenced (Table 
1). The proportion of total reads mapping to the respec-
tive viral reference was high for both viruses (Figure 2). 
In some low Ct samples, over 90% of reads mapped 
to the viral reference and proportions over 50% were 
still observed at mid-Ct range. The lowest proportions 
observed were 5.03% and 0.47% for CHIKV and DENV 
respectively (Table 1,  Figure 2). The majority of sam-
ples returned over 95% genome coverage at 20x (21/26 
samples) and over 98% genome coverage at 10x (20/26 
samples). Irrespective of lower mapping percentages 
in high Ct value samples, genome coverage of 88.5% 
(20x) and 89.4% (10x) for CHIKV and 75.0% (20x) and 
77.8% (10x) for DENV was observed.

Metagenomic MinION sequencing
Four representative samples for each virus were 
selected for Nanopore sequencing (Table 2).

Figure 3  shows percentages of reads mapping to viral 
reference, which were generally concordant with the 

Table 2
Description of chikungunya and dengue virus positive samples by real-time reverse transcription-PCR and corresponding 
Nanopore sequencing data, United Kingdom, 2017a (n = 8 samples)

Sample Ct value cDNA amount used 
for the library (ng)

Sequencing kit 
 

(2D kit version)

Flow cell 
 

(FLO-)
1D total bp 1D total 

reads

1D mean 
read 

length (nt)

1D max 
read length 

(nt)
CHIKV 1 14.7 431.5 SQK-NSK007 MIN105 1.51E + 08 267,171 564 92,712
CHIKV 3 21.4 928.8 SQK-LSK208 MIN106 1.63E + 09 1,891,028 862 99,031
CHIKV 4 22.7 113.4 SQK-NSK007 MIN105 1.74E + 08 216,493 805 125,387
CHIKV 9 30.1 212.4 SQK-LSK208 MIN106 2.12E + 09 3,481,358 608 121,711
DENV 1 16.3 1,626.0 SQK-NSK007 MIN105 2.42E + 08 284,622 851 115,494
DENV 2 16.9 1,626.0 SQK-NSK007 MIN105 1.55E + 08 203,700 760 52,157
DENV 6 21.2 475.0 SQK-LSK208 MIN106 1.22E + 09 1,377,721 886 118,733
DENV 11 28.7 65.8 SQK-LSK208 MIN106 7.07E + 08 1,111,566 636 119,438

Ct: cycle threshold.
a The Nanopore data presented in the table were obtained in 2017 on samples that had been collected and found positive for chikungunya or 

dengue virus by real-time reverse transcription-PCR in 2016.
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Figure 3
Comparison of Nanopore and Illumina results, as to proportions of reads mapping to the appropriate reference viral 
sequence, and proportions of reference genome sequenced at minimum 20-fold coverage, United Kingdom, 2017a (n = 8 
samples)
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a The Nanopore and Illumina data presented in the figure were obtained in 2017 on samples that had been collected and found positive for 
chikungunya or dengue virus by real-time reverse transcription-PCR in 2016.

The percentage of total reads mapping to the appropriate reference sequence is plotted in the upper panel. Lower panels display the 
percentage of the reference genome sequenced to a minimum depth of 20-fold in the data generated, in dark blue or dark green for the 
Illumina sequence data, in light blue or light green for Nanopore data (MinION_TC).
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Illumina data, although a slight decrease is observed 
across the range of Ct values. In the Nanopore data, 
the highest mapped read percentages observed were 
85.12% and 72.14% for CHIKV3 and DENV 2 respec-
tively, compared with 95.23% and 92.56% in the 
Illumina data from the same samples. While in high Ct 
samples the viral proportion drops to 4.08% for CHIKV 
9 and 2.90% for DENV 11, from 6.66% and 3.73% in the 
Illumina data.

Despite the decrease in proportion of mapped viral 
reads, comparable genome coverage is observed 
at both 20x and 10x (Figure 3,  Table 3) and is even 
increased compared with Illumina data at lower viral 
titres, e.g. 100% at 20x for CHIKV 9 compared with 
95.98% in the Illumina data and 95.25% for the high 
Ct DENV 11 sample, which generated 94.44% cover-
age from the Illumina data. Average read lengths in 
Nanopore data ranged from 564 to 886 bp (Table 2).

Figure 4 shows coverage depth of reads mapped across 
the relevant genome for each sample sequenced by 
both Illumina and Nanopore. Read levels are not nor-
malised thus actual depth is a function of total reads 
sequenced, but the pattern of coverage seen is highly 
similar suggesting it is more dependent upon the 
SISPA methodology than sequencing library prepara-
tion. From Nanopore consensus genome sequences, 
between 99.93% and 100% of bases called per sample 
agreed with the Illumina generated sequence.

Metagenomic data analysis and coinfection 
identification
To test the applicability of a metagenomic analysis 
approach to the data, we assessed read taxonomic 
classification using Kraken (Figure 5). The distribu-
tion of reads classified as CHIKV, DENV, other viruses, 

bacteria, and archaea/eukaryota show a similar pat-
tern for Illumina and Nanopore data. The proportion 
of unclassified reads for each sample increased with 
Ct value, as the proportion of human origin reads is 
higher and the human genome is not represented in 
our Kraken database. A decrease in the percentage 
of CHIKV and DENV classified reads is observed for 
MinION data compared with Illumina, but was suf-
ficient to identify the correct predominant virus in all 
samples.

Kraken analysis also allowed for the identification of 
a DENV coinfection in sample CHIKV 3, the consensus 
sequence of which was unique in the sample set, elimi-
nating cross-contamination from the DENV positive 
samples as potential source. Kraken classified 0.08% 
of Illumina reads and 0.15% of MinION reads as DENV. 
Using reference mapping to validate the finding, 0.22% 
of Illumina reads and 0.43% of MinION reads mapped 
to a DENV-1 reference genome. Genome coverage at 
20x of 99.73% and 95.99% was achieved for the pri-
mary CHIKV and secondary DENV coinfection respec-
tively, with a single MinION flow cell.

De novo assembly
De novo assembly of the data was attempted using Canu 
[42] and contigs identified using Basic Local Alignment 
Search Tool against a Nt database (BLASTn).  Table 
3 lists the longest viral contig length identified in each 
sample, ranging from 4.2 Kb (36% of reference genome 
size) to 10.8 Kb (91%) for CHIKV and 4.7 Kb (44%) to 
10.1 Kb (95%) for DENV. Identification of the pathogen 
present without prior knowledge would have therefore 
been possible for all samples.

Table 3
Summary of Nanopore mapping data on chikungunya and dengue virus positive samples by real-time reverse transcription-
PCR, United Kingdom, 2017a (n = 8 samples)

Sample Ct 
value

Total 
reads

% reads mapping 
to appropriate 
viral sequence

% 20x 
coverage

20x 
genome 
length 

(nt)

% 10x 
coverage Referenceb Reference 

size (nt)

Max de 
novo contig 

(nt)

CHIKV 1 14.7 267,171 65.1 98.57 11,658 99.2 CHIKV 11,826 5,263
CHIKV 3 21.4 1,891,028 85.1 99.76 11,798 99.9 CHIKV 11,826 10,793
CHIKV 4 22.7 216,493 11.6 94.11 11,130 97.2 CHIKV 11,826 4,256
CHIKV 9 30.08 3,481,358 4.08 100 11,826 100 CHIKV 11,826 9,860
DENV 1 16.3 284,622 71.3 99.9 10,719 99.9 DENV 1 10,735 8,281
DENV 2 16.9 203,700 72.1 99.6 10,692 99.6 DENV 1 10,735 10,157
DENV 6 21.2 1,377,721 71.1 99.9 10,634 99.9 DENV 4 10,649 7,877
DENV 11 28.7 1,111,566 2.9 95.3 10,226 96.3 DENV 1 10,735 4,699

CHIKV: chikungunya virus; Ct: cycle threshold; DENV: dengue virus.
a The Nanopore data presented in the table were obtained in 2017 on samples that had been collected and found positive for chikungunya or 

dengue virus by real-time reverse transcription-PCR in 2016.
b For DENV the serotype is also indicated.
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Updated MinION library kits
We repeated the sequencing of the coinfected CHIKV 3 
sample using the MinION 1D2 (SQK-LSK308) and Rapid 
(SQK-RBK001) kits, currently the most accurate and the 
fastest library preparation kits available, respectively. 
Using the 1D2kit 74.5% of reads generated mapped to 
CHIKV and 0.37% to DENV, while from the Rapid kit 
the result was 66.26% and 0.29% respectively (both 
lower than observed in the 2D chemistry). Coverage 
at 20x for CHIKV was above 99% for both kits, and for 
DENV was 95.04% from the 1D2  and 81.09% from the 
Rapid kit (Table 4). Coverage depth pattern across the 
genome for both viruses (Figure 6) was similar for all 
library kits tested. Near-maximum coverage for both 
viruses was obtained within 30 min with the 2D kit, 
8 min with the 1D2  kit and 85 min with the Rapid kit 

(Supplementary Figure 1). De novo assembly (Table 4) 
produced best CHIKV contigs of 10.7, 11.3 and 11.4 Kb 
for the 2D, 1D2 and Rapid libraries respectively and the 
longest contigs generated for DENV were 7.5, 2.2 and 
4.2 Kb.

The 1D data from the Rapid kit was sufficient to call a 
consensus from 11,647/11,826 bases of the CHIKV refer-
ence with 179/11,826 bases called as ambiguous or too 
low coverage. All bases called were concordant with the 
Illumina consensus. A polishing step using Nanopolish 
[37] with a subset of the mapped reads (ca 100x cov-
erage depth) significantly reduced ambiguous calls to 
90/11,826, introducing a single disagreement with the 
Illumina consensus (99.99% concordance). Despite 
considerably greater read depth, the 1D2 kit called only 

Figure 4
Coverage depth across the chikungunya or dengue viral genome, United Kingdom, 2017a (n = 8 samples)
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a The Nanopore and Illumina data presented in the figure were obtained in 2017 on samples that had been collected and found positive for 
chikungunya or dengue virus by real-time reverse transcription-PCR in 2016.

Each graph corresponds to a given sample, defined by its Ct value. Read depth (y-axis) across the genome (x-axis) following reference 
alignment is shown. Illumina coverage is shown in darker blue and darker green for chikugunya and dengue virus positive samples 
respectively. Nanopore (MinION) coverage is indicated in lighter blue or lighter green for chikungunya and dengue virus positive samples 
respectively. Total depth has not been normalised; comparison is to show overall pattern of coverage is highly similar across the methods. 
Dotted horizontal line indicates depth of 20x coverage, used for consensus calling.
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11,082/11,826 due to a higher proportion, 744/11826, 
of ambiguous base calls, suggesting 1D reads are most 
suitable for this approach.

Discussion
These results clearly show that there are considerable 
levels of viral nucleic acid present in a large proportion 
of CHIKV and DENV qRT-PCR positive clinical samples, 
and demonstrate that relatively modest metagenomic 
sequencing is capable of elucidating significant por-
tions of viral genome even for samples with Ct values 
at the higher end of clinical range. A decreased Ct value 
coincided with an increased proportion of viral reads, 
with a considerable level of variation between samples, 
likely because of the total level of non-viral host/back-
ground nucleic acid present due to variability between 
patients or in sample handling during collection, stor-
age and testing. For example, the two lowest viral titre 

CHIKV samples (13 and 14) have similar Ct values (32.2 
and 32.57) but varied significantly in the proportion of 
viral reads (5.03% and 21.72%). The 5.03% viral reads 
in CHIKV13 is the lowest for CHIKV, yet still sufficient 
to generate 88.5% of the CHIKV genome at 20x depth 
from just ca 662,000 paired-end Illumina reads. This 
amount of genomic information is highly informative 
and further sequencing would likely increase coverage. 
Only seven of the 73 total CHIKV diagnostic samples 
tested in 2016 had a Ct greater than 32.2 (including 
sample CHIKV14) (Table 1), which suggests that for 
the majority (> 90%) of CHIKV PCR positive samples, 
viral load is sufficient for genome sequencing directly 
from patient samples without further viral enrichment 
beyond a simple DNAse digestion (Figure 1). The low-
est viral read proportion observed in the DENV sam-
ples was 0.47% in DENV12, Ct 31.29, which generated 
71.5% coverage at 20x depth (increased to 77.8 at 10x 

Figure 5
Kraken classification of reads from metagenomic sequencing in (A) chikungunya and (B) dengue real-time reverse 
transcription-PCR positive samples, United Kingdom, 2017a (n = 8 samples)
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depth) from just 687,000 paired end Illumina reads 
and allowed for DENV serotype identification. Only 62 
of 368 DENV cases in 2016 had a higher Ct, predicting 
that > 80% of PCR positive DENV samples have a viral 
load sufficient for genome sequencing (Figure 1). These 
estimates are based on Ct range distribution from a 
single year, results may vary from year to year.

The high yield of viral sequences from clinical CHIKV 
and DENV samples make the exciting prospect of 
metagenomic MinION viral whole-genome-sequencing 
feasible, even for lower viral titre samples. Evaluating 
this on a representative subset of our samples demon-
strates that viral read proportions are in general agree-
ment with that seen for Illumina sequencing, predicting 
a similar proportion of qRT-PCR positive patient sam-
ples would be suitable for direct metagenomic sequenc-
ing on the MinION. Differences in precise proportions 
of viral reads seen between Illumina and MinION are 
likely due to inter-library variation. Differences in 
genome coverage achieved are due to both differences 
in total reads generated per sample (not normalised 
between platforms) as well as differences in average 
read length. Of the samples tested on the MinION, the 
lowest titre samples CHIKV 9 and DENV 11 both gener-
ated near complete genome coverage.

We repeated the sequencing of the coinfected CHIKV 3 
sample using the MinION 1D2 (SQK-LSK308) and Rapid 
(SQK-RBK001) kits. A reduction in viral proportion of 
total reads was observed compared with the 2D kit, 
which may be due partly to the extended storage time 
of the original samples before retesting. In the case 
of the 1D2  kit, the lower proportion was outweighed 
by a substantial increase in total data generated per 
flow cell (5 M vs 1.8 M reads). For the Rapid kit, the 

total data produced should be considered in the 
light of the greatly simplified sample workflow and 
turnaround-time.

The use of metagenomics to elucidate genomic 
sequences of RNA viruses directly from clinical samples 
has several obvious benefits in public health applica-
tions. The primary benefit over targeted methods is 
the hypothesis-free nature of the assay, which allows 
identification and genomic characterisation of novel or 
unexpected RNA viral agents, either as primary or coin-
fectants (demonstrated here in the CHIKV/DENV coin-
fection sample), without any prior clinical knowledge. 
It also removes the need for laboratory optimisation of 
targeted methods, such as primer or bait-probe design 
and testing, and is not subject to escape mutations in 
target sites that afflict targeted sequencing and diag-
nostic methods. This issue particularly relevant for 
highly diverse RNA viruses, such as Lassa virus, which 
are difficult to assess using targeted methods, without 
regular reappraisal [43].

The principal limitation of the metagenomic approach 
is the limit of detection. The data generated here 
show that viral titres as low as 105  are sufficient for 
significant genome recovery by this method, but ZIKV 
is a recent example of a pathogen typically present at 
lower clinical titres, for which targeted methods are an 
absolute requirement [22,23]. For diagnostic purposes 
qRT-PCR has a lower limit of detection, provided the 
target site is conserved in the pathogen isolate tested. 
Clearly no single method is most suitable for both 
detection and genotyping of all pathogens and each 
has a role to play in differing circumstances.

The ability to generate genomic data directly from 
patient samples is clearly of great benefit to public 

Table 4
Comparison of Nanopore mapping data across library kits, United Kingdom, 2017a (n = 8 samples)

Platform Kit 
information

Flow cell 
(FLO-)

Virus 
identified

Total 
reads (nt)

% reads 
mapping

% 20x 
coverage

% 10x 
coverage Referenceb Reference 

size (nt)

Max 
de novo 

contig (nt)
Illumina Nextera XT NA CHIKV 1,391,258 95.23 98.86 99.37 CHIKV 11,826 7,321
Illumina Nextera XT NA DENV 1,391,258 0.22 63.66 77.82 DENV1 10,735 6,613
MinION 2D SQK-LSK208 MIN106 CHIKV 1,891,028 85.12 99.73 99.91 CHIKV 11,826 10,793
MinION 2D SQK-LSK208 MIN106 DENV 1,891,028 0.43 95.99 96.09 DENV1 10,735 7,549
MinION 1D2 SQK-LSK308 MIN107 CHIKV 5,080,906 74.50 99.94 100 CHIKV 11,826 11,369
MinION 1D2 SQK-LSK308 MIN107 DENV 5,080,906 0.37 95.04 96.42 DENV1 10,735 2,199
MinION Rapid SQK-RBK001 MIN106 CHIKV 611,110 66.26 99.66 99.68 CHIKV 11,826 11,473
MinION Rapid SQK-RBK001 MIN106 DENV 611,110 0.29 81.09 90.83 DENV1 10,735 4,227

CHIKV: chikungunya virus; Ct: cycle threshold; DENV: dengue virus. NA: not applicable.
a Results presented in the table were obtained in 2017 on samples that had been collected and found positive for chikungunya or dengue virus 

by real-time reverse transcription-PCR in 2016.
b For DENV the serotype is also indicated.
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health (reviewed in detail [44]). It can be used in a rou-
tine surveillance capacity or early during suspected 
outbreaks to link related cases who may be missed 
by traditional epidemiology [45] and identify outbreak 
cases distinct from typically circulating seasonal 
strains, which is key in regions endemic for the patho-
gen in question. The use of whole genome sequences 
offers the greatest precision for these applications, 
compared with typing methods based on specific 
genomic regions [44]. Whole genome sequencing on a 
portable device allows this information to be generated 
rapidly and within the affected region [24], enabling 
timely identification of an outbreak, or allaying fears 
of a potential one if cases are not linked. Furthermore 
mutations relating to viral drug resistance or patho-
genicity can be monitored [44]. Therefore the ability 

Figure 6
Comparison of genome coverage depth across the chikungunya virus or dengue virus genome for different sequencing 
library preparation methods in a sample coinfected with dengue and chikungunya viruses, United Kingdom, 2017a (n = 1 
sample)
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a Results presented in the Figure were obtained in 2017 on a sample that had been collected and found positive for chikungunya virus by 
real-time reverse transcription-PCR in 2016. In 2017, the sample was further found to be coinfected with CHIKV and DENV by metagenomic 
sequencing.

Read depth across both CHIKV and DENV genomes following reference alignment is shown for coinfection sample CHIKV 3, sequenced using 
four different sequencing library preparation/sequencing methods. Total coverage depth has not been normalised; comparison is to show 
overall pattern of coverage is highly similar across the methods. Dotted horizontal line indicates depth of 20x coverage, used for consensus 
calling.

to generate near-complete viral genome sequences 
directly from clinical samples on a portable sequenc-
ing device has many potential applications.

Conclusions
We demonstrate that across the clinically relevant 
range of viral loads an unexpectedly high proportion 
of reads generated metagenomically from CHIKV and 
DENV clinical samples are viral in origin. Therefore 
metagenomic sequencing provides an effective 
approach for the analysis of CHIKV and DENV genomes 
directly from the majority of qRT-PCR positive serum 
and plasma samples, without the need for culture or 
viral nucleic acid enrichment beyond a simple DNA 
digestion. We demonstrate this is equally possible on 
the Oxford Nanopore MinION, making metagenomic 
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whole genome sequencing potentially feasible in the 
field.

Acknowledgements 
This work was funded via an NIHR HPRU in Emerging 
and Zoonotic Infections PhD studentship awarded to L. 
Kafetzopoulou. The views expressed in this publication are 
those of the author(s) and not necessarily those of the NHS, 
the National Institute for Health Research, or the Department 
of Health. Oxford Nanopore Technologies provided some 
reagents free of charge and funded author conference 
attendance.

Conflict of interest
Oxford Nanopore Technologies provided some reagents free 
of charge and funded author conference attendance.

Authors’ contributions
Performed experiments: LEK, KL, AC, DC

Performed Data analysis: LEK, KE, STP

Design of study: LEK, EA, JO, RH, JAH, MWC, RV, STP

Wrote the manuscript: LEK, STP

All authors reviewed the manuscript.

References 
1.	 Papa A. Emerging arboviral human diseases in Southern 

Europe. J Med Virol. 2017;89(8):1315-22.  https://doi.
org/10.1002/jmv.24803  PMID: 28252204 

2.	 Gould E, Pettersson J, Higgs S, Charrel R, de Lamballerie X. 
Emerging arboviruses: Why today? One Health. 2017;4:1-13.  
https://doi.org/10.1016/j.onehlt.2017.06.001  PMID: 28785601 

3.	 Weaver SC, Reisen WK. Present and future arboviral threats. 
Antiviral Res. 2010;85(2):328-45.  https://doi.org/10.1016/j.
antiviral.2009.10.008  PMID: 19857523 

4.	 Thiberville S-D, Moyen N, Dupuis-Maguiraga L, Nougairede A, 
Gould EA, Roques P, et al. Chikungunya fever: epidemiology, 
clinical syndrome, pathogenesis and therapy. Antiviral 
Res. 2013;99(3):345-70.  https://doi.org/10.1016/j.
antiviral.2013.06.009  PMID: 23811281 

5.	 World Health Organization (WHO). WHO publishes list of 
top emerging diseases likely to cause major epidemics.
Geneva:WHO; 2017 Nov 10. [Accessed 26 Feb 2018]; Available 
from: http://www.who.int/medicines/ebola-treatment/
WHO-list-of-top-emerging-diseases/en/

6.	 Burt FJ, Chen W, Miner JJ, Lenschow DJ, Merits A, Schnettler 
E, et al. Chikungunya virus: an update on the biology and 
pathogenesis of this emerging pathogen. Lancet Infect 
Dis. 2017;17(4):e107-17.  https://doi.org/10.1016/S1473-
3099(16)30385-1  PMID: 28159534 

7.	 Mavalankar D, Shastri P, Bandyopadhyay T, Parmar J, Ramani 
KV. Increased mortality rate associated with chikungunya 
epidemic, Ahmedabad, India. Emerg Infect Dis. 2008;14(3):412-
5.  https://doi.org/10.3201/eid1403.070720  PMID: 18325255 

8.	 Vos T, Allen C, Arora M, Barber RM, Bhutta ZA, Brown A, et 
al. GBD 2015 Disease and Injury Incidence and Prevalence 
Collaborators. Global, regional, and national incidence, 
prevalence, and years lived with disability for 310 diseases 
and injuries, 1990-2015: a systematic analysis for the Global 
Burden of Disease Study 2015. Lancet. 2016;388(10053):1545-
602.  https://doi.org/10.1016/S0140-6736(16)31678-6  PMID: 
27733282 

9.	 Patterson J, Sammon M, Garg M. Dengue, Zika and 
Chikungunya: Emerging Arboviruses in the New World. West 
J Emerg Med. 2016;17(6):671-9.  https://doi.org/10.5811/
westjem.2016.9.30904  PMID: 27833670 

10.	 Burt FJ, Rolph MS, Rulli NE, Mahalingam S, Heise 
MT. Chikungunya: a re-emerging virus. Lancet. 

2012;379(9816):662-71.  https://doi.org/10.1016/S0140-
6736(11)60281-X  PMID: 22100854 

11.	 Simmons CP, Farrar JJ, van Vinh Chau N, Wills B. Dengue. N 
Engl J Med. 2012;366(15):1423-32.  https://doi.org/10.1056/
NEJMra1110265  PMID: 22494122 

12.	 Furuya-Kanamori L, Liang S, Milinovich G, Soares Magalhaes 
RJ, Clements ACA, Hu W, et al. Co-distribution and co-
infection of chikungunya and dengue viruses. BMC Infect Dis. 
2016;16(1):84.  https://doi.org/10.1186/s12879-016-1417-2  
PMID: 26936191 

13.	 Perera-Lecoin M, Luplertlop N, Surasombatpattana P, Liégeois 
F, Hamel R, Thongrungkiat S, et al. Dengue and Chikungunya 
Coinfection – The Emergence of an Underestimated Threat. In: 
Rodriguez-Morales AJ, editor. Current Topics in Chikungunya. 
InTech; 2016.

14.	 Omarjee R, Prat C, Flusin O, Boucau S, Tenebray B, Merle O, et 
al. Importance of case definition to monitor ongoing outbreak 
of chikungunya virus on a background of actively circulating 
dengue virus, St Martin, December 2013 to January 2014. Euro 
Surveill. 2014;19(13):20753.  https://doi.org/10.2807/1560-
7917.ES2014.19.13.20753  PMID: 24721537 

15.	 Brito CAA, Azevedo F, Cordeiro MT, Marques ETA Jr, Franca 
RFO. Central and peripheral nervous system involvement 
caused by Zika and chikungunya coinfection. PLoS Negl Trop 
Dis. 2017;11(7):e0005583.  https://doi.org/10.1371/journal.
pntd.0005583  PMID: 28704365 

16.	 Wilder-Smith A, Gubler DJ, Weaver SC, Monath TP, Heymann 
DL, Scott TW. Epidemic arboviral diseases: priorities for 
research and public health. Lancet Infect Dis. 2017;17(3):e101-
6.  https://doi.org/10.1016/S1473-3099(16)30518-7  PMID: 
28011234 

17.	 Briese T, Paweska JT, McMullan LK, Hutchison SK, Street C, 
Palacios G, et al. Genetic detection and characterization of 
Lujo virus, a new hemorrhagic fever-associated arenavirus 
from southern Africa. PLoS Pathog. 2009;5(5):e1000455.  
https://doi.org/10.1371/journal.ppat.1000455  PMID: 19478873 

18.	 Towner JS, Sealy TK, Khristova ML, Albariño CG, Conlan S, 
Reeder SA, et al. Newly discovered ebola virus associated 
with hemorrhagic fever outbreak in Uganda. PLoS Pathog. 
2008;4(11):e1000212.  https://doi.org/10.1371/journal.
ppat.1000212  PMID: 19023410 

19.	 Grard G, Fair JN, Lee D, Slikas E, Steffen I, Muyembe J-J, et al. A 
novel rhabdovirus associated with acute hemorrhagic fever in 
central Africa. PLoS Pathog. 2012;8(9):e1002924.  https://doi.
org/10.1371/journal.ppat.1002924  PMID: 23028323 

20.	 Metsky HC, Matranga CB, Wohl S, Schaffner SF, Freije 
CA, Winnicki SM, et al. Zika virus evolution and spread in 
the Americas. Nature. 2017;546(7658):411-5.  https://doi.
org/10.1038/nature22402  PMID: 28538734 

21.	 Grubaugh ND, Ladner JT, Kraemer MUG, Dudas G, Tan AL, 
Gangavarapu K, et al. Genomic epidemiology reveals multiple 
introductions of Zika virus into the United States. Nature. 
2017;546(7658):401-5.  https://doi.org/10.1038/nature22400  
PMID: 28538723 

22.	 Faria NR, Quick J, Claro IM, Thézé J, de Jesus JG, Giovanetti 
M, et al. Establishment and cryptic transmission of Zika virus 
in Brazil and the Americas. Nature. 2017;546(7658):406-10.  
https://doi.org/10.1038/nature22401  PMID: 28538727 

23.	 Quick J, Grubaugh ND, Pullan ST, Claro IM, Smith AD, 
Gangavarapu K, et al. Multiplex PCR method for MinION and 
Illumina sequencing of Zika and other virus genomes directly 
from clinical samples. Nat Protoc. 2017;12(6):1261-76.  https://
doi.org/10.1038/nprot.2017.066  PMID: 28538739 

24.	Quick J, Loman NJ, Duraffour S, Simpson JT, Severi E, Cowley 
L, et al. Real-time, portable genome sequencing for Ebola 
surveillance. Nature. 2016;530(7589):228-32.  https://doi.
org/10.1038/nature16996  PMID: 26840485 

25.	 Walter MC, Zwirglmaier K, Vette P, Holowachuk SA, Stoecker 
K, Genzel GH, et al. MinION as part of a biomedical rapidly 
deployable laboratory. J Biotechnol. 2017;250:16-22.  https://
doi.org/10.1016/j.jbiotec.2016.12.006  PMID: 27939320 

26.	 Brown BL, Watson M, Minot SS, Rivera MC, Franklin 
RB. MinION™ nanopore sequencing of environmental 
metagenomes: a synthetic approach. Gigascience. 2017;6(3):1-
10.  https://doi.org/10.1093/gigascience/gix007  PMID: 
28327976 

27.	 Batovska J, Lynch SE, Rodoni BC, Sawbridge TI, Cogan NO. 
Metagenomic arbovirus detection using MinION nanopore 
sequencing. J Virol Methods. 2017;249:79-84.  https://doi.
org/10.1016/j.jviromet.2017.08.019  PMID: 28855093 

28.	Greninger AL, Naccache SN, Federman S, Yu G, Mbala P, Bres 
V, et al. Rapid metagenomic identification of viral pathogens 
in clinical samples by real-time nanopore sequencing analysis. 
Genome Med. 2015;7(1):99.  https://doi.org/10.1186/s13073-
015-0220-9  PMID: 26416663 



55www.eurosurveillance.org

29.	 Sardi SI, Somasekar S, Naccache SN, Bandeira AC, Tauro 
LB, Campos GS, et al. Coinfections of Zika and Chikungunya 
Viruses in Bahia, Brazil, Identified by Metagenomic Next-
Generation Sequencing. J Clin Microbiol. 2016;54(9):2348-53.  
https://doi.org/10.1128/JCM.00877-16  PMID: 27413190 

30.	 Drosten C, Göttig S, Schilling S, Asper M, Panning M, Schmitz 
H, et al. Rapid detection and quantification of RNA of Ebola 
and Marburg viruses, Lassa virus, Crimean-Congo hemorrhagic 
fever virus, Rift Valley fever virus, dengue virus, and yellow 
fever virus by real-time reverse transcription-PCR. J Clin 
Microbiol. 2002;40(7):2323-30.  https://doi.org/10.1128/
JCM.40.7.2323-2330.2002  PMID: 12089242 

31.	 Edwards CJ, Welch SR, Chamberlain J, Hewson R, Tolley H, Cane 
PA, et al. Molecular diagnosis and analysis of Chikungunya 
virus. J Clin Virol. 2007;39(4):271-5.  https://doi.org/10.1016/j.
jcv.2007.05.008  PMID: 17627877 

32.	 Loman NJ, Quinlan AR. Poretools: a toolkit for analyzing 
nanopore sequence data. Bioinformatics. 2014;30(23):3399-
401.  https://doi.org/10.1093/bioinformatics/btu555  PMID: 
25143291 

33.	 Li H, Durbin R. Fast and accurate short read alignment with 
Burrows-Wheeler transform. Bioinformatics. 2009;25(14):1754-
60.  https://doi.org/10.1093/bioinformatics/btp324  PMID: 
19451168 

34.	Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer 
N, et al. 1000 Genome Project Data Processing Subgroup. 
The Sequence alignment/map format and SAMtools. 
Bioinformatics. 2009;25(16):2078-9.  https://doi.org/10.1093/
bioinformatics/btp352  PMID: 19505943 

35.	 Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for 
comparing genomic features. Bioinformatics. 2010;26(6):841-
2.  https://doi.org/10.1093/bioinformatics/btq033  PMID: 
20110278 

36.	 Penedos AR, Myers R, Hadef B, Aladin F, Brown KE. 
Assessment of the Utility of Whole Genome Sequencing of 
Measles Virus in the Characterisation of Outbreaks. PLoS 
One. 2015;10(11):e0143081.  https://doi.org/10.1371/journal.
pone.0143081  PMID: 26569100 

37.	 Loman NJ, Quick J, Simpson JT. A complete bacterial genome 
assembled de novo using only nanopore sequencing data. 
Nat Methods. 2015;12(8):733-5.  https://doi.org/10.1038/
nmeth.3444  PMID: 26076426 

38.	Wood DE, Salzberg SL. Kraken: ultrafast metagenomic 
sequence classification using exact alignments. Genome Biol. 
2014;15(3):R46.  https://doi.org/10.1186/gb-2014-15-3-r46  
PMID: 24580807 

39.	 Lewandowski K, Bell A, Miles R, Carne S, Wooldridge D, Manso 
C, et al. The Effect of Nucleic Acid Extraction Platforms and 
Sample Storage on the Integrity of Viral RNA for Use in Whole 
Genome Sequencing. J Mol Diagn. 2017;19(2):303-12.  https://
doi.org/10.1016/j.jmoldx.2016.10.005  PMID: 28041870 

40.	Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, 
Kulikov AS, et al. SPAdes: a new genome assembly algorithm 
and its applications to single-cell sequencing. J Comput Biol. 
2012;19(5):455-77.  https://doi.org/10.1089/cmb.2012.0021  
PMID: 22506599 

41.	 Boetzer M, Henkel CV, Jansen HJ, Butler D, Pirovano 
W. Scaffolding pre-assembled contigs using SSPACE. 
Bioinformatics. 2011;27(4):578-9.  https://doi.org/10.1093/
bioinformatics/btq683  PMID: 21149342 

42.	 Koren S, Walenz BP, Berlin K, Miller JR, Bergman NH, Phillippy 
AM. Canu: scalable and accurate long-read assembly via 
adaptive k-mer weighting and repeat separation. Genome 
Res. 2017;27(5):722-36.  https://doi.org/10.1101/gr.215087.116  
PMID: 28298431 

43.	 Andersen KG, Shapiro BJ, Matranga CB, Sealfon R, Lin AE, 
Moses LM, et al. Viral Hemorrhagic Fever Consortium. 
Clinical Sequencing Uncovers Origins and Evolution of Lassa 
Virus. Cell. 2015;162(4):738-50.  https://doi.org/10.1016/j.
cell.2015.07.020  PMID: 26276630 

44.	Houldcroft CJ, Beale MA, Breuer J. Clinical and biological 
insights from viral genome sequencing. Nat Rev Microbiol. 
2017;15(3):183-92.  https://doi.org/10.1038/nrmicro.2016.182  
PMID: 28090077 

45.	 Keita M, Duraffour S, Loman NJ, Rambaut A, Diallo B, 
Magassouba N, et al. Unusual Ebola Virus Chain of 
Transmission, Conakry, Guinea, 2014-2015. Emerg Infect Dis. 
2016;22(12):2149-52.  https://doi.org/10.3201/eid2212.160847  
PMID: 27869596

License, supplementary material and copyright
This is an open-access article distributed under the terms of 
the Creative Commons Attribution (CC BY 4.0) Licence. You 
may share and adapt the material, but must give appropriate
credit to the source, provide a link to the licence and indicate 
if changes were made. 

Any supplementary material referenced in the article can be 
found in the online version.

This article is copyright of the authors or their affiliated in-
stitutions, 2019.



56 www.eurosurveillance.org

Research

Prospective genomic surveillance of meticillin-
resistant Staphylococcus aureus (MRSA) associated with 
bloodstream infection, England, 1 October 2012 to 30 
September 2013

Michelle S Toleman1,2,3, Sandra Reuter4, Dorota Jamrozy², Hayley J Wilson¹, Beth Blane¹, Ewan M Harrison1,2, Francesc Coll⁵, 
Russell J Hope⁶, Angela Kearns⁶, Julian Parkhill², Sharon J Peacock1,2,3,5, M Estée Török1,3,7

1.	 University of Cambridge, Department of Medicine, Cambridge, United Kingdom
2.	 Wellcome Sanger Institute, Hinxton, United Kingdom
3.	 Cambridge University Hospitals NHS Foundation Trust, Cambridge, United Kingdom
4.	 University of Freiburg, Institute for Infection Prevention and Hospital Epidemiology, Freiburg, Germany
5.	 London School of Hygiene and Tropical Medicine, London, United Kingdom
6.	 Public Health England, National Infection Service, Colindale, London, United Kingdom
7.	 Public Health England, Clinical Microbiology and Public Health Laboratory, Cambridge, United Kingdom
Correspondence: Michelle Toleman (mst39@cam.ac.uk)

Citation style for this article: 
Toleman Michelle S, Reuter Sandra, Jamrozy Dorota, Wilson Hayley J, Blane Beth, Harrison Ewan M, Coll Francesc, Hope Russell J, Kearns Angela, Parkhill Julian, 
Peacock Sharon J, Török M Estée. Prospective genomic surveillance of methicillin-resistant Staphylococcus aureus (MRSA) associated with bloodstream infection, 
England, 1 October 2012 to 30 September 2013. Euro Surveill. 2019;24(4):pii=1800215. https://doi.org/10.2807/1560-7917.ES.2019.24.4.1800215 

Article submitted on 25 Apr 2018 / accepted on 01 Oct 2018 / published on 24 Jan 2019

Background: Mandatory reporting of meticillin-resist-
ant Staphylococcus aureus (MRSA) bloodstream infec-
tions (BSI) has occurred in England for over 15 years. 
Epidemiological information is recorded, but routine 
collection of isolates for characterisation has not 
been routinely undertaken. Ongoing developments in 
whole-genome sequencing (WGS) have demonstrated 
its value in outbreak investigations and for determin-
ing the spread of antimicrobial resistance and bacte-
rial population structure. Benefits of adding genomics 
to routine epidemiological MRSA surveillance are 
unknown. Aim: To determine feasibility and potential 
utility of adding genomics to epidemiological surveil-
lance of MRSA. Methods: We conducted an epidemio-
logical and genomic survey of MRSA BSI in England 
over a 1-year period (1 October 2012–30 September 
2013). Results: During the study period, 903 cases of 
MRSA BSI were reported; 425 isolates were available 
for sequencing of which, 276 (65%) were clonal com-
plex (CC) 22. Addition of 64 MRSA genomes from pub-
lished outbreak investigations showed that the study 
genomes could provide context for outbreak isolates 
and supported cluster identification. Comparison to 
other MRSA genome collections demonstrated varia-
tion in clonal diversity achieved through different sam-
pling strategies and identified potentially high-risk 
clones e.g. USA300 and local expansion of CC5 MRSA 
in South West England. Conclusions: We demonstrate 
the potential utility of combined epidemiological and 
genomic MRSA BSI surveillance to determine the 
national population structure of MRSA, contextualise 

previous MRSA outbreaks, and detect potentially high-
risk lineages. These findings support the integration 
of epidemiological and genomic surveillance for MRSA 
BSI as a step towards a comprehensive surveillance 
programme in England.

Introduction
In 2001, faced with increasingly high rates of meticillin-
resistant Staphylococcus aureus  (MRSA) bloodstream 
infections (BSI) at the turn of the century, the United 
Kingdom (UK) Department of Health mandated 
surveillance of MRSA BSI in England. This was followed 
in 2005 by enhanced surveillance to collect clinical 
and epidemiological information [1,2]. A number of 
infection prevention and control (IPC) measures were 
also introduced, such as strengthened antimicrobial 
stewardship, MRSA screening with decolonisation of 
all emergency hospital admissions [3] and use of care 
bundles for patients with intravascular catheters and 
indwelling urinary catheters [4]. Over the past decade, 
there has been a remarkable decline in the incidence 
of MRSA BSI in England [1,2]. Surveillance and IPC 
interventions are likely to have played a major role in 
this success, although it is unclear whether potential 
changes in the epidemiology of MRSA may also have 
contributed [5,6].

The national MRSA BSI surveillance programme 
conducted by Public Health England (PHE) did not 
include routine submission of isolates for characteri-
sation. Isolates submitted to the PHE Staphylococcal 
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Reference Service were highly selected and were sub-
mitted in order to type isolates for the investigation of 
suspected nosocomial and community outbreaks, for 
selected sentinel surveillance programmes and/or to 
detect specific genes in isolates from patients with sus-
pected toxin-mediated disease. Strain characterisation 

was undertaken using staphylococcal protein A (spa-) 
typing, multilocus sequence typing (MLST), SCCmec-
subtyping and toxin gene profiling. It is possible that 
a large amount of information regarding the population 
of disease-causing MRSA in England may have been 
missed as a result of this ad hoc approach.

Figure 1
Map with breakdown of the proportions of each CC within the sequenced PHE bloodstream infection isolate collection 
from submitting regions, England, 1 October 2012–30 September 2013 (n = 425)
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Microbial WGS provides increased discriminatory 
power to resolve outbreaks and identify emerging 
MRSA lineages compared with conventional typ-
ing methods [7]. WGS has been used to investigate 
MRSA outbreaks in the UK [8-12] and to examine the 
population genetic structure of MRSA in the UK and 
globally [13,14]. These studies have largely been con-
ducted through grant-funded academic research, 
rather than by public health programmes, using iso-
lates from surveillance programmes such as the 
British Society of Antimicrobial Chemotherapy (BSAC) 
Antibiotic Resistance Surveillance Programme [13] or 
the European Antimicrobial Resistance Surveillance 
Network, EARS-Net [15]. Both programmes systemati-
cally collect a subset of bloodstream isolates from sen-
tinel laboratories and routinely undertake phenotypic 
typing methods. Both programmes were established 
to monitor antimicrobial resistance, before the wide-
spread use of WGS.

Combined with comprehensive, systematic sampling 
regimens WGS technologies now provide the oppor-
tunity to study the natural history of successful MRSA 
clones at great resolution and to identify clonal expan-
sions to monitor in case of widespread dissemination 
[16]. National BSI surveillance was originally introduced 
in England to compare MRSA rates between hospitals 
and later enhanced to aid direction of clinical inter-
ventions [2]. We conducted a proof-of-principle study 
to determine the feasibility and potential benefits of 
combining prospective epidemiological and genomic 
surveillance of MRSA BSI on a national scale within 
a public health organisation. We aimed to determine 
what information could be gathered by combining epi-
demiological surveillance and routine whole-genome 
sequencing of isolates and to identify the potential 
obstacles to implementation of this strategy.

Methods

Study design, setting and participants
We conducted a prospective, observational cohort 
study of all cases of MRSA BSI in England from 1 October 
2012 to 30 September 2013. Cases were defined as 
those patients reported to PHE as having a blood cul-
ture positive for MRSA by the submitting laboratory. At 
the time of the study the population of England, served 
by PHE, was approximately 53.4 million.

Data sources
In accordance with national policy, epidemiological 
and microbiological data on MRSA BSI cases is sub-
mitted electronically to the mandatory enhanced sur-
veillance scheme (MESS) by infection control teams in 
acute National Health Service (NHS) Trusts. Mandatory 
data variables included patient demographics, details 
of hospital admission, date of BSI and location of 
acquisition (community or hospital). Epidemiological 
and microbiological data of cases with BSI during 
the study period was extracted from this database 
for use in this study. PHE reference laboratory test 

results were initially linked with demographic, clinical 
and geographic information from the MESS and then 
anonymised by PHE staff. Anonymised data were sub-
sequently linked to DNA sequence data by University of 
Cambridge staff.

Isolate collection and laboratory testing
During the study period, all NHS diagnostic microbi-
ology laboratories in England were invited to submit 
MRSA bloodstream isolates to the Staphylococcal 
Reference Laboratory, PHE Colindale, for charac-
terisation. Isolates were cultured on nutrient agar 
and underwent  spa-typing [17] and multiplex PCR to 
confirm species identification and determination of 
the  mecA  and  luk-PV  status [18]. Isolates were stored 
at -80 °C using Microbank cryovials (Pro-Laboratory 
Diagnostics, Cheshire, UK) pending further analyses.

DNA extraction and whole genome sequencing
Isolates were retrieved from storage, sub-cultured onto 
nutrient agar slopes, and transferred to the Department 
of Medicine at the University of Cambridge. Each sam-
ple was cultured onto Columbia Blood Agar (Oxoid, 
Basingstoke, UK) and identified using a commercial 
latex agglutination kit (Pastorex Staph Plus, Bio Rad 
Laboratories, Hemel Hempstead, UK). Antimicrobial 
susceptibility testing was performed using the Vitek-2 
system (bioMérieux, Marcy l’Etoile, France). DNA was 
extracted, libraries prepared, and 150-bp paired-end 
sequences determined on an Illumina HiSeq2000 as 
previously described [19]. Phylogenetic trees were 
visualised using FigTree (http://tree.bio.ed.ac.uk/soft-
ware/figtree/) and iTOL (http://itol.embl.de/).

Ethical statement
Written informed consent was not required for this study 
as data and isolates were collected as part of national 
surveillance programme for MRSA bloodstream infec-
tions, which is exempt from this requirement.
The study protocol was approved by the National 
Research Ethics Service (ref: 11/EE/0499), and by the 
Cambridge University Hospitals NHS Foundation Trust 
R&D Department (ref: A092428).

Genomic analysis
Genomes were assembled using an assembly and 
improvement pipeline [20]. MLST sequence types (STs) 
were assigned from the sequence data [21] (https://
github.com/sanger-pathogens/mlst_check) and STs 
were assigned to clonal complexes (CC). Sequence data 
were mapped using SMALT (http://www.sanger.ac.uk/
science/tools/smalt-0) to the reference genome for 
particular CCs (CC5, N315, GenBank  accession  number 
BA000018; CC8, FPR3757, GenBank  accession  number 
CP000255; CC22, EMRSA15, GenBank  acces-
sion  number HE681097). The core genome alignment 
excluding mobile genetic elements, indels and repeti-
tive regions was generated for each CC and was used 
in phylogenetic estimates using RAxML with 100 boot-
straps [22].
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Isolates were  spa  genotyped using  in-silico  PCR to 
extract the spa gene X region from assembled genomes 
using previously described primers [23]. The  spa-type 
was determined using an online spa-typer tool (http://
spatyper.fortinbras.us/). The types generated through 
spa-genotype and laboratory determined  spa-typing 
methods were compared to determine concordance.

Bacterial DNA sequences were deposited in the 
European Nucleotide Archive (ENA), (https://www.ebi.
ac.uk/ena), under study number ERP005128. Accession 
numbers, details of reads, depth of coverage and N50 

are provided in  Supplementary Table S1. For subse-
quent analyses we sourced MRSA sequence data from 
previously published studies. These included: (i) a pro-
spective observational cohort study of all MRSA car-
riage and clinical isolates submitted and processed in 
Cambridge University Hospital NHS Foundation Trust, 
Cambridgeshire, UK between 2012 and 2013 [24], (ii) 
MRSA bloodstream isolates collected by the BSAC BSI 
Surveillance Programme between 2001 and 2010 [13], 
(iii) USA300 isolates collected in New York, United 
States (US) between 2009 and 2011 [25], (iv) MRSA 

Figure 2
Phylogenetic tree comparing CC 22 PHE BSI isolates, England, October 2012-September 2013 (n = 276) to a single isolate 
per patient from the previously published universal sample collection from Cambridgeshire, England, April 2012–April 2013 
(n = 1035)
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isolates from outbreak investigations at a UK hospital 
[9,10,12].

Results
A total of 903 MRSA BSI cases were reported to MESS 
during the study period (Supplementary Figure S1). 
Gender was recorded for 98% of cases and 584 (65%) 
of cases were male. Age was recorded for all but two 
cases, with a median age of 72 years (range 0–103 

years; interquartile range (IQR) 56–84 years). A total of 
111 laboratories participated in the study.

A total of 559 MRSA bloodstream isolates were received. 
Following quality control procedures 134 isolates were 
excluded, and 425 isolates were included in the analy-
sis. The reasons of exclusion were as follows: dupli-
cate isolates (n = 50); not MRSA (n = 15); inadequate 
isolate growth (n = 2); isolates collected outside of the 

Figure 3
Diversity of lineages (CC) within three isolate collections: carriage and clinical samples from the Cambridgeshire study of 
MRSAa; the national PHE BSI collectionb and a national BSAC BSI collectionc
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c National BSAC BSI collection (2000–2010) [13].
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study dates (n = 16); isolates submitted in error (n = 3); 
non-bloodstream isolates (n = 2); isolates from Wales 
(n = 28); and isolates from Northern Ireland (n = 18).

Of 903 reported BSI cases occurring in England dur-
ing the study period, 47% (n  =  425) had isolates that 
were sequenced and analysed (Figure 1). All of the 425 
sequenced isolates were mecA positive by laboratory-
PCR. PCR testing identified 8.7% (n = 37) of the isolates 
as PVL-positive. Based on sequence data, 65% (n = 276) 
were assigned to CC22. Other CCs were represented at 
lower frequencies: CC5 n = 42; CC30 n = 33; CC8 n = 22; 
CC1 n = 19; CC59 n = 9; CC45 n = 7; other/unknown CCs 
n = 17. The number of isolates and variation in the CCs 
isolated from each region is shown in Figure 1. No asso-
ciations were found between particular CCs and com-
munity vs hospital onset (Supplementary Table S2).

Comparison of blood stream infection 
surveillance and universal methicillin-
resistant Staphylococcus aureus sampling
We compared the most common clone in our collec-
tion, CC22 (n = 276), with CC22 genomes generated 
by a prospective study that sequenced MRSA isolates 
from every positive case (carriage and clinical sam-
ples) identified at a single diagnostic microbiology 
laboratory that processed samples from three hos-
pitals and 75 general practitioner (GP) surgeries in 
Cambridgeshire between April 2012 and April 2013 [24]. 
This Cambridgeshire collection was used to represent 
the diversity of carriage and clinical isolates within a 
defined geographical area, as a national collection 
of carriage and clinical isolates was not available. A 
phylogeny was constructed for the genomes from the 
national BSI collection within this Cambridgeshire col-
lection (Figure 2), in order to determine whether those 
isolates causing BSI were clonally related, or distrib-
uted throughout the phylogenetic tree.

As shown in  Figure 2, isolates from our national 
MRSA BSI collection were dispersed throughout the 
Cambridgeshire phylogeny, ruling out any association 
between a particular lineage and BSI. Comparing the 
national BSI collection to WGS of universal sampling in 
Cambridgeshire also demonstrates that some lineages 
are under-represented when undertaking BSI-based 
(rather than clinical/carriage based) surveillance. For 
example, a large expansion (indicated with an arc on 
the figure) was seen in the Cambridgeshire phylogeny, 
with only eight of the Cambridgeshire isolates within 
the national MRSA BSI collection from the East of 
England.

To explore the effect of different sampling strategies 
on MRSA lineage diversity we conducted a compari-
son of CCs within three different MRSA collections: this 
national MRSA BSI collection (October 2012–October 
2013), isolates from the Cambridgeshire study (April 
2012–April 2013) [24], and MRSA BSI isolates from the 
British Society of Antimicrobial Chemotherapy (BSAC) 
BSI Surveillance Programme from 2000–2010 [13] 

(Figure 3). Despite the different sampling strategies 
and time frames, we found that CC22 was the domi-
nant lineage in all collections. Both of the BSI-based 
collections showed a lower diversity of lineages than 
seen in the 1-year Cambridgeshire study. Furthermore, 
the BSAC collection, which collected BSI from up to 40 
laboratories in the UK between 2001 and 2010, showed 
the most limited diversity. This may have resulted from 
a decline in certain lineages e.g. EMRSA-16 (CC30) dur-
ing the 10-year collection period.

Contextualisation of previously recognised 
outbreaks
Reuter  et al.  have previously demonstrated that it is 
possible to use sequence data from BSAC MRSA BSI 
collection (2001–2010) to provide genomic context for 
local MRSA outbreaks within a single hospital setting 
[13]. We conducted a similar analysis, using the national 
MRSA BSI collection as context, to see if this might be 
feasible using a smaller sample of BSI collected during 
the study period of 1-year. We found that previous out-
breaks in a neonatal intensive care unit [10] and a pae-
diatric intensive care unit [9] were easily identifiable as 
discrete clusters, as shown in  Figure 4. Furthermore, 
MRSA isolates from a suspected outbreak on a hepatol-
ogy ward [12] were scattered throughout the phylogeny, 
refuting the outbreak as had been shown previously.

Monitoring and detection of emerging or high-
risk lineages
One key aim of a national MRSA surveillance is the 
identification and monitoring of emerging and/or high-
risk MRSA lineages. One such lineage is the USA300 
lineage, which was first identified in 1999 and has 
subsequently caused an epidemic of skin and soft tis-
sue infection (SSTI) in the US [26,27]. The widespread 
dissemination of USA300 in otherwise healthy people 
and its spread into hospitals has made this a high-risk 
strain. However, despite multiple introductions into a 
number of countries, genomic surveillance has shown 
that to date, minimal transmission of USA300 has 
occurred in Europe [28-32]. We examined the national 
MRSA BSI collection and found that six of the 22 CC8 
isolates were phylogenetically defined as USA300 and 
were widely dispersed throughout the collection, indi-
cating multiple introductions of USA300 into England 
(Figure 5). Given the observation that USA300 is com-
monly associated with SSTI (which are rarely sampled), 
and the limitations of BSI-based sampling, it is likely 
that the prevalence of USA300 in the UK may be higher 
than detected in this study.

Another potential benefit of having access to national 
surveillance data is the ability to identify and explore 
changes in molecular epidemiology on a local scale. By 
way of an example, we found an expansion of CC5 in 
South West England (Figure 6), which was genetically 
distinct from a CC5 expansion in Wales identified in 
the BSAC collection [13], despite their close geographic 
proximity.
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Backward compatibility of typing methods
Globally, PCR determination of  spa-type is a com-
monly used typing method. However, as some labora-
tories transition to WGS-based typing, it is important 
that typing methods remain compatible. We exam-
ined the concordance between these two methods in 
the national MRSA BSI collection. Of the 425 isolates 
we found a 98.4% concordance rate (Supplementary 
Table S2), comparable to previous studies [33,34]. 
Of the seven isolates with discordant results, there 
were deletions/rearrangements within the  spa  gene 
of the short-read assemblies that resulted in loss of 
sequence complementary to forward primer, and thus 

failure to  in silico amplify the gene region targeted by 
genomic spa-typing.

Discussion
Mandatory enhanced surveillance for MRSA BSI in 
England has provided in-depth information on the 
national decline of MRSA BSI and the changes in 
patient-level epidemiology that have accompanied it 
[2]. However, without characterisation of systemati-
cally collected isolates, bacterial molecular epidemiol-
ogy cannot be studied. This study aimed to investigate 
whether it was feasible to undertake combined epide-
miological and genomic surveillance of MRSA blood-
stream infections in England in order to address this 
issue.

Figure 4
Phylogenetic tree showing CC 22 isolates from the PHE BSI collection, England, October 2012–September 2013 (n = 276) 
providing contextualisation of previously published outbreaks at Cambridge University Hospitals, England (n = 64)

Collection

PHE BSI

SCBU

NICU

Hepatology

~ 50 SNPs

EMRSA15 Reference

BSI: bloodstream infections; NICU: neonatal intensive care unit; PHE: Public Health England; SCBU: special care baby unit; SNPs: single 
nucleotide polymorphisms.

Mid-point rooted maximum likelihood tree based on SNPs in the core genome alignment generated after mapping against the reference 
genome EMRSA-15. Isolates from NICU (n = 7) are indicated in green [10]. Isolates from an outbreak on a SCBU which extended into 
epidemiologically linked cases in the community (n = 15) are indicated in purple [9]. Isolates from a suspected but disproven outbreak on a 
hepatology ward (n = 42) are indicated in blue [12].
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We encountered some challenges including obtaining 
bloodstream isolates from all participating hospitals 
(as submission was voluntary) and integrating two 
datasets collected through different methods (epide-
miological data collected through an online database 
submission and isolates sent with written informa-
tion via post/courier). Despite this, we demonstrated 
the feasibility of this approach. We were able to con-
struct the known population structure and diversity of 
MRSA in England, even with an incomplete collection 
of bloodstream isolates collected over a 1-year period. 
We found a greater diversity of clones than that seen 
in a 10-year national collection of MRSA bloodstream 

isolates (BSAC collection) with a limited sampling 
strategy, but less diversity than that seen in a 1-year 
regional collection of carriage and clinical isolates 
(Cambridgeshire study [24]). A sensible first step in 
MRSA surveillance is to assess existing genomic diver-
sity [16] and our study demonstrates that this can be 
achieved and could feasibly be extended over time to 
generate a comprehensive national genomic database 
to monitor changes in clonal diversity.

Prior to April 2017, all MRSA BSI isolates submitted 
to PHE were routinely characterised by  spa-typing 
and PCR to confirm species identification alongside 

Figure 5
Phylogenetic tree showing USA300 isolates from the PHE BSI collection, alongside previously published USA300 isolates 
from a universal sample collection in Cambridgeshire and from the United States

~100 SNPs

FPR3757 reference
USA

Cambridge
PHE BSI

PHE: Public Health England; SNPs: single nucleotide polymorphisms; USA: United States of America.

PHE BSI USA300 isolates (n = 6) are indicated in red. USA300 isolates from a universal sample collection in Cambridgeshire (n = 24) are 
indicated in orange [24] and from the US (n = 348) in blue [25].

Mid-point rooted maximum likelihood tree based on SNPs in the core genome alignment generated after mapping against the reference 
genome FPR3757 (black).
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Figure 6
Phylogenetic tree showing PHE CC5 bloodstream infection isolates, 1 October 2012–30 September 2013 (n=42) and CC5 
isolates from the previously published BSAC collection of bloodstream infections, 2000–2010 (n=28)
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BSAC: British Society of Antimicrobial Chemotherapy; BSI: blood stream infections; CC: clonal complex; PHE: Public Health England; SNPs: 
single nucleotide polymorphisms.

PHE BSI CC5 isolates (n = 42) indicated by red branches. National BSI BSAC collection (n = 28) indicated by blue branches [13].

Mid-point rooted maximum likelihood tree based on SNPs in the core genome alignment generated after mapping against the CC5 reference 
genome N315. Coloured bar represents referral network of submitting laboratory. Expansions within the South West England and Welsh 
regions are highlighted.
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determination of  mecA/C  and  luk-PV  status [17,18]. As 
typing methods evolve and WGS becomes increasingly 
routine, backward compatibility with previous methods 
ensures the continued utility of typed historical collec-
tions. Laboratory  spa-typing and  spa-genotyping from 
short read WGS data have been shown to be largely 
comparable in a limited number of studies [33,34], 
despite the high density of repeats within the spa gene 
region. We showed over 98% concordance between 
laboratory and genomic  spa-typing methods which, 
reassuringly, confirms compatibility with historical 
data.

A further potential benefit of prospective sequencing of 
MRSA bloodstream isolates and a centralised national 
database is the ability to provide genomic context to 
confirm or refute outbreaks on a local or a national 
scale. This would be an invaluable resource as long as 
there is open access to anonymised (non-identifiable) 
data and to bioinformatics tools to analyse them rap-
idly and easily. The challenges will be to ensure stand-
ardised methods, development of strategies to avoid 
duplication of samples and establishment of a large, 
comprehensive, open access, anonymised database 
where data could be deposited, curated and accessi-
ble for public health benefit. Web-based, open-access 
software packages that are potentially suitable for this 
purpose are already being developed [35,36]. Apart 
from the ability to detect emerging or potentially high-
risk MRSA clones retrospectively, on-going sampling 
and analysis will enable detection in real-time.

In this study, we found that that the high-risk USA300 
lineage, an epidemic cause of SSTI in the US [26], has 
spread to the UK and is causing bloodstream infections 
across England. While the genomic data suggest multi-
ple introductions of USA300, the use of BSI rather than 
clinical isolate-based surveillance limits our ability to 
analyse this further. However, using the PHE BSI collec-
tion it was possible to identify a local expansion of CC5 
causing BSI in South West England, where local inves-
tigations suggest this clone has been causing excess 
disease [37]. Thus, timely, routine WGS of PHE BSI iso-
lates combined with local epidemiological data could 
potentially identify novel and/or pathogenic lineages in 
real time and could be used to trigger local /regional 
investigations and interventions.

A major advantage of sequencing MRSA isolates is 
the ability to share and collate genome sequence data 
to build up national and international databases. A 
number of BSI surveillance systems already exist e.g. 
the English mandatory enhanced surveillance sys-
tem, the voluntary British Society of Antimicrobial 
Chemotherapy BSI Surveillance Programme and the vol-
untary European Antimicrobial Resistance Surveillance 
Network. While each system has different aims and 
objectives, sampling criteria and data collection 
methods, the digital interchangeability of sequence 
data creates an opportunity to collaborate and share 
genome sequence data while producing a sustainable, 

on-going resource if the isolates were sequenced. The 
challenges will be to ensure standardised methods, 
development of strategies to avoid duplication of sam-
ples and establishment of a large, comprehensive, 
open-access database where anonymised data could 
be deposited, curated, and accessible for public health 
benefit.

We acknowledge several limitations in our study. The 
systems for collecting epidemiological data and bac-
terial isolates were separate and different, leading 
to high rates of sample exclusion. This challenge of 
capturing and integrating both types of data could be 
overcome in practice by submitting epidemiological 
and laboratory data to a single data collection system. 
Submission of bloodstream isolates was voluntary, with 
many reported cases having no corresponding isolate 
referred for characterisation; this may have introduced 
bias into the analysis. This could be addressed by hav-
ing mandatory submission of isolates for all reported 
cases. Finally, we did not conduct a cost/benefit analy-
sis of this approach. Despite these limitations, we have 
demonstrated that prospective epidemiological and 
genomic surveillance of MRSA bloodstream infections 
is feasible, has numerous potential benefits and could 
provide a valuable public health resource in England 
and beyond.
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Introduction: During summer 2016, Norway observed 
an increase in  Salmonella enterica  subsp.  enter-
ica serovar Chester cases among travellers to Greece. 
Aim: Our aim was to investigate genetic relatedness 
of  S.  Chester for surveillance and outbreak detec-
tion by core genome multilocus sequence typing 
(cgMLST) and compare the results to genome map-
ping. Methods: We included  S.  Chester isolates from 
51 cases of salmonellosis between 2000 and 2016. 
Paired-end sequencing (2 × 250 bp) was performed 
on Illumina MiSeq. Genetic relatedness by cgMLST 
for  Salmonellaenterica  subsp.  enterica,  includ-
ing 3,002 genes and seven housekeeping genes, 
was compared by reference genome mapping with 
CSI Phylogeny version 1.4 and conventional MLST. 
Results: Confirmed travel history was available for 
80% of included cases, to Europe (n = 13), Asia (n = 12) 
and Africa (n = 16). Isolates were distributed into four 
phylogenetic clusters corresponding to geographi-
cal regions. Sequence type (ST) ST411 and a single-
locus variant ST5260 (n = 17) were primarily acquired 
in southern Europe, ST1954 (n = 15) in Africa, ST343 
(n = 11) and ST2063 (n = 8) primarily in Asia. Part of 
the European cluster was further divided into a Greek 
(n = 10) and a Cypriot (n = 4) cluster. All isolates in 
the African cluster displayed resistance to ≥ 1 class 
of antimicrobials, while resistance was rare in the 
other clusters. Conclusion: Whole genome sequencing 
of  S.  Chester in Norway showed four geographically 
distinct clusters, with a possible outbreak occurring 
during summer 2016 related to Greece. We recommend 
public health institutes to implement cgMLST-based 
real-time  Salmonellaenterica  surveillance for early 
and accurate detection of future outbreaks and further 
development of cluster cut-offs.

Introduction
Salmonellosis is characterised by gastroenteritis with 
acute onset of fever, abdominal pain, diarrhoea, nau-
sea and occasionally vomiting and is one of the most 

commonly reported food-borne diseases in Europe. In 
2016, 20 confirmed salmonellosis cases per 100,000 
population were reported in the European Union (EU) [1]. 
During the summers of 2014 and 2015, several European 
countries reported an increase in cases with salmo-
nellosis caused by  Salmonella enterica  subsp.  enter-
ica  serovar Chester. This multi-country outbreak was 
associated with travel to Morocco and was probably 
linked to multiple food sources [2]. Previously, human 
cases of salmonellosis from  S.Chester had rarely 
been reported, but after this outbreak, S. Chester was 
included among the 20 most common Salmonella sero-
vars causing infections in humans in Europe in 2014 
[3].  S. Chester has since accounted for 0.4% of the 
annually reported salmonellosis cases in Europe 
[1]. Outbreaks caused by  S. Chester have also been 
reported elsewhere. In 2010, S. Chester was implicated 
in two outbreaks in North America: in Canada, head 
cheese (brawn) was identified as the source [4], and 
a multi-state outbreak in the United States (US) was 
associated with frozen meals [5]. In China,  S.  Chester 
was isolated in a multi-serovar Salmonella outbreak in 
2012, where egg sandwiches were implicated as the 
main vehicle [6]. In Australia,  S. Chester outbreaks 
associated with turtle meat and municipal water were 
described in 1998 and 2005, respectively [7,8].

Salmonellosis has been notifiable to the Norwegian 
Surveillance System for Communicable Diseases 
(MSIS,  http://www.msis.no/) since 1977, and the cor-
responding isolates are sent to the National Reference 
Laboratory for Enteropathogenic Bacteria at the 
Norwegian Institute of Public Health (NIPH). During the 
period from 2000 to 2016, the number of  S.  Chester 
cases by year in Norway has ranged between zero and 
18. A travel history was confirmed in 78% of the cases; 
Europe, Asia and Africa were approximately equally rep-
resented as travel destinations of the cases (Figure 1). 
During summer 2016, we observed an increase in cases 
with a history of travel to the island of Rhodes, Greece. 
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This information was shared with other European coun-
tries through the Epidemic Intelligence Information 
System (EPIS) of the European Centre for Disease 
Prevention and Control (ECDC), but the communication 
returned no reports of cases outside Norway.

In this study, we studied the genomic relatedness 
of  Salmonella  Chester isolates by whole genome 
sequencing (WGS) analysed by a core genome multilocus 
sequence typing (cgMLST) scheme and compared with 
results obtained by single nucleotide polymorphism 
(SNP)-based reference genome mapping. Our aim was 
to identify if the cases with a history of travel to Greece 
were part of the Moroccan outbreak cluster and to 
examine the molecular epidemiology of isolates with 
different geographical origins. Comparisons of cgMLST- 
and SNP-based results are important as the use of 
WGS is increasingly used in public health. This requires 
information on the diversity of sequences within a 
species, serovar and previously defined genotypes, 
to determine appropriate cut-offs for clusters and 
outbreaks. Our study contributes to this body of 
knowledge. As Norwegians travel frequently both 
within Europe and outside the continent [9] and the 
majority of the  Salmonella  cases identified in Norway 
report a history of travel, our surveillance data are 
well positioned to give insight into the internationally 
circulating S. Chester strains.

Methods

Cases and isolates
Fifty-one of 86 non-duplicate  S.  Chester isolates from 
the national strain collection at the National Reference 
Laboratory for Enteropathogenic Bacteria at NIPH from 
the years 2000 to 2016 were included in the study. 
These consisted of all isolates from the years 2014 to 
2016 (n = 30) and a selection of older isolates from the 
period 2000 to 2013 (n = 21) chosen so that they were 
representative of the travel history of all cases. Isolates 
from all cases reporting travel to Greece, Cyprus or 
Morocco in the years 2000 to 2016 were included.

Epidemiological investigations
S. Chester cases with a history of travel to Greece 
during summer 2016 were interviewed to obtain more 
detailed information on travel destination, dates 
of stay, accommodation, travel agency and foods 
consumed at the destination.

Serotyping
Serotypes were confirmed by agglutination tests with 
antisera (Sifin Diagnostics GmbH, Berlin, Germany 
and SSI, Statens Serum Institut, Hillerød, Denmark) 
according to the White–Kauffmann scheme [10]. The 
SeqSero online tool, version 1.0 (http://denglab.info/
SeqSero) was used to identify the serotype from the 
raw sequence reads [11].

Whole genome sequencing
DNA extraction was performed by MagNAPure 96 
(Roche Molecular Systems Inc., Pleasanton, US). KAPA 
HyperPlus (Kapa Biosystems, Wilmington, US) was 
used for library preparation and Agencourt AMPure 
XP (Beckmann Coulter Life Sciences, Indianapolis, US) 
for removal of adaptor dimers. WGS was performed 
as paired-end (250 bp × 2) sequencing on the MiSeq 
(Illumina, Inc., San Diego, US) platform aiming for 
coverage of > 50×. Quality control of the raw reads was 
done through FastQC. The sequences were submitted 
to the European Nucleotide Archive (ENA) under the 
access number PRJEB30485.

Multilocus sequence typing
Genotyping by the  Salmonella enterica  seven-gene 
MLST scheme was performed through EnteroBase in 
the SeqSphere+  software, version 4.0 (Ridom GmbH, 
Münster, Germany) based on the Achtman scheme.

Core genome multilocus sequence typing
All analyses were performed using SeqSphere+. Briefly, 
raw sequence reads were trimmed until an average 
Phred base quality of ≥ 30 was reached in a window of 
20 bases, and de novo assembly was performed using 
Velvet version 1.1.04 with default settings. We used 
the SeqSphere+ integrated cgMLST scheme developed 
by Alikhan et al. for EnteroBase (https://enterobase.
warwick.ac.uk/) [12], with allele calling procedure 
with a minimum accepted BLAST identity of 80%, no 
BLASTp search, frame-shift detection turned on and 

Figure 1
Salmonella Chester cases, by travel history and year, 
Norway, 2000–2016 (n = 86)
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independent SeqSphere+ allele numbering nomencla-
ture. The allelic profiles of the isolates were visualised 
as a neighbour-joining tree using the parameter ‘pair-
wise ignoring missing values’.

Single nucleotide polymorphism-based 
reference mapping analysis
CSI Phylogeny, version 1.4 (https://cge.cbs.dtu.dk/
services/CSIPhylogeny/) was used to map sequences 
of our strains under investigation against  S.  Chester 
SRX992125 as a reference using the Burrows-Wheeler 
Aligner (BWA), call and filter SNPs through SAMtools 
using default parameters [13,14]. In MEGA6, the 
maximum likelihood method based on the Tamura-Nei 
model was used to infer phylogeny from the reference-
based SNP calling, and a bootstrap consensus tree 
inferred from 1,000 replicates was also produced 
[15,16].

Discriminatory power
Calculations comparing the discriminatory power of 
MLST, cgMLST and reference mapping methods were 
performed using Simpson’s index of diversity [17].

Antimicrobial susceptibility testing
All isolates were routinely tested for ampicillin, 
ciprofloxacin (CIP) and trimethoprim-sulfamethoxazole 
using the agar disk diffusion method. From 2016 
onwards, quinolone resistance was inferred from 
pefloxacin resistance (n = 18). In addition, a selection of 
the isolates (n = 32) were screened for tetracycline (TET), 
chloramphenicol and nalidixic acid (NAL). Results were 
interpreted as sensitive (S), intermediate (I) or resistant 
(R) using the EUCAST clinical breakpoints, version 7.1 
[18] when available, or based on epidemiological cut-
off values of national zone distributions for CIP (S ≥ 33 
mm and R < 30 mm), NAL (R < 16 mm) and TET (R < 17 mm) 
[19].

Characterisation of antimicrobial resistance 
determinants, single nucleotide polymorphisms 
associated with resistance and plasmids
The online tools ResFinder version 3.0, PlasmidFinder 
version 1.3 and pMLST version 1.4 available at the 
Center for Genomic Epidemiology (http://www.
genomicepidemiology.org/) were used, respectively, 
for sequence-based identification of acquired 
resistance genes, known mutations conferring 
resistance and plasmid-borne genes, using assembled 
genomes obtained through SPAdes Genome Assembler 
version 3.0 (Algorithmic Biology Laboratory, St. 
Petersburg University, St. Petersburg, Russia) [20,21]. 
For PlasmidFinder, the threshold for minimum identity 
was set at 95% and for coverage at 80%. For ResFinder, 
the threshold for minimum identity was set at 90% and 
for coverage at 60%.

Results

Description of cases
Nine cases had no travel history outside Norway, the 
remaining 42 cases had a history of travel to southern 
Europe (n = 13), Africa (n = 16) or Asia (n = 12). The travel 
history of one case was unknown. The median age of 
the cases was 44 years (range: 7–86 years) and 26 of 
the 51 cases were male.

Seven of eight cases with a history of travel to Greece 
in the summer of 2016 were interviewed upon giving 
a sample positive for  S.  Chester; however, the only 
common exposure that was revealed was staying on 
Rhodes (7/7) with the majority staying in the city of 
Rhodes (6/7).

Serotypes
Conventional and sequence-predicted antigenic 
profiles were concordant, identifying the serotype 
Chester (4:e,h:e,n,x) for all isolates.

Multilocus sequence typing and core genome 
multilocus sequencing typing
The isolates represented five MLST sequence types 
(STs): ST1954 (n = 15), ST411 (n = 14), ST343 (n = 11), 
ST2063 (n = 8) as well as ST5260 (n = 3) which is a 
single-locus variant (SLV) of ST411 (Table).

All 51  S. Chester isolates had ≥ 98.6% good cgMLST 
targets (mean: 99.4%). Through cgMLST, based on 
3,002 core genes and seven MLST genes, we identified 
four phylogenetic clusters separated by ≥ 719 allelic 
differences. These clusters were primarily associated 
with different geographical regions of acquisition: 
Europe, Africa and two separate clusters for Asia 
(Figure 2,  Table). The European and Asian clusters 
included isolates from cases without reported history 
of travel outside Norway (Figure 2). Half of the cases 
in the Asia 1 cluster had a history of travel to Thailand 
(6/11) and in the Asia 2 cluster to Sri Lanka (4/8). The 
European cluster was further divided into Greek (n = 10) 
and Cypriot (n = 4) subclusters (Figure 2), while three 
isolates belonged to neither subcluster. The European 
subclusters were distanced from each other by ≥ 107 
allelic differences. Within each of the two Asian clusters, 
the allelic differences between isolates were present 
in up to 8.2% (248/3,009) of the included genes, and 
within the European cluster in 4.2% (107/3,009) of the 
genes. There were fewer allelic differences between the 
isolates within the Greek (1.3%; 40/3,009) and Cypriot 
(0.9%; 27/3,009) subclusters and within the African 
cluster (1.5%; 45/3,009). Some identical isolates were 
also present: three isolates in the Greek subcluster 
were identical by cgMLST, as were two isolates in the 
African cluster. The years of isolation of S. Chester from 
the different clusters overlapped in time (Figure 2).
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Figure 2
Neighbour-joining tree of Salmonella Chester isolates, based on 3,009 core genes included in core genome multilocus 
sequence typing, Norway, 2000–2016 (n = 51)

Country of acquisition

Nodes are labelled according to year of isolation. In addition, country of acquisition and seven-gene sequence type (ST) is noted. Scale bar 
shows absolute number of allelic differences. Green and white: European cluster (ST411 and ST5260); red: African cluster (ST1954); blue: Asian 
cluster 1 (ST343); lilac: Asian cluster 2 (ST2063). The analysis was performed in in Ridom SeqSphere+.
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Single nucleotide polymorphism-based 
reference mapping analysis
Genome mapping phylogeny based on 14,176 SNPs 
revealed four main clusters that corresponded with the 
cgMLST results (Figure 3). The clusters were separated 
by ≥ 3,623 SNPs. Within the European cluster as a 
whole, there were 416 SNP differences. While within the 
Greek and Cypriot subclusters, there were ≤ 8 and ≤ 16 
SNP differences, respectively, these subclusters were 
separated from the other three isolates within the 
European cluster by ≥ 170 SNPs. Within the African 
cluster, there were ≤ 51 SNP differences, while there 
were ≤ 601 and ≤ 852 SNP differences, respectively, 
within the Asia 1 and Asia 2 clusters.

Discriminatory power
The discriminatory power by Simpson’s index of 
diversity was 0.78 for conventional MLST and 0.99 for 
cgMLST and genome mapping.

Antimicrobial resistance by phenotypic and 
genotypic characterisation
Overall, 16 of the 51 isolates were quinolone resistant 
by phenotypic testing. All 16 carried one or more 
quinolone resistance determinants: 10 carried 
the  qnrS1  gene and five carried the  qnrB19  gene, and 
the S83F SNP in  gyrA  was identified in two isolates, 
one of which also carried  qnrS1  (Table). All isolates 
resistant to chloramphenicol (6/6), trimethoprim-
sulfamethoxazole (14/14) and tetracycline (9/9) carried 
known resistant determinants to these antimicrobials. 
The four isolates in this study that were resistant to 
β-lactams carried  blaTEM-1B  and were present in the 
two Asian clusters. Antimicrobial resistance varied 
between the clusters identified through WGS (Table). 
No isolates in the European cluster were fully resistant 
to any of the tested antimicrobials.
All isolates in the African cluster were resistant to 
at least one class of antibiotics. Most common in 
this cluster was trimethoprim-sulfamethoxazole 
resistance (n = 13), these resistant isolates carried 
both the  sul2  and  dfrA14  genes. Thirteen isolates 
in the African cluster were resistant to two or more 
classes of antibiotics. Twelve isolates in this cluster 
harboured the full set of resistance genes (aph(3”)-Ib 
(strA), aph(6)-Id (strB), sul2, tet(A), and/or floR) carried 
on the Tn3-like transposon that was identified in the 
outbreak cluster associated with travel to Morocco in a 
previous study [2].

Resistance to multiple antimicrobial agents was 
rare outside the African cluster. However, in the 
Asia 1 cluster, two isolates displayed resistance 
to both β-lactams and quinolones and carried 
the  bla  TEM-1B  and  qnrS1  genes. In the Asia 2 cluster, 
one isolate carried the IncX1 plasmid and the  aph(6)-
Id (strB), blaTEM-1B , qnrS1, sul3, tet(A), dfrA14genes, and 
was resistant to β-lactams, tetracycline, quinolone and 
trimethoprim-sulfamethoxazole. Across all the clusters, 
colicin bacteriocin-encoding Col-plasmids were carried 
by 25 of the 51 isolates. Plasmids of the incompatibility 

(Inc) types detected among the isolates were IncI1, 
IncI2, IncX1, IncX3(pEC14), IncFII, IncL/M(pOXA-48) 
and IncN. These were carried by 16 of the 51 isolates 
(Table). In the African cluster, six of 15 isolates carried 
the IncN-pST7 plasmid, which was not found in any of 
the other clusters.

Discussion
It is widely recognised that WGS-based methods offer 
higher resolution compared with conventional typing 
methods in distinguishing outbreak-associated iso-
lates from sporadic ones [22,23]. For several enter-
opathogenic bacterial species, high concordance of 
results has been shown between cgMLST and reference 
mapping approaches, including  Salmonella  Enteritidis 
[24],  Listeria  [25] and  Enterococcus faecium  [26]. We 
observed similar concordance in our study, where the 
same four clusters were identified by both approaches. 
Both cgMLST- and SNP-based analyses identified 
the same Greek and Cypriot subclusters within the 
European cluster. The allelic and SNP differences 
observed in the two workflows also both confirmed 
the same phylogeny, where the European and African 
clusters were more similar to each other and more dis-
tant from the two Asian clusters. There was more inter-
nal diversity within the Asian clusters, compared with 
the internal diversity within the European subclusters 
and within the African cluster. The four main clusters 
identified through WGS displayed distinct STs based 
on conventional MLST for seven housekeeping genes, 
although the Cypriot subcluster within the European 
cluster included both ST411 and a novel SLV ST5260.

The discriminatory power of cgMLST- and SNP-
based analyses was high and exceeded that of 
conventional MLST. The discriminatory power of 
cgMLST, combined with the ease of performing the 
analysis, the lower requirements of computational 
power and bioinformatics knowledge compared with 
a reference mapping SNP-based workflow, makes this 
an appropriate method for public health microbiology. 
Isolates can be analysed and compared with previously 
analysed isolates as they are received, which allows 
for continuous monitoring of potential outbreak 
clusters through gene-by-gene comparisons of a 
standardised cgMLST. In addition, because the scheme 
is standardised, the cgMLST EnteroBase can be used 
to describe the analysed isolates in a wider context by 
comparing them to other analysed isolates. For further 
analysis of clusters detected by cgMLST, SNP analysis 
can be performed for even greater resolution.

In this study, we used cgMLST to investigate genetic 
relatedness of  S.  Chester for surveillance and early 
outbreak detection and to compare the isolates from 
Norwegian patients who had travelled to Greece 
with isolates from patients with a history of travel 
to other geographic regions. As the majority of 
the  Salmonella  cases identified in Norway report a 
history of travel [27], our data offer some level of insight 
into the internationally circulating S.Chester strains.
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Figure 3
Molecular phylogenetic analysis of Salmonella Chester isolates, based on single nucleotide polymorphism differences, 
Norway, 2000–2016 (n = 51)
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The branch structure was confirmed by a bootstrap consensus tree inferred from 1,000 replicates. A total of 14,176 positions were present 
in the final dataset. S. Chester SRX992125 was used as a reference. Nodes are labelled according to year of isolation, country of acquisition 
and seven-gene sequence type (ST). Green and white: European cluster (ST411 and ST5260); red: African cluster (ST1954); blue: Asian cluster 1 
(ST343); lilac: Asian cluster 2 (ST2063). The scale bar shows substitutions per site.
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The travel history of our cases allowed us to identify 
geographical clusters, and our results also show that 
unrelated clusters, describing probable outbreaks, 
were overlapping in time. For example, the isolates 
from the African cluster, identified in the period 
between 2012 and 2016, were unrelated to the isolates 
associated with travel to Rhodes, Greece, which were 
identified in the summer of 2016. The isolates from 
cases who had travelled to Greece formed a separate 
group within the larger European cluster. The European 
cluster also included a smaller Cypriot subcluster, with 
four isolates from 2000, 2010, and 2014.

To further investigate the European cluster, we 
compared the ST411 isolates included in this study 
with the ST411 isolates deposited in EnteroBase. Of the 
14 ST411 isolates included in our study, 10 clustered 
together with fewer than two allelic differences. They 
represent the Greek subcluster within the European 
ST411 cluster that we identified in our study, and the 
reported travel history of the 10 cases was Greece 
(n = 8), southern Europe (n = 1) and none (n = 1). In 
addition to our isolates, five ST411 isolates from the UK 
clustered within two allelic differences from our Greek 
subcluster, however, the travel history was unknown 
for the isolates from the UK.

While this and previous studies indicate that both 
SNP- and cgMLST-based WGS analysis can provide 
epidemiologically relevant microbiological information 
in the context of an outbreak investigation, it does not 
replace epidemiological information. In any outbreak 
investigation, microbiological and epidemiological 
data ideally complement each other in disentangling 
the outbreak, but microbiological data like these, 
especially when performed regularly as molecular 
surveillance, may alert to potential outbreaks that 
require epidemiological investigation. Although 
interviews were unable to confirm a source or common 
exposure for the cases travel-related to Rhodes, 
Greece, the WGS results of both the SNP-based and 
the cgMLST analysis give reason to believe that these 
cases constituted an outbreak. Surprisingly, our EPIS 
enquiry did not return any reports from similar findings 
elsewhere in Europe, although Rhodes is a holiday 
destination for many Europeans.

The isolates within the African cluster and within the 
Cypriot subcluster were genetically similar, although 
spanning several years, and isolates such as these 
should be flagged in WGS-based molecular surveillance 
for possible further investigation. In contrast, the two 
Asian clusters revealed through WGS in our study were 
geographically less contained, with cases reporting 
travel to one of several Asian countries or no travel 
abroad, and spanned a period of several years. They 
were also genetically more diverse and probably do not 
represent outbreak clusters, but rather a sample of the 
strain population that circulates in Asia and perhaps 
elsewhere.

As WGS is increasingly employed in public health 
microbiology to provide epidemiologically relevant 
information for outbreak investigations and 
surveillance, harmonised or standardised cut-offs 
for cluster definitions are needed and have already 
been proposed for some species [28]. Because of the 
inherent characteristics of the WGS analysis methods, 
we can expect that the SNP variation will be greater than 
the allelic differences in the same cluster, therefore 
the cut-offs must be adjusted not only to the species 
under investigation and possibly to subtype, serovar 
or serotype, but also to the WGS analysis approach. In 
addition, SNP-based results may differ from each other 
depending on trimming and pruning quality parameters 
defined in the SNP identification process, and some 
suggest that it may be impossible to define single cut-
off values for outbreaks [14,29]. For cgMLST, a cut-off 
value for clusters would most probably need to take 
into account the number of core genes included in the 
analysis, and perhaps the cut-off could be a percentage 
of allelic differences rather than an absolute number. 
However, even for cgMLST, different assembly software 
could introduce some variation into the results, even 
when using the same sequencing chemistry.

The clusters associated with travel to Europe and 
Asia included cases without travel history. However, 
domestically acquired salmonellosis cases are rare in 
Norway [27]. These results therefore invite speculation 
on the possibility of secondary transmission to people 
in Norway from persons with travel history or through 
consumption of imported food items. Previous studies 
on salmonellosis have concluded that most cases are 
contracted through contaminated food, while person-
to-person transmission is rare [30]. Inadvertent 
omission of travel details in connection with specimen 
collection or isolate submission is also a possibility 
that could explain these results.

In our study, two clusters were related to travel to 
Asia, one with just over half of the cases reporting 
travel to Thailand, and the other with travel history 
to Sri Lanka or Thailand. Geographical clusters were 
also identified in a previous study focusing on the 
multinational outbreak of S. Chester in Europe related 
to travel to Morocco in 2014 and 2015 [2], however, our 
study indicates that the outbreak may have been still 
ongoing in late 2016, as four cases belonging to the 
cluster and reporting travel to Morocco were identified 
in Norway in November 2016.

Antimicrobial resistance varied between the clusters. 
Aside from six intermediately quinolone-resistant 
isolates, all isolates in the European cluster were 
susceptible to all tested antibiotics, while some 
resistance was seen in the two Asian clusters. The 
three isolates displaying resistance to both quinolones 
and β-lactams and one isolate resistant to β-lactams 
were part of the two Asian clusters. The results for the 
isolates from the African cluster, where resistance to 
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antibiotics was frequent, are in agreement with prior 
knowledge about the ST1954 cluster [2]. It has been 
concluded that the use of antibiotics in treating non-
severe Salmonella diarrhoea offers no clinical benefits 
and that antibiotics appear to increase adverse effects 
and may prolong the presence of  Salmonella  [31]. 
However, as antibiotic use plays an important role in 
the development of antibiotic resistance, this variation 
between clusters may reflect variation in the use of 
antimicrobials for humans and livestock between the 
originating regions. Estimating global consumption of 
antimicrobials in animals is challenging, but experts 
estimate that it will increase by 67% from 2010 to 2030 
[32]. Studies describing findings of  S.  Chester from 
animal feed and faeces are available for two African 
countries. In a study of  Salmonella  in animal feed 
commercially produced in Namibia,  S.  Chester was 
the most commonly encountered serovar; however, 
resistance was rare. In a separate study,  S.  Chester 
isolates with intermediate resistance to streptomycin 
were discovered in poultry and cattle faeces in Burkina 
Faso [33,34].

A previous study by Fonteneau et al., focusing on the 
multinational  S.  Chester outbreak related to Morocco, 
found that isolates carrying the IncN-qnrS1  plasmid 
appeared in 2014 [2]. In our material, isolates harbouring 
this plasmid were isolated already in 2013. In our study, 
these isolates were also ST1954 and originated from 
cases with history of travel to Morocco, which indicates 
that one of the sources in the multisource outbreak 
may have been active already then. As IncN plasmids 
are more commonly identified in isolates from animals 
than from humans, it has previously been suggested 
that the plasmids could have acquired the qnrS1 gene 
in animals [35]. Six of our isolates harboured the same 
IncN-pST7 plasmid that was first reported in isolates 
connected to the Moroccan outbreak [2]. Two thirds of 
the resistant isolates in our study carried plasmids that 
have been linked with plasmid-mediated quinolone 
resistance [35]. All fully quinolone resistant isolates 
carried one of the  qnr  genes and/or point mutations 
known to confer resistance. The Inc plasmid types 
identified in our study were not confined to one WGS 
cluster, and the isolates in a cluster did not all carry 
the same plasmids.

A limitation of our study is the convenience sample 
of S. Chester isolates included in the analysis. However, 
we have attempted to mitigate this by including 
all isolates submitted to the National Reference 
Laboratory in the years from 2014 to 2016, and the 
additional isolates were selected to represent multiple 
years and a variety of geographical origins. A second 
limitation of our interpretation of the results is that we 
do at this point not have universal defined cut-offs of 
the number of SNP or allelic differences to determine 
clusters for  S.  Chester. However, we believe that in 
the future, as WGS continues to be used and more 
genomes become available in the public databases, our 
possibilities to determine exact cut-offs for defining a 

cluster will improve through sharing data such as those 
we obtained in this study.

Conclusion
WGS of S. Chester cases in Norway shows geographically 
distinct clusters associated with travel history of the 
patients and with varying antimicrobial susceptibility 
profiles between clusters. Although standardised cut-
off values for relatedness as defined through WGS 
need more epidemiological validation and further data, 
our results indicate an outbreak of S. Chester in Norway 
during summer 2016. They further indicate that the 
outbreak was related to travel to Rhodes, Greece, and 
different from the simultaneous multicountry outbreak 
associated with travel to Morocco [2]. We recommend 
implementing cgMLST-based molecular surveillance 
for accurate and timely detection of future outbreaks 
for S. Chester and other S. enterica isolates.
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Introduction: Water supply and air-conditioner cool-
ing towers (ACCT) are potential sources of  Legionella 
pneumophila  infection in people. During outbreaks, 
traditional typing methods cannot sufficiently seg-
regate  L. pneumophila  strains to reliably trace back 
transmissions to these artificial water systems. 
Moreover, because multiple  L. pneumophila  strains 
may be present within these systems, methods to 
adequately distinguish strains are needed. Whole 
genome sequencing (WGS) and core genome multilo-
cus sequence typing (cgMLST), with their higher reso-
lution are helpful in this respect. In summer 2017, the 
health administration of the city of Basel detected 
an increase of  L. pneumophilainfections compared 
with previous months, signalling an outbreak. Aim: 
We aimed to identify L. pneumophila strains populat-
ing suspected environmental sources of the outbreak, 
and to assess the relations between these strains and 
clinical outbreak strains. Methods: An epidemiologi-
cal and WGS-based microbiological investigation was 
performed, involving isolates from the local water sup-
ply and two ACCTs (n = 60), clinical outbreak and non-
outbreak related isolates from 2017 (n = 8) and historic 
isolates from 2003–2016 (n = 26).

Results: In both ACCTs, multiple strains were found. 
Phylogenetic analysis of the ACCT isolates showed 
a diversity of a few hundred allelic differences in 
cgMLST. Furthermore, two isolates from one ACCT 
showed no allelic differences to three clinical isolates 
from 2017. Five clinical isolates collected in the Basel 
area in the last decade were also identical in cgMLST 
to recent isolates from the two ACCTs. Conclusion: 
Current outbreak-related and historic isolates were 
linked to ACCTs, which form a complex environmental 
habitat where strains are conserved over years.

Introduction
Legionella pneumophila  (Lp) causes Legionnaires’ dis-
ease (LD), a severe infection of the respiratory tract. 
LD was first described in 1976 after an outbreak at an 
American legion convention due to a contaminated air-
conditioning system [1]. In that outbreak, 182 persons 
were infected and 29 (16%) died [1]. Since then, Lp has 
been considered an important threat to public health. 
The European Legionnaires’ disease Surveillance net-
work (ELDSNet) reported, that between 2011 and 2015 
across 29 European countries a total of 30,532 LD 
cases were documented, whereas the incidence rose 
from 0.97 (2011) to 1.30 (2015) per 100,000 inhabitants. 
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Most LD cases are community-acquired and affect peo-
ple aged 50 years or older, with mortality rates around 
10% [2]. In Switzerland during 2017, 492 cases of LD 
were reported [3] with an incidence of 5.81 per 100,000 
inhabitants.

Infections with Lp are acquired via inhalation of con-
taminated aerosolised water [4]. Various environmen-
tal sources are known, such as showers [5,6], hot tubs, 
fountains, dishwashers [7], hot water tanks, larger 
plumbing systems [8] and air-conditioner cooling tow-
ers (ACCT) [9-12].

A given environmental source can host several types 
of Lp strains, which, in some cases, can enter amoeba 
biofilms [4] leading to low mutation rates and a high 
conservation of genomic diversity. As a consequence, 
traditional typing methods such as serotyping, pulsed-
field electrophoresis (PFGE), and sequence-based typ-
ing (SBT) do not provide sufficient resolution to trace 
outbreaks to individual sources. In addition, certain 
Lp clonal complexes of clinical relevance (e.g. ST1) 
are spread worldwide, and respective isolates are so 
similar, that SBT cannot distinguish them [13]. This 
renders SBT insufficient for typing Lp for public health 
purposes. On the other hand, different isolates of a 
specific clonal complex may have a limited number of 
single nt polymorphisms (SNPs) (e.g. ST1: 121 SNPs), 
which are detectable by whole genome sequencing 
(WGS) to allow their discrimination.

The ability of WGS to deliver complete genomic infor-
mation [14], thereby conferring higher-resolution, 
has made it the gold standard for typing Lp isolates. 
Moreover, investigations of LD incidents in a fast and 
automatic manner have recently been facilitated by a 
core genome multilocus sequence typing (cgMLST) 
scheme based on WGS data [15]. Beside single out-
break investigations, WGS-based typing data also 
support comparison across studies [16]. Nevertheless, 
many recent reports on Lp using WGS have mainly 
focused on single outbreaks [5,8,12,17,18]. These 
studies also did not assess the complexity of environ-
mental sources in great detail, whereby the sampling 
strategy of the environmental isolates and the diversity 
of strains in the sources remain unclear.

Based on epidemiological evidence, ACCTs are sus-
pected to be a considerable source of outbreaks [17,19-
21], yet the  Legionella  populations within have not 
been thoroughly described. To clarify the transmission 
mechanism of Lp, which in turn guides appropriate con-
trol measures, it is important to understand the envi-
ronmental complexity of Lp populations (e.g. genomic 
diversity, exchange between populations) and relate 
this to data from outbreak-related clinical isolates. The 
goal of this study was to extend our knowledge of the 
role of environmental Lp sources, such as ACCTs and 
water supply, during an outbreak, or over a prolonged 
time period. Therefore, we studied clinical isolates 
from the city of Basel and surrounding areas during an 

outbreak in 2017 and compared these to isolates origi-
nating from water pipes and ACCTs by applying WGS. 
We also sequenced clinical isolates that were collected 
since 2003. With these data we attempt to identify 
links between Lp populations within ACCTs, and out-
break-related and historical clinical isolates.

Methods

Setting
In Switzerland, all positive Lp cases have to be reported 
to the federal office of health by law [3], which is fol-
lowed by an environmental risk assessment. Briefly, 
cases clinically suspected of respiratory tract infection 
get screened using a urinary Legionella antigen testing 
according to the manufacturer (BinaxNOW from Alere, 
which detects serotypes 1–14 or Sofia Legionella FIA 
from Quidel, which detects serotype 1; San Diego, 
United States). In the case of a positive Lp result, the 
treating physician is contacted to report the result and 
send respiratory material for culture-based detection 
and subsequent typing of the Lp isolate.

We cultured 34 strains from humans. Four cul-
tured isolates (isolate ID: NMB001740, NMB001739, 
NMB001863, NMB001758) of Lp serotype 1 obtained in 
the time period of the outbreak and the specific city 
district associated with the outbreak were available for 
WGS analysis. As non-outbreak controls, we included 
four serotype 1 isolates from the same time period, but 
different geographical areas including the neighbour-
ing cantons (n = 3) and another city district of Basel 
(n = 1). Furthermore, we included 26 historic isolates 
collected between 2003 and 2016 in the canton of 
Basel-city and the neighbouring cantons. Additionally, 
we used 60 Lp isolates from the local water supply 
chain and ACCTs within the area of the outbreak (up to 
29 isolates per location). The details of the samples are 
listed in Supplementary Table S1.

Origins, culture and serogroup identification 
of human isolates
Respiratory materials such as sputum, tracheal secre-
tion and bronchioalveolar lavages, were cultured for 
a maximum of 10 days at 36 °C under 5% CO2  using 
buffered media with polymyxin B, anisomycin and 
alpha-ketoglutarate (BMPA from Thermoscientific, 
Reinach, Switzerland) and standard 5% sheep blood 
agar (bioMérieux, Lyon, France). Culture plates were 
daily checked for growth and suspected colonies were 
identified using matrix assisted laser desorption ion-
ization-time of flight (MALDI-TOF) mass spectrometry 
(Microflex system, Bruker, Bremen, Germany). Lp iso-
lates were further separated into serogroup 1 or 2–14 
(Legionella latex test, Oxoid (Pratteln, Switzerland)). 
The historic isolates were obtained from the strain col-
lection of the University Hospital Basel and respective 
serogroups were determined in the same way.
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Origins, culture and serogroup identification 
of environmental isolates
Water samples (1,000 mL) from suspected environ-
mental sources (tap water sources/plumbing systems, 
ACCTs) were filtered and cultured directly and after fil-
tration without treatment, after acid treatment and after 
heat treatment following the International Standard ISO 
11731:2017 ‘Water quality – Enumeration of Legionella’. 
The isolates were cultured aerobically for a maximum 
of 10 days at 37 °C using the selective media buffered 
charcoal yeast extract agar with polymyxin B, aniso-
mycin and cephamandol (BMPA from Oxoid, Pratteln, 
Switzerland), MWY (buffered charcoal yeast extract 
agar with glycin, polymyxin B, anisomycin, vancomy-
cin, bromothymol blue and bromocresol purple; Oxoid, 
Pratteln, Switzerland) and GVPC (buffered charcoal 
yeast extract agar with glycin, vancomycin, polymyxin 
B and cycloheximide; Oxoid, Pratteln, Switzerland). 
Culture plates were checked every 2–3 days for growth 
and suspected colonies were identified by subculture 
on buffered charcoal yeast extract agar (BCYE-agar; 
Oxoid, Pratteln, Switzerland) with L-cysteine and on 
standard 5% sheep blood agar (bioMérieux, Lyon, 
France). Isolates showing no growth on cysteine-free 
blood agar were considered as  Legionella  and further 
identified by agglutination and separated into sero-
group 1 or 2–14 (Legionella latex test, Oxoid (Pratteln, 
Switzerland)). Finally, colony forming units of Lp per mL 
and per 1,000mL of water sample were determined.

Whole genome sequencing of bacterial isolates 
and bioinformatic analysis
From both clinical and environmental isolates, we 
included each morphotype to WGS analysis. DNA from 
cultured isolates was extracted using a robotic system 
(EZ1 Advanced XL, Qiagen (Venlo, Netherlands)). WGS 
sequencing was performed using a MiSeq Illumina 
platform (accredited with ISO 17025 norm) with 2x 
300nt paired-end sequencing as previously described 
[22]. The resulting reads were de novo assembled 
using Unicycler [23] (version 0.4.4) and the assemblies 
(assembly statistics are listed in Supplementary Table 
S2) used for cgMLST analysis performed with Ridom 
SeqSphere Software (version 4.1.9) using the recently 
published cgMLST scheme [15]. All isolates had at least 
a mean coverage of 90-fold. All genomes sequenced 
for this study were submitted to GenBank (see acces-
sion numbers Supplementary Table S2).

All available Lp genome assemblies were downloaded 
from the National Center for Biotechnology Information 
(NCBI, December 2017, 539 genomes). The assemblies 
were re-annotated using Prokka (version 1.12) [24] for 
consistency, and phylogenetic analysis that was based 
on the core genome alignment was performed using 
Roary (version 3.11.2) [25] and FastTree (version 2.1) 
[26]. The phylogenetic tree was visualised using iTOL 
[27]. Whole genome comparison (SNP-calling) was per-
formed using BWA (version 0.7.17) [28] and Pilon (ver-
sion 1.22) [29].

Results

Description of Legionella pneumophila outbreak 
in Basel 2017
In 2017, the weekly number of LD cases in the city 
of Basel appeared to increase from May to August 
(Supplementary Figure S1). In this city, the overall inci-
dence per 100,000 inhabitants increased from 4.66 
to 15.02 between 2016 and 2017 [3] (Supplementary 
Figure S2). Although, no active case finding strategy 
was developed, the health administration of the city 
of Basel performed a detailed epidemiological inves-
tigation using a standardised questionnaire to assess 
potential risk factors for  Legionella  exposure for all 
infected patients (Supplement S1,  Supplement S2). 
Based on the investigation results, including the place 
of residence of the patients, a spatial and temporal 
cluster of Lp serotype 1 infected patients in a particular 
city district was found. A secondary investigation with 
more specific questions about epidemiological risk 
factors and places visited was performed. Thereby, the 
area and particular exposures could be even further 
specified. Interestingly, ACCTs were found in the vicin-
ity of some of the patients’ homes.

Whole genome sequencing typing of human 
isolates
The WGS-based cgMLST comparison showed that 
three of the four putative outbreak isolates had the 
same cgMLST type (cluster type 228), with no allelic 
differences (0/1521). Therefore, these patients were 
infected with the same strain. The other five clinical 
(including the one outbreak isolate, and the four non-
outbreak isolates) isolates from 2017 (cluster types are 
listed in  Supplementary Table S1) showed more than 
90 allelic differences to the cluster of three samples, 
indicating that these patients were infected with other 
strains.

Investigation of environmental sources
In order to identify a possible source of infection for the 
three patient isolates sharing the same cgMLST type, 
we sampled water sources from plumbing systems in 
close proximity to their respective place of residence. 
We identified four different locations contaminated 
with Lp (Supplementary Table S1). Colonies with vari-
ous morphotypes were selected. The investigated 
locations contained Lp serotypes 1 and 2–14. Because 
patients had been tested with a serotype 1 specific uri-
nary antibody test in 2017 only serotype 1 clinical iso-
lates were available for comparison.

Based on the epidemiological assessment of the out-
break cluster patients, we suspected eight ACCTs as 
possible sources of  Legionella. As there is no cooling 
tower registry for the city of Basel, we used the epide-
miological risk assessment to identify the most likely 
towers in close distance for the sampling. Material 
from two of these eight sampled ACCTs yielded growth 
of Lp. In the two ACCTs various morphotypes could be 
detected on the culture plates, including serotypes 1 and 
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2–14, all of which were included into the WGS-analysis. 
Quantitative analysis of Legionellain the water samples 
from these contaminated ACCTs reached up to 5.8 mil-
lion colony forming units per litre (Supplementary Table 
S1), which reflects a high pathogen density. The water 
flow and aerosolisation associated with functions of an 
ACCT are shown in Supplementary Figure S3.

Whole genome sequencing analysis of clinical 
and environmental isolates
WGS was performed on 37 isolates from the two con-
taminated ACCTs and 23 isolates from the four plumb-
ing systems contaminated with Lp (Supplementary 
Table S1). Isolates were selected based on differing 
morphotypes from the different isolation sites. In addi-
tion, we included 26 historic clinical isolates from the 
strain collection of the University Hospital Basel, col-
lected since 2003 from the city of Basel and surround-
ing area.

A total of 94 clinical and environmental isolates were 
analysed using cgMLST. The overall diversity through-
out all isolates was very high, covering more than one 
thousand allelic differences (Figure), producing 13 
closely related complexes (≤ 10 allelic differences) and 
also 15 strains without close relation to other isolates 
(Figure).

Our first analysis focused on the environmental sam-
ples, which were found within ten complexes (Figure). 
ACCT-derived isolates can be found within six different 
complexes, while all environmental isolates recovered 
from tap water and plumbing sources (Figure) were 
found in four different clusters. Complexes 1 and 2 con-
tain isolates from the two ACCTs sites. Most interest-
ingly, isolates within complex 1 originated from both 
ACCTs, including some isolates from both ACCTs with 
no allelic differences.

The comparison of the environmental and clinical sam-
ples showed that the three identical clinical outbreak 
isolates are closely associated with two isolates from 
a single ACCT (Figure, ‘complex 9’), showing no allelic 
differences in the cgMLST analysis. This analysis was 
complemented by a whole genome based variant call-
ing approach for increased typing resolution. This 
approach revealed a variability of only 5 SNPs within 
that cluster, further highlighting the close relatedness 
(data not shown). We also analysed all serogroup 1 
strains of the ACCT using SBT that showed that all 
strains were ST36 (Philadelphia). Furthermore, we also 
found that five historic isolates, sampled between 
2003 and 2011, were within complex 1, and showed no 
allelic differences to four environmental isolates from 
the ACCTs (Figure, ‘complex 1’). Therefore, we con-
cluded that this environmental strain, recovered during 
the current investigation, has been causing infections 
over the past decades. In total, we observed that 12 
clinical isolates (historic and 2017) had 10 or fewer 
allelic differences compared with the closest related 
environmental isolate.

Nevertheless, not all historic or current clinical isolates 
could be linked to the sampled environmental isolates. 
Interestingly, we found that of these 22 clinical isolates 
(17 historic and five from 2017) nine are found in three 
complexes (Figure, complexes 4,6,7). Especially inter-
esting is complex 4, as it contains five clinical isolates 
from 2009 to 2017. The remaining 13 clinical isolates are 
not closely related to any other isolate. To investigate 
potential origins of these 22 patient strains without 
connection to environmental isolates, we accessed 539 
Lp genomes from the public NCBI database, reflecting 
a global strain collection. We performed phylogenetic 
analysis of all sequenced strains from Basel and the 
genomes from NCBI that were isolated in 17 differ-
ent countries (clinical and environmental samples). In 
order to handle the high number of genomes (n = 633), 
we compared the strains using a core genome align-
ment-based phylogeny. The analysis showed that all 
22 strains without links to environmental isolates are 
closely related to isolates from other European coun-
tries (Supplementary Figure S4).

Discussion
In this study, we have shown, based on WGS and 
cgMLST analysis, that clinical isolates associated with 
the outbreak of 2017 in the city of Basel are genetically 
related to ACCT-derived isolates. This finding supports 
that ACCTs can act as a source of Legionella  infection, 
as suspected in previous studies [19,20]. An important 
finding of our study is the broad genetic diversity of 
environmental isolates across the city. Although the 
isolates sampled from two ACCTs were found to be 
very closely related (complex 1 and 2), the findings 
clearly highlight the need to sample a broad range 
of environmental reservoirs in an outbreak setting in 
order to identify the causal source. Due to the diver-
sity within these environmental reservoirs, we believe 
that shotgun metagenomics [30] could provide more 
information than WGS on selected isolates, as the lat-
ter might overlook important strains. However, this 
approach would necessitate the use of appropriate and 
maybe newly developed bioinformatics tools that allow 
the differentiation of strains in metagenomics samples 
[31,32].

We have demonstrated that identical environmental 
isolates can be found in different sampling locations, 
potentially indicating a complex environmental net-
work. As there was no direct water pipe connection 
between the two contaminated ACCTs in this study 
that are ca 500 m apart, our current assumption is that 
the release of contaminated aerosols not only leads 
to human exposure, but also facilitates the exchange 
of Legionella populations between ACCTs. Some previ-
ous studies have attempted to characterise Lp popu-
lations in ACCTs. In 103 water samples from 50 ACCTs 
collected over five years in Turkey (1996–2000), 
relatively stable serotype distributions with 44% 
serotype 1 have been described [33]. Another study 
used 16S sequencing to study the  Legionella  species 
dynamics within cooling towers and found that Lp can 
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outcompete other Legionella species [30]. However, to 
date no high-resolution analysis of Lp within ACCTs has 
been conducted. Our findings highlight the potential 
of (i) a complex environmental network and (ii) sug-
gest that decontaminated ACCTs (the decontamination 
automatics were defect in the observed ACCTs) can 
be potentially recolonised by contaminated aerosols 
from other ACCTs. This information could be used to 
influence the design of ACCTs (Supplementary Figure 
S3) and strategies in the control of potential outbreak 
sources [34,35]. Our study already had a real-life effect, 
as for the two contaminated ACCTs, the maintenance 

procedure for decontamination was corrected after our 
findings.

The diversity of isolates within one environmen-
tal  Legionella  population, as shown by the WGS data, 
is also remarkable. We found isolates from the same 
populations that are separated by more than one thou-
sand allelic differences. Interestingly, only environmen-
tal isolates from complex 1, 3 and 9 were connected to 
clinical samples (Figure). The cgMLST results indicates 
that subclones of the same ST (e.g. ST36) seem to have 
enhanced potential for causing infection, as out of the 
15 cluster types that we found in the environmental 

Figure 
Allelic differences between the Legionella pneumophila strains recovered in clinical and environmental isolates, Switzerland, 
2003–2017 (n = 94 isolates)

(n = 8)

(n = 29)

(n = 34)

(n = 11)

(n = 5)

(n = 7)

ACCT: air-conditioner cooling towers; cgMLST: core genome multilocus sequence typing.

The circles represent sequenced strains. The circles are coloured according to the isolation source. The numbers next to the lines connecting 
two circles indicate the number of allelic differences. Strains that have no allelic differences are listed in the same circle. Strains with 10 or 
less allelic differences are clustered into complexes and connected with a grey background. The analysis is based on the published cgMLST 
scheme [15] for Legionella pneumophila using 1,521 allelic loci. The last four numbers next to the isolate ID indicate the isolation year
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samples, only cluster type 177 and 228 also comprised 
the clinical samples.

The inclusion of previously collected isolates from 
the strain collection of the University Hospital Basel 
allowed us to increase the sample size, and also to link 
historic cases to environmental contamination. The 
transmission from ACCTs appears not to be a rare event 
that is limited to the outbreak from 2017. We were able 
to connect some clinical isolates found in ACCTs to clin-
ical infections that occurred almost a decade apart and 
the strains can still be found in the ACCT (Figure, ‘com-
plex 1’). However, this is not limited to only one event, 
we found several cases of closely related clinical iso-
lates that were isolated in different years (Figure). We 
concluded that these are conserved Legionella strains 
in environmental sources, that lead to infections over 
several years and that these environmental sources 
form a complex network. This is in agreement with 
another study, where the same strains were found over 
several years [8]. We assume strains are conserved 
over the years in biofilms [4]. Unfortunately, no histori-
cal environmental samples were available to test our 
hypothesis.

While our findings provide more insight into potential 
links between complex environmental Lp reservoirs 
and LD, this study has several limitations. First, we 
only had a limited number of isolates available, in par-
ticular isolates were not obtained from all outbreak-
related patients. Although a total of 94 isolates were 
included, the study would certainly have further ben-
efitted from a higher sampling density of environmen-
tal and clinical isolates. Often clinical isolates cannot 
be collected, as patients with a positive antigen test 
in urine samples will receive treatment and no cul-
ture isolation from respiratory material is performed. 
Clearly, physicians should be aware of the importance 
of  Legionellaculture and WGS-based typing for public 
health reasons. In addition, the sensitivity of culture-
based methods for  Legionella  detection is somewhat 
limited [36]. Another limitation was that unfortunately, 
we did not have historical samples from the environ-
ment that could match historical clinical samples. 
Finally, we were only able to sample two ACCT sites, 
although the exchange of strains between both sys-
tems could be documented, more systems should be 
sampled and analysed in the future.

In conclusion, we showed that contaminated ACCTs are 
an important threat to public health. WGS played a cru-
cial role in this study, as it allowed the high-resolution 
typing and therefore demonstrated the value of this 
technique in clinical microbiology. In particular, the 
potential that environmental systems can form a com-
plex network without having a direct water supply con-
nection is an important finding. Finally, we have shown 
that strains are conserved and cause infections over 
decades.
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Introduction: MALDI-TOF MS represents a new tech-
nological era for microbiology laboratories. Improved 
sample processing and expanded databases have 
facilitated rapid and direct identification of micro-
organisms from some clinical samples. Automated 
analysis of protein spectra from different microbial 
populations is emerging as a potential tool for epide-
miological studies and is expected to impact public 
health. Aim: To demonstrate how implementation of 
MALDI-TOF MS has changed the way microorganisms 
are identified, how its applications keep increasing 
and its impact on public health and hospital hygiene.
Methods: A review of the available literature in 
PubMED, published between 2009 and 2018, was 
carried out. Results: Of 9,709 articles retrieved, 108 
were included in the review. They show that rapid 
identification of a growing number of microorgan-
isms using MALDI-TOF MS has allowed for optimisa-
tion of patient management through prompt initiation 
of directed antimicrobial treatment. The diagnosis of 
Gram-negative bacteraemia directly from blood cul-
ture pellets has positively impacted antibiotic stream-
lining, length of hospital stay and costs per patient. 
The flexibility of MALDI-TOF MS has encouraged new 
forms of use, such as detecting antibiotic resistance 
mechanisms (e.g. carbapenemases), which provides 
valuable information in a reduced turnaround time. 
MALDI-TOF MS has also been successfully applied 
to bacterial typing. Conclusions: MALDI-TOF MS is a 
powerful method for protein analysis. The increase in 
speed of pathogen detection enables improvement of 
antimicrobial therapy, infection prevention and control 
measures leading to positive impact on public health. 
For antibiotic susceptibility testing and bacterial typ-
ing, it represents a rapid alternative to time-consum-
ing conventional techniques.

Introduction
During the past 10 years, Matrix Assisted Laser 
Desorption Ionization-Time of Flight Mass Spectrometry 
(MALDI-TOF MS) has changed microbiology routine 
practice by allowing timely and cost-effective identifi-
cation of different microorganisms, not only from pure 
culture but also directly from clinical samples [1-3]. 
Indeed, faster microbial identification allows for earlier 
antibiotic streamlining, due to the accurate identifica-
tion provided for important groups of microorganisms 
that can be managed with directed antibiotic treat-
ment, as demonstrated when MALDI-TOF MS was 
applied to bacterial identification directly from blood 
culture pellets [4,5]. MALDI-TOF MS has also been 
applied to determine antimicrobial susceptibility pat-
terns, and has produced reliable same-day results; this 
is a major advantage, as routine antimicrobial suscep-
tibility testing (AST) analyses typically need overnight 
incubation [6].

MALDI-TOF MS has also emerged as a diagnostic tool for 
bacterial typing, which could help to detect nosocomial 
outbreaks, with a putative beneficial impact on disease 
control and patient safety [7,8]. Hospital hygiene may 
also benefit from early identification of some emerg-
ing and clinically relevant pathogens [9]; in this con-
text, the rapid identification of pathogens, even at the 
subspecies or serotype level, may positively impact the 
time until patient isolation and the prompt initiation of 
the appropriate drug therapy. In some circumstances, 
such as the recent Mycobacterium chimaera outbreak, 
early identification of atypical mycobacteria would also 
prove useful to detect such case clusters [10].

Altogether, in this review we aim to demonstrate that 
MALDI-TOF MS represents a versatile diagnostic tech-
nology with great potential to improve the identifica-
tion of microorganisms and to impact public health 



87www.eurosurveillance.org

by providing important information for optimised anti-
microbial stewardship and disease prevention and 
control.

Methods
A review of the available scientific literature was car-
ried out. We searched the United States (US) National 
Institutes of Health’s National Library of Medicine 
PubMed database for articles published in English 
between January 2009 and October 2018, using the 
terms ‘MALDI-TOF’, ‘blood culture’, ‘bloodstream infec-
tion’, ‘antibiotic susceptibility testing’, ‘resistance 
mechanism’, ‘typing’, ‘highly pathogenic microorgan-
isms’, ‘identification’ and ‘diagnosis’.

Reference lists from published articles were also 
screened to find more literature on the topic. In addi-
tion, reports from the European Centre for Disease 
Prevention and Control (ECDC) were consulted to identify 
outbreaks and public health issues where MALDI-TOF 

MS was applied to detect the causing pathogen 
(https://ecdc.europa.eu/en/threats-and-outbreaks).

The articles identified in the search were screened 
based on the information included in their titles and 
abstracts. Studies with a scope other than the appli-
cation of MALDI-TOF MS on public health and hos-
pital hygiene issues, as well as duplicate studies, 
were excluded. Case reports, studies acknowledging 
regional or very local microbiological problems (indi-
cated by a very limited number of samples (n <10) and 
reviews were also excluded, though their reference lists 
were checked for related literature. Subsequently, the 
remaining articles were each assigned to an author for 
review, according to their area of expertise (including 
direct application of MALDI-TOF MS on blood cultures 
(GG), detection of resistance mechanisms (AC, EC), 
identification of public health-relevant microorganisms 
and typing with MALDI-TOF MS (BRS, EC).

Results

Literature selection
A total of 9,709 articles were found using the selected 
keywords. Based on the information in the titles 
and abstracts, 6,322 studies were out of scope and 
were therefore excluded. Among the remaining 3,387 
papers, 1,707 appeared in the search results more than 
once and 790 reviews did not contribute new content 
because they reproduced results previously obtained 
by other authors in a different geographical area; these 
were also excluded. Articles written in languages other 
than English (n = 398) and 76 case reports referring 
to a very limited number of samples or patients were 
excluded as well (Figure 1).

At this stage, the remaining number of references was 
416. During a second review, studies acknowledg-
ing regional or very local microbiological problems 
(n = 122) and those where MALDI-TOF MS was used as 
an identification tool but its performance was not the 
objective of the study (n = 176) were also excluded. In 
addition, in order to fall within the maximum number of 
references for publication, only the most recent articles 
showing similar design and results were included; all 
relevant articles are covered here (Figure 1).

Finally, 108 original articles demonstrating proof of 
concept, as well as a clear impact on microbiology and 
the microbiology laboratory praxis regarding the appli-
cation of MALDI-TOF MS, were included in this review.

Implementation and clinical impact of 
performing MALDI-TOF MS on blood culture 
pellets
One of the most impactful uses of MALDI-TOF MS is 
its ability to identify microorganisms grown in blood 
cultures [11]. This application has shown to provide 
reliable identification of possible contaminants and 
disease-causing pathogens, as well as to reduce 

Figure 1
Flowchart of the literature retrieved and retained in 
review of MALDI-TOF MS use in public health and 
hospital hygiene, 2018

Articles screened using the terms ‘MALDI-TOF MS’ and
 ‘blood culture’, ‘bloodstream infection’, ‘antimicrobial 

susceptibility testing’, ‘resistance mechanism’, ‘typing’, 
‘identification’ or ‘diagnosis’ (N = 9,709)

Title, abstract scope (n = 6,322)

Articles in study scope after screening of 
abstract and titles (n = 416)

Duplicate studies (n = 1,707)

Reviews (n = 790)

Language other than English
 (n = 398)

Case Reports (n = 76)

Local impact onlya (n = 122)

Not within study scopeb (n = 176)
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a Regional or very local microbiological problems indicated by a 
limited number of samples (n <10).

b MALDI-TOF MS was used as an identification tool, but its 
performance was not the objective of the study.
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turnaround time (TAT) to final identification, since 
overnight culture on agar media is not necessary [4,12].

Already in 2010, several authors proposed to prepare 
a bacterial pellet from positive blood cultures in order 
to fasten pathogen identification [13-15]. Since then, 
a variety of protocols have been used that reported 
identification of the aetiological agent of bacteraemia 
in 70–80% of cases, with accuracy greater than 99% 
(reviewed in [16]).

In these protocols, sample preparation aims at concen-
trating the microorganisms present in the blood culture 
by using differential centrifugation and washing steps. 
Then, the pellet can be spotted directly on the MALDI 
target for identification [17] or be submitted to a protein 
extraction procedure [18]. The use of the SepsiTyper 
kit (Bruker Daltonics, Billerica, Massachusetts, US) 
has also been reported for this purpose [19]; its per-
formance was shown to be similar to the direct and 
protein-extraction methods, but it provided superior 
results for yeasts identification. These results were 
supported by several studies [3,20]. In-house methods 
using different reagents also reported improved iden-
tification of yeasts and fungi in blood cultures [21,22]. 
Croxatto et al. developed an ammonium chloride-
based approach to lyse red blood cells and obtain a 
clean bacterial pellet [23]. A short incubation step right 
after the blood culture bottle is flagged positive was 
also tested successfully [24]. The detection of beta-
lactamases and carbapenemases using MALDI-TOF MS 
can also be applied on the obtained pellet. The proce-
dure is detailed further down in this review [6,25].

So far, the drawback of MALDI-TOF MS directly on 
blood culture detected so far is the inability to iden-
tify all bacteria in a polymicrobial infection [17]. It has 
been overcome by the development of several AST 
approaches coupled to the identification of the caus-
ing pathogen (Figure 2).

The advantage of MALDI-TOF MS over conventional 
methods is that it offers a reliable identification of the 
pathogen and AST results can be obtained within one 
working shift in a rapid and inexpensive manner [26]. 
The clinical impact of the implementation of MALDI-TOF 
MS on blood cultures has been measured; in a study by 
Clerc et al. [5], MALDI-TOF MS allowed the adjustment 
of antibiotic treatment in 35.1% of the bacteraemia 
cases analysed. Without considering the centrifugation 
steps, the cost was calculated to be ca EUR 1.43 per 
sample tested, whereas the hospital stay was shown 
to be reduced by ca 2 days, depending on the patient 
type and the appropriateness of patient management 
[26,27]. Due to common use of carbapenems for sep-
tic shock at their study site, Clerc et al. observed anti-
biotic streamlining more often than broadening, with 
routine MALDI-TOF MS applied to blood culture pellets 
having a clear positive impact on reducing the usage of 
carbapenems and other broad-spectrum antibiotics [5].

A recent prospective study confirmed that identifica-
tion of the aetiological agent of bacteraemia by MALDI-
TOF MS led to a shorter time to adequate antibiotic 
treatment [28]. In this study, patients with  ampC-pos-
itive, Gram-negative bacteriaemia rapidly identified by 
MALDI-TOF MS were optimally treated within 48 hours.

Thus, in several centres the implementation of MALDI-
TOF MS for the routine identification of microorgan-
isms directly from blood culture pellets has shown that 
it may significantly impact the streamlining of antibi-
otics, with a likely positive impact on the antibiotic 
resistance rate.

Identification and typing of epidemiologically 
relevant pathogens
The high specificity shown by MALDI-TOF MS in dif-
ferent studies encouraged researchers to further ana-
lyse the protein spectra obtained for identification of 
different microorganisms and to attempt comparison 
between subpopulations.

Food-borne pathogens
Discrimination at the subspecies or even serotype 
level has been researched for different bacterial gen-
era of public health interest. For  Salmonella  spp., the 
finding of specific peaks that allow genus-, species-, 
subspecies- and even serotype-level discrimination 
has been described by Dieckmann et al. [29]. Using a 
decision tree based on the presence/absence of spe-
cific peaks, corresponding mainly to ribosomal pro-
teins, the authors achieved correct identification of the 
most commonly encountered  S. enterica  subsp.  enter-
ica  serotypes with 100% sensitivity and specificity. 
More recently, a study using similar peaks as serotype 
biomarkers and ad hoc software allowed 94% of 
correct S. enterica subsp. enterica serotype assignment 
using a set of 12 species-specific peaks [30]. The 
authors reported up to 96% correct serotype identifi-
cation when the software reduced the number of bio-
markers used to 10, with no impact on the specificity 
of the analysis. It is noteworthy that both studies used 
a whole-cell approach for serotyping, which requires a 
limited number of reagents and short TAT. The manual 
process of peak analysis can be more time-consuming 
and requires trained personnel. However, this require-
ment can be avoided by implementing specific soft-
ware for peak analysis. The use of free software such 
as MALDIQuant [31] allows the simultaneous analysis 
of many spectra, with the necessity of a trained bioin-
formatician as the only drawback.

Further important food-borne pathogens that have been 
successfully subtyped with MALDI-TOF MS are Shiga-
toxin producing Enterobacteriaceae [9]. The analysis of 
peak profiles yielded two important biomarkers that 
allowed correct identification of 103 of 104 Escherichia 
coli O104:H4 isolates from an outbreak that took place 
in northern Germany [9]. The implementation of MALDI-
TOF MS from isolates spotted directly on a MALDI tar-
get plate or after a formic acid/acetonitrile extraction 
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renders this methodology very rapid, since the protein 
spectra can be obtained within minutes.

This approach has also allowed the discrimination 
of Listeria monocytogenes, a pathogen associated with 
a high mortality rate (20–30%) [32]. Beyond correct 
species-level identification of  L. monocytogenes  after 
culture conditions standardisation, the analysis of the 
protein spectra has allowed the source tracking of  L. 
monocytogenes  isolates from dairy sources [33] and 
the correct serotype assignment from clinical samples 
[34]. In addition,  L. monocytogenes  subtypes can be 
discriminated using the automated MALDI Biotyper 
(MBT) subtyping module developed by Bruker Daltonics 
[35].

Clostridium difficile
The implementation of MALDI-TOF MS for typing 
of  Clostridium difficile  has yielded successful results 
[36]. High molecular weight proteins from 500 isolates 
were analysed and high correlation with PCR ribotypes 
(89.0%) was reported. The availability of this easy-
to-perform typing method allows rapid and accurate 
screening of outbreak-related  C. difficile  clones and 
helps epidemiologists and public health professionals 
to follow and control putative outbreaks.

Respiratory pathogens
Several respiratory pathogens of public health impor-
tance have been shown to be reliably identified using 
MALDI-TOF MS.  Legionella  spp. was identified from 
environmental samples in two different hospitals in a 
rapid and reliable manner [37,38].

Attempts to discriminate  Streptococcus pneumo-
niae  from the members of the  S. mitis  complex have 
yielded a panel of specific marker peaks that allow 
species assignment to  S. pneumoniae  isolates and 
the most common non-pneumococcal species (S. 
mitis and S. oralis) [39,40]. Compared with the culture 
from suspected isolates in the presence of an optochin 
disk, this MALDI-TOF MS application allows a reduction 
in TAT and laboratory costs [39].

Another group of important respiratory pathogens are 
the members of the  Mycobacterium  genus. MALDI-
TOF MS cannot differentiate among the species 
comprising the  Mycobacterium tuberculosis  complex. 
Nevertheless, its implementation for the identification 
of non-tuberculous mycobacteria (NTM) has been 
useful for evaluating the clinical significance of 
the microorganism recovered by culture of various 
clinical samples. Around 60 NTM species have been 
shown to act as opportunistic human pathogens 
causing pulmonary disease with symptoms similar 
to tuberculosis lymphadenitis in children associated 
with  M. avium  and  M. scrofulaceum, as well as skin 
diseases and disseminated infections in immunocom-
promised patients [41,42]. In this scenario, MALDI-TOF 
MS has shown to provide reliable species-level identifi-
cation in almost 100% of the cases [43] and the sample 

processing methods available are easy to apply, require 
little hands-on time and are widely standardised [44].
However, MALDI-TOF MS applied to NTM grown on liq-
uid medium exhibited a low sensitivity [45]. This draw-
back has been overcome, however, by some authors 
using an improved bead-based method for cell disrup-
tion. The implementation of this method reduced the 
TAT up to 2–3 weeks [46]. Closely related NTM species 
are often identified by MALDI-TOF MS at a complex 
level. However, Fangous et al. developed an algorithm 
that allowed the accurate discrimination between 
three subspecies within the  Mycobacterium absces-
sus  complex, namely  M. abscessus subsp.  absces-
sus,  M. abscessus  subsp.  massiliense  and  M. 
abscessus subsp. bolletii [47]. The algorithm was based 
on the presence/absence of five specific peaks that cor-
related with the three subspecies. The discrimination 
of the subspecies within the M. abscessus complex was 
demonstrated as well by Kehrman et al. using principal 
component analysis [48]. In both cases, the discrimi-
nation of the subspecies was accurate and allowed for 
improved patient management due to the different 
antibiotic susceptibility pattern of each member of 
the  M. abscessus  complex. More recently, Pranada et 
al. have achieved a highly robust and accurate discrim-
ination between  M. intracellulare  and  M. chimaera  by 
peak analysis [10]. Their approach supports the use of 
MALDI-TOF MS for the accurate discrimination of NTM 
isolates associated with heater/cooler devices used for 
extracorporeal cardiopulmonary support, an important 
issue in hospital hygiene and infection prevention [49].

Biosafety level Risk Group 3 pathogens
Highly pathogenic microorganisms are a major concern 
for their potential to be used as bioterrorism agents. 
The identification of Risk Group 3 bacterial patho-
gens with MALDI-TOF MS was assessed by different 
groups [50-52]. The authors reportedly showed no 
identification of these microorganisms when propri-
etary databases were employed. However, the use of 
the Security Relevant reference library, developed by 
Bruker Daltonics, allowed between 52.5–77.0% correct 
species assignment, although misidentifications with 
neighbour species were also reported [52]. The rate of 
correct species assignment reached the totality of the 
isolates tested only (i) when expanded with in-house 
libraries and/or (ii) when improved software for spec-
tra analysis were used [51].

Recently, the US Centers for Disease Control and 
Prevention (CDC) collaborated with Bruker Daltonics in 
the construction of an expanded library for Risk Group 
3 pathogens. This database can be accessed online 
(https://microbenet.cdc.gov/).

Finally, MALDI-TOF MS was able to identify the emerg-
ing pathogen  Candida auris. The Biotyper updated 
Research Use Only (RUO) database already contains 
nine reference spectra from this pathogen, which 
allowed the discrimination from  C. haemuloni  without 
using an expanded library (data not shown).



90 www.eurosurveillance.org

Antimicrobial susceptibility detection using 
MALDI-TOF
Even without performing AST, the identification of micro-
organisms by MALDI-TOF MS impacts antimicrobial 
stewardship since the common susceptibility pattern of 
the identified microorganism can be largely deduced. 
This information can already be partially obtained by 
direct examination of the sample after performing a 
Gram staining, but MALDI-TOF MS goes one step fur-
ther by giving at least the genera of the microorganism. 
Concerning Gram-negative rods, identification of group 
3 Enterobacterales or a Stenotrophomonas spp. isolate, 
for example, will modify the antibacterial stewardship. 
It is the same for Gram-positive cocci and the possibil-
ity to distinguish Enterococcus faecium from E. faecalis, 
for example.

Considering the continuous emergence of acquired 
antibiotic/antifungal drug resistance, the need for 
same-day, full AST results become urgent. From this 
perspective, several studies have investigated the 
use of MALDI-TOF MS to perform AST. MALDI-TOF AST 
assays were first developed to detect specific peaks 
of resistant strains by peak picking approaches [53-
55]. Most of these studies, however, concern detec-
tion of drug hydrolysis/modification (reviewed in [56]). 
Recently, some MALDI-TOF MS assays aimed at detect-
ing drug resistance independently of the biological 
mechanism, evaluating the growth of a microorganism 
in the presence of a given drug [57-59].

The peak picking approaches
The first MALDI-TOF AST study was performed 
on Staphylococcus aureus to detect meticillin resistance 
[60]. Comparing the lists of peaks, some peaks specific 
for meticillin-resistant S. aureus (MRSA) and meticillin-
susceptible  S. aureus  (MSSA) strains were identified. 
Further studies were then performed on larger sets of 
strains and on averaged spectra obtained from several 
replicates for a given strain. Cluster analysis was per-
formed on the obtained peak list to discriminate MRSA 
from MSSA strains [61]. Interestingly, some authors of 
the first study also demonstrated that the cluster anal-
ysis result is modified depending on the growth media 
[62]. In contrast, Bernardo et al. showed that peak pro-
files were very stable regardless of the growth medium 
used. However, this study failed to define a clear peak 
signature for MRSA [63].

Other groups performing peak picking could discriminate 
between teicoplanin-susceptible vs -resistant staphylo-
cocci by analysing peak lists of laboratory-engineered 
mutant strains [64]. More recently, vancomycin inter-
mediate-resistant  Staphylococcus aureus  (VISA) and 
vancomycin-susceptible Staphylococcus aureus (VSSA) 
could be discriminated by the identification of 22 
relevant peaks using linear regression analysis, 
followed by a principal component analysis (PCA) on 
the identified peaks [65]. Once again, the influence 
of the growth medium on the obtained spectra was 
documented [65]. In 2018, Asakura et al. [66] further 

developed the machine learning approach initiated by 
Mather et al. to discriminate profiles of VISA among 
MRSA and heterogeneous VISA (hVISA) among MSSA, 
with 99% sensitivity for both. They also developed an 
‘all-in-one’ online software publicly available to ana-
lyse in-house spectra [66]. The same approach was 
used earlier to discriminate cfiA-positive and cfiA-neg-
ative Bacteroides fragilis [67].

Since antimicrobial resistance is often due to the pro-
duction of enzymes modifying the microorganism 
metabolism or degrading the drug, some MALDI-TOF 
MS studies developed assays to identify peaks cor-
responding to such enzymes. Studies were then per-
formed to detect disappearance of peaks corresponding 
to  E. coli  or  Klebsiella pneumoniae  porins in spectra 
of strains with high resistance against beta-lactams 
[53]. This approach allows discrimination between car-
bapenemase expression and loss of porin expression 
conjugated with AmpC or extended Spectrum Beta-
Lactamase (ESBL). Other groups were able to identify 
the peak of beta-lactamase at 29,000 m/z in ampicil-
lin-resistant E. coli [55]. Concerning the detection of B. 
fragilis resistant to carbapenems, peaks specific to the 
IS insertion upstream of the cfiA gene were determined 
and a MBT subtyping module from Bruker Daltonics’ 
was released to detect them [35].

Meticillin resistance in  Staphylococcus  is due to the 
acquisition of the mecA or mecC gene. The mecA gene is 
often acquired in parallel to the psm-mec gene coding 
for a toxin. Rhoads et al. specifically detected a peak 
near 2,415 m/z (± 2.00 m/z) that correlated with meticil-
lin resistance (mecA carriage) in a series of consecutive 
staphylococcal blood culture isolates; this peak was 
present in 37% of the MRSA and 0% of MSSA strains 
[68]. Recently, Bruker Daltonic’s MBT subtyping mod-
ule included the detection of a peak corresponding to 
the PSM-mec peptide in Staphylococcus aureus spectra 
[35].

Detection of drug hydrolysis
The most important outcome of using MALDI-TOF AST 
so far was the detection of antimicrobial modifica-
tions, either quinolones acetylation or beta-lactam ring 
hydrolysis, leading to mass shift of 43 Da and 18 Da, 
respectively [56,69,70]. Beta-lactam ring hydrolysis is 
directly followed by a decarboxylation corresponding 
to a minus 44 Da shift. Thus, beta-lactamase hydroly-
sis rather appears as a minus 26 Da shift [71].

In 2011, Sparbier et al. established an interesting table 
of detected peaks for each type of beta-lactams before 
and after hydrolysis decarboxylation, in presence or 
absence of salts [70]. They then correlated the calcu-
lated data with measured data on strains incubated for 
3 hours with the different drugs. By visual peak analys-
ing, they obtained the same susceptibility and resist-
ance results as routine AST methods. Further studies 
aimed to detect ESBL  Enterobacterales  through third-
generation cephalosporins degradation [70,72]. To 
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quantify the hydrolysis, Jung et al. calculated the loga-
rithm of the hydrolysed/non-hydrolysed peaks. This 
so-called LogRQ ratio discriminates drug susceptibility 
with 100% sensitivity and 91.5% specificity [72], even 
if criteria to interpret the ratio were not clearly defined. 
In a subsequent study, De Carolis et al. calculated the 
average intensity of the hydrolysed vs non-hydrolysed 
peaks, and compared them with the positive and nega-
tive control peaks [73]. Both studies investigated the 
possibility to detect enzyme activity directly in the 
blood culture pellet and obtained sensitivity and speci-
ficity of ca 87% and 98%, respectively.

The majority of the MALDI-TOF AST studies, however, 
focused on carbapenemases detection, as they rep-
resent a challenge for hospital hygiene as an emer-
gent antimicrobial resistance mechanism. Several 
studies successfully detected carbapenemase-pro-
ducing bacteria using different carbapenems as sub-
strate, such as ertapenem [74,75], imipenem [76,77] 
and meropenem [78,79]. However, OXA48 carbap-
enemase in  Enterobacteriaceae  or imipenemases 
in  Pseudomonas aeruginosa  remain difficult to 
detect [80,81]. The addition of a bicarbonate buffer 
improved hydrolysis by  Enterobacteriaceae  of ertap-
enem and meropenem, but not imipenem [77,82]. 
Similarly, addition of zinc ion (Zn2+) conserves activ-
ity of zinc-dependent  P. aeruginosa  imipenemases 
[83]. However, Rotova et al. highlighted a slightly 
better efficacy of meropenem supplemented with 
sodium dodecyl sulfate (SDS) and bicarbonate to 
detect  Enterobacteriaceae  and  Pseudomonas  carbap-
enemases than imipenem plus Zn2+ [84].

All these MALDI-TOF MS detections of drug modifi-
cations have lead, so far, to the development of the 
MBT STAR-BL software (Bruker Daltonics) and to one 
carbapenemase detection kit called MBT STAR-Carba 
Kit (Bruker Daltonics). Recent studies demonstrated 
the efficacy of this software with a concomitant iden-
tification and detection of ESBL or carbapenemase in 
around 1.5–5.2 hours, instead of 12–48 hours, with 
conventional routine protocols [85,86].

Detection of global spectra modifications in the 
presence of a drug
One promising use of MALDI-TOF AST consists of 
comparing spectra obtained from microorganisms in 
absence or presence of an antimicrobial agent. This 
approach was first developed in 2009 to discrimi-
nate between fluconazole-susceptible and -resist-
ant C. albicans strains [87]. Authors compared spectra 
of Candida cells incubated in increasing concentrations 
of fluconazole. The minimal profile change 
concentration (MPCC) was determined as the lower 
concentration of drug needed to observe modification 
in the  C. albicans  spectra. Like for classical minimum 
inhibitory concentration (MIC), breakpoints were 
defined and then susceptible or resistant phenotypes 
could be easily determined after a few hours of incuba-
tion in fluconazole [87], allowing same-day antifungal 

susceptibility testing results. De Carolis et al. and Vella 
et al. further developed spectra comparison, perform-
ing a cross correlation index (CCI) matrix with spectra 
obtained in only three conditions: no drug, breakpoint 
and high concentration with a reduced 3-hour incuba-
tion [88,89]. They also adapted the method to echino-
candins [90], other triazoles and other Candida species 
[91]. The overall agreement of the MALDI-TOF AST with 
the Clinical and Laboratory Standards Institute (CLSI) 
method ranged from 54–97%, depending on the spe-
cies and the drug [92].

Comparison of spectra in the presence of a drug was 
also developed to determine bacterial resistance. 
It consists of a semiquantitative evaluation of the 
growth measuring intensity of different peaks in pres-
ence/absence of a drug following an internal standard 
[93]. First assays were performed using meropenem 
and Klebsiella  strains [57]. Best results were obtained 
after 1 hour of incubation, reaching 97.3% sensitivity and 
93.5% specificity. Like for the yeast assays described 
earlier, breakpoints were determined to distinguish 
susceptible from resistant strains. This approach was 
enlarged to cefotaxime, piperacillin-tazobactam, cipro-
floxacin and gentamicin, other Enterobacteriaceae and 
non-fermenting Gram-negative rods, and it was 
adapted to blood culture samples [58]. The same meth-
odology was tested for mycobacteria AST and allowed 
shortening of the TAT to one week for the NTM [59]. An 
example of such methodology is the MBT-ASTRA kit 
(MALDI BioTyper Antibiotic Susceptibility Test Rapid 
Assay, Bruker Daltonics), a promising tool for low-cost, 
same-day AST results on a wide range of pathogens 
and drugs [94-97].

Other applications of MALDI-TOF in public 
health
The rapid acquisition of protein spectra using MALDI-
TOF MS has been implemented as a diagnostic tool 
for the identification of infection markers. For this 
purpose, the spectra are usually obtained directly 
from clinical samples, mainly serum or whole blood 
[98-100]. This approach could be useful in instances 
where the pathogen is seldom detected, as is often 
the case for suspected but unconfirmed fungal infec-
tions and for slow-growing microorganisms such as 
some  Mycobacterium  species. Precisely for these two 
applications, several authors have recently published 
interesting data [99-102].

Biomarkers for diagnosing fungal pathogens
In the case of fungal infections, Sendid et al. published 
the first evidence of the presence in serum samples of 
a disaccharide directly related to experimental invasive 
candidiasis in a mouse model and also in human sera. 
They further simplified this methodology and imple-
mented it as routine identification of this biomarker 
from serum of patients with invasive candidiasis, 
invasive aspergillosis and mucormycoses [100]. Their 
results showed that the detection of the disaccharide 
marker (365 m/z) performed similarly to beta-D-glucan 
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and galactomannan, thus complementing those tests. 
Although the detection of this biomarker has not been 
validated yet, its implementation could represent a 
rapid, inexpensive and easy-to-perform means for 
detecting invasive infections caused by a wide range 
of fungal species.

The detection of acute phase proteins with MALDI-
TOF MS has also been tested as a marker of antifun-
gal treatment response in a rabbit model of invasive 
pulmonary aspergillosis [103]. Although these proteins 
are not specific to fungal infection, their presence in 
infected rabbits was confirmed, as well as important 
changes in their expression as a response to antifungal 
treatment.

Biomarkers for diagnosing active and 
latent Mycobacterium tuberculosis infection
Few studies reported the identification of specific 
plasma biomarkers for latent tuberculosis infec-
tion (LTBI), using MALDI-TOF that could differenti-
ate between healthy individuals and those with LTBI. 
In their study, Zhang et al. (2014) used weak cat-
ion exchange magnetic beads (MB-WCX Kit, Bruker 
Daltonics) to recover plasma proteins even in low 
concentration. They then acquired spectra of plasma 

proteins and analysed them with specific algorithms. 
This combination allowed them to develop a model 
to discriminate between healthy and LTBI individu-
als, based on the presence/absence of specific peaks 
[102]. The same concept was also developed by 
Sandhu et al., who detected three regions along the 
protein spectra (around 5.8kDa, 11.5kDa and 21kDa) 
of plasma samples that also allowed discrimination of 
healthy individuals from patients with active TB infec-
tion and symptomatic LTBI patients with 87–90% accu-
racy [101]. The advantage of these approaches is that 
the methodology can be easily standardised, thanks to 
the use of the commercial kit for protein recovery from 
plasma. However, the protein ranges analysed by both 
studies are different and so are the results obtained in 
both cases. The identification of accurate biomarkers 
for TB infection would make MALDI-TOF MS a valuable 
screening tool, though the marker peaks need further 
confirmation by molecular or serological methods.

Biomarkers for diagnosing viral infections
Finally, a similar approach has been applied recently 
for the identification of a panel of 10 respiratory 
viruses from infected cell cultures [104]. The authors 
utilised four commonly used cell lines to establish 
a background of protein peaks derived from the cell 

Figure 2
Workflow for the identification of microorganisms from positive blood, review of MALDI-TOF MS use in public health and 
hospital hygiene, 2018
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culture and then found specific viral peaks using refer-
ence viral strains. The marker peaks were also robustly 
found in cell cultures infected with viruses from clini-
cal samples. The authors found this methodology to be 
poorly discriminatory for closely related viruses. The 
same authors also reported the discrimination of three 
poliovirus serotypes using MALDI-TOF MS [105].

Discussion and conclusions
The implementation of MALDI-TOF MS has changed the 
way many microorganisms of clinical and public health 
interest are identified. Anaerobic bacterial species, 
yeasts, mycobacteria and an increasing number of 
moulds can be reliably identified using this technology. 
This fact is reflected in the amount of literature about 
this subject published during the past 10 years (Figure 
2). Although only articles referenced in PubMed have 
been reviewed here, the large number of publications 
in this database reporting the use of MALDI-TOF MS to 
rapidly identify a wide range of microorganisms with 
public health relevance worldwide provides an up-to-
date overview of the role of MALDI-TOF MS in this field.

Despite the successful results reported using MALDI-
TOF MS and the wide range of scenarios where these 
findings could be applied, further studies are neces-
sary to standardise the applied procedures and to con-
firm the reproducibility of the results. In a recent study, 
the methodology applied for typing was evaluated in 
different laboratories [106]. Technical and biological 
replicates were analysed in order to assay the repro-
ducibility of the marker peaks detected in different 
populations of microorganisms. Their results displayed 
a reproducibility of technical and biological repli-
cates ranging between 96.8–99.4% and 47.6–94.4%, 
respectively. Thus, the authors proposed the evaluated 
technology as a first-line screening tool in outbreak 
analysis and epidemiological studies. In addition, the 
use of classifier algorithms and linear support vector 
machine (SVM) allowed the correct classification of 
the isolates used for validation. The implementation of 
these bioinformatics tools, together with standardised 
procedures and the available software, will turn MALDI-
TOF MS into a reliable reference methodology for typ-
ing isolates. Free software such as MALDIQuant [31] or 
proprietary software like FlexAnalysis and ClinProTools 
(Bruker Daltonics) or Bionumerics (Applied Maths, 
Sint-Martens-Latem, Belgium) allow automatic analysis 
of large amounts of protein spectra and facilitates the 
application of different classifiers for the correct iden-
tification of bacterial populations.

Additionally, available databases constructed by 
MALDI-TOF MS users can now be accessed online for 
the accurate identification of certain groups of micro-
organisms (https://microbenet.cdc.gov/) [37,107,108].
Taking into account the great impact of MALDI-TOF MS 
during the past 10 years, the knowledge that has been 
acquired during this time and the great flexibility of the 
technique, we think that its influence in public health 
will only become bigger in the coming years. Its use for 

resistance mechanism detection, typing and peak bio-
marker identification makes MALDI-TOF MS an excellent 
tool for monitoring the epidemiology of highly resistant 
or virulent pathogens, for outbreak detection and for 
screening of isolates within an outbreak, as the rapid 
acquisition and analysis of the protein spectra would 
facilitate prompt implementation of isolation measures 
and the identification of the affected patients. DNA 
sequencing tests could, therefore, be used as a con-
firmatory test only, to save time and resources.
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We aim to provide insight and guidance on the utility 
of whole genome sequencing (WGS) data for investi-
gating food-borne outbreaks of Shiga toxin-produc-
ing Escherichia coli (STEC) O157:H7 in England between 
2013 and 2017. Analysis of WGS data delivered an 
unprecedented level of strain discrimination when 
compared with multilocus variable number tandem 
repeat analysis. The robustness of the WGS method 
ensured confidence in the microbiological identifica-
tion of linked cases, even when epidemiological links 
were obscured. There was evidence that phylogeny 
derived from WGS data can be used to trace the geo-
graphical origin of an isolate. Further analysis of the 
phylogenetic data provided insight on the evolution-
ary context of emerging pathogenic strains. Publically 
available WGS data linked to the clinical, epidemio-
logical and environmental context of the sequenced 
strain has improved trace back investigations during 
outbreaks. Expanding the use of WGS-based typing 
analysis globally will ensure the rapid implementa-
tion of interventions to protect public health, inform 
risk assessment and facilitate the management of 
national and international food-borne outbreaks of 
STEC O157:H7.

Background
In the 1980s, the emergence of Shiga toxin-pro-
ducing  E. coli  (STEC) O157:H7, and the increasing 
number of outbreaks of gastrointestinal disease and 
haemolytic uraemic syndrome (HUS) associated with 
this serotype, stimulated the development of sub-
typing methods that provided a higher level of strain 
discrimination than serotyping [1,2]. Phage typing was 
adopted by Public Health England (PHE) and is still 
used today [3]. In the1990s and 2000s, Pulsed field gel 
electrophoresis (PFGE) and multilocus variable number 
tandem repeat (VNTR) analysis (MLVA) respectively, 
were used reactively in outbreaks that had already 

been identified by epidemiological links, although 
from 2012 prospective typing using MLVA was also in 
use [4,5]. PHE implemented whole genome sequenc-
ing (WGS) as the molecular typing method of choice 
for all isolates of STEC O157:H7 in June 2015 [6]. The 
aim of this perspective is to summarise the evaluation 
and share experiences on the utility of whole genome 
sequencing (WGS) data for investigating food-borne 
outbreaks of STEC O157:H7 in England and discuss the 
impact of this approach on informing risk assessment 
and risk management of this clinically important food-
borne pathogen.

Preliminary evaluation studies and 
comparisons with multilocus variable 
number tandem repeat analysis
To assess the epidemiological relevance of genetic 
similarity between genomes a retrospective com-
parison was performed in 2014. Randomly selected 
isolates (n  =  572) from the bacterial strain collection 
archive held at PHE were sequenced in order to assess 
the applicability of a common source single nucleotide 
polymorphism (SNP) variation threshold for outbreak 
detection, based on temporal and epidemiological 
linkages between isolates [6]. This study showed that, 
at the core genome level, isolates of STEC O157:H7 
greater than five SNPs different were less likely to be 
part of the same temporally linked outbreak than those 
less than five SNPs different. During these prelimi-
nary investigations, previously unidentified clusters of 
isolates that fell within five SNPs of each other were 
detected; however, all but two of these clusters were 
too small to support meaningful epidemiological anal-
ysis. Following further epidemiological investigations, 
one of the two larger clusters was ultimately linked 
to consumption of contaminated salad leaves and the 
other was associated with exposure to animals at a 
national park [6]. Subsequent studies revealed that 
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Table 1
Use of whole genome sequencing to inform investigations of outbreaks of STEC O157:H7 and context, England 2013–2017

Reference Description Benefits of the WGS approach and context

Butcher et al. 
2016 [7]

Outbreak of STEC O157:H7 PT21/28 associated with raw 
drinking milk in the south-west of England, 2014

     • Robust, high level strain discrimination compared 
with traditional molecular typing methods 
 
     • Forensic level typing for case ascertainment 
 
     • Inferring the geographical origin of an outbreak 
strain from the phylogeny at the national level 
 
     • Domestic source of outbreak strain 
 
     • Evolutionary context of outbreak strains

Jenkins et al. 2015 
[28]

Two national concurrent outbreaks of STEC O157:H7 PT2 
associated with contaminated watercress, 2013

     • Inferring the geographical origin of an outbreak 
strain from the phylogeny at the national and 
international level 
 
     • Domestic source of outbreak strain 
 
     • Non-domestic source of outbreak strain 
 
     • Evolutionary context of outbreak strains

Mikhail et al. 2017 
[8]

National outbreak of STEC O157:H7 PT8 associated with 
contaminated prepacked mixed leaf salad, 2015

     • Inferring the geographical origin of an outbreak 
strain from the phylogeny at the national level 
 
     • Domestic source of outbreak strain 
 
     • Evolutionary context of outbreak strains

Byrne et al. 2016 
[22]

Epidemiological and Microbiological Investigation 
of an Outbreak of Severe Disease from Shiga Toxin-
Producing Escherichia coliO157 Infection Associated with 
Consumption of a Slaw Garnish

     • Robust, high level strain discrimination compared 
with traditional molecular typing methods 
 
     • Forensic level typing for case ascertainment 
 
     • Domestic source of outbreak strain

Wilson et al. 2018 
[24]

Outbreak of STEC O157:H7 PT21/28 associated with 
contaminated meat products at two butchers’ premises in the 
north-east of England, 2015

     • Forensic level typing for case ascertainment 
 
     • Domestic source of outbreak strain

Rowell et al. 2016 
 
[25]

Outbreak of STEC O157 PT21/28 associated with a lamb-
feeding event

     • Robust, high level strain discrimination compared 
with traditional molecular typing methods 
 
     • Forensic level typing for case ascertainment 
 
     • Domestic source of outbreak strain

Underwood et al. 
2014 [27]

Outbreak of STEC O157:H7 at an open farm in the south-east of 
England, 2009

     • Robust, high level strain discrimination compared 
with traditional molecular typing method 
 
     • Domestic source of outbreak strain

Gobin et al. 2018 
[31]

National outbreak of Shiga toxin producing E. coli O157: H7 
linked to mixed salad leaves, 2016.

     • Inferring the geographical origin of an outbreak 
strain from the phylogeny at the international level 
 
     • Non-domestic source of outbreak strain 
 
     • Evolutionary context of outbreak strains

Cowley et al. 2016 
[32]

Two related sequential outbreaks of STEC O157:H7 PT8 and 
PT54 associated with the same restaurant, 2013

     • Robust, high level strain discrimination compared 
with traditional molecular typing methods 
 
     • Inferring the geographical origin of an outbreak 
strain from the phylogeny at the international level 
 
     • Non-domestic source of outbreak strain 
 
     • Evolutionary context of outbreak strains

STEC: Shiga toxin-producing Escherichia coli; WGS: whole genome sequencing.
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deeper phylogenetic relationships may provide epide-
miologically useful information or associations [7,8] 
(Table 1).

Methods applied for sequencing and typing 
STEC O157:H7
DNA from isolates of STEC O157:H7 was extracted on 
the QiaSymphony (Qiagen, Germany), and sequenced 

on the HiSeq 2500 platform (Illumina Inc, United States 
(US)) yielding paired-end reads of 100bp in length. 
High quality reads were mapped to the reference STEC 
O157:H7 strain, Sakai (GenBank accession BA000007), 
using Burrows-Wheeler Aligner – Maximum Exact 
Matching (BWA MEM) [9]. The sequence alignment map 
output from BWA were sorted and indexed to produce 
a binary alignment map (BAM) using Samtools [9]. 
Genome Analysis Toolkit (GATK2) was then used to 
create a variant call format (VCF) file from each of the 
BAMs, which were further parsed to extract only SNP 
positions of high quality (mapping quality (MQ)  >  30, 
depth (DP) > 10, variant ratio > 0.9) [10,11].

Hierarchical single linkage clustering was performed 
on the pairwise SNP difference between all isolates 
at descending distance thresholds (Δ250, Δ100, Δ50, 
Δ25, Δ10, Δ5, Δ0). The result of the clustering is a SNP 
profile, or SNP address, that is used to describe the 
population structure based on clonal group member-
ship, as indicated by the number at each level of the 
seven-number SNP address [12]. Shiga toxin (Stx) sub-
typing was performed as described elsewhere [13].

Timely resolution and improved 
case ascertainment during outbreak 
investigations
Published studies comparing PFGE and MLVA, and WGS 
for typing STEC conclude that WGS is the superior tech-
nique [14-19]. Using a survival analysis, Dallman et al. 
[6] showed in a study published in 2015, that there was 
no significant temporal difference between MLVA and 
WGS SNP typing with respect to the time to identify a 
cluster, i.e. WGS was as sensitive as MLVA with respect 
to detecting an outbreak. However, when the time to 
cluster completion (the rate all cases of a cluster are 
clustered) from the initial cluster event (any two cases 
of a cluster are clustered) was reviewed, there was a 
significant speed increase in rate of completion of clus-
ters with WGS when compared with MLVA. Other stud-
ies have also highlighted the considerable confidence 
WGS data affords in assigning ‘like’ vs ‘not-like’ status 
to two potentially linked bacteria [20].

This level of confidence in the microbiological typ-
ing data improves case ascertainment during out-
break investigations. In September 2014, the national 
enhanced STEC surveillance system [21] detected five 
cases associated with the consumption of raw drink-
ing milk (RDM) produced at a farm in the south-west of 
England [7] (Table 1). Real time MLVA surveillance iden-
tified an additional nine isolates that appeared to be 
closely related to the outbreak strain by MLVA; there was 
uncertainty as to whether these additional cases were 
linked to the outbreak, as none of the cases reported 
RDM consumption on the STEC enhanced surveillance 
questionnaire (Figure 1, Cases 4–7, 10–14). Analysis of 
the WGS data revealed that four of these nine cases 
were part of the outbreak (Figure 1, Cases 4–7) and five 
were not associated with the outbreak (Figure 1, Cases 
10–14). The nine cases were re-interviewed and asked 

Figure 1
Phylogenetic relationship between isolates from human 
Shiga toxin-producing Escherichia coli O157:H7 PT21/28 
cases linked to consumption of raw milk and cattle, 
and isolates from sporadic human clinical cases that fell 
within a 25 SNP cluster of the outbreak isolates, England, 
2014
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RDM: raw drinking milk; MLVA: multilocus variable number tandem 
repeat analysis; SNP: single nucleotide polymorphism; WGS: whole 
genome sequencing.

Cases 1, 2, 3, 8 and 9, initially identified by epidemiological links 
(reporting the consumption of RDM from the same farm), are 
designated ‘E’. Cases 4–7 initially identified by analysis of the WGS 
data (and subsequently found to have consumed RDM from the 
implicated farm), are designated ‘W’. Cases 10–14 were identified 
as potentially linked to the outbreak by MLVA, but were shown 
not to be directly linked by WGS and subsequent epidemiological 
investigations. Cases designated SW resided in the south-west of 
England, but did not report consumption of RDM.
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questions about their consumption of dairy products, a 
search was also carried out for their names and post-
codes on the distribution list supplied by the opera-
tions manager at the implicated farm. Subsequent 
epidemiological investigations provided evidence that 
the four cases, identified by WGS as being linked to 
the outbreak, had consumed RDM but initially failed 
to recall an accurate food history or were unaware that 
the milk was unpasteurised; no evidence of consump-
tion of RDM was uncovered for the remaining five cases 
identified by MLVA only [7] 

It has been shown that epidemiological investigations 
are often confounded by poor patient recall of the food 
they consumed before onset of symptoms, particularly 
when the product is a side dish (e.g. salad leaves or 
raw vegetables) or an ingredient of the main dish (e.g. 
herbs or spices), so called ‘stealth vehicles’ [22,23]. 
The forensic-level microbiological typing provided by 
WGS can be used to generate a robust case definition 
for case ascertainment, even when the epidemiological 
links are obscured by poor patient recall of their his-
tory of food consumption [24,25].

Inferring the geographical origin and/or 
potential animal reservoir of a food-borne 
outbreak strain
WGS data offers robust, high-level phylogenetic resolu-
tion and utilises quantifiable genetic markers that pro-
vide insight on the evolutionary context of an outbreak 
strain. Analysis of the data from the STEC O157:H7 
dataset held at PHE showed that by exploring the con-
text of the deeper phylogenetic relationship between 
isolates, the source of infection could be linked to spe-
cific geographical regions of the United Kingdom (UK).
For example, the farm implicated in the RDM outbreak 
in 2014 was located in the south-west of England [7] 
(Table 1). Even though none of the cases within the 
same 25 SNP cluster as the outbreak strain reported 

consumption of RDM on the STEC-enhanced surveil-
lance questionnaire, epidemiological analysis showed 
that 23/33 (70%) of these cases were resident in the 
south-west of England or had travelled there within 
7 days before the onset of illness (Figure 1). Spatial 
analysis of the geographical location of the presumed 
exposure of the STEC O157:H7 cases within this 25 
SNP cluster revealed a highly significant cluster in 
the south-west of England region. Rates of infection 
with this strain were significantly lower in other parts 
of England. This analysis provided evidence that the 
source of infection for outbreaks and sporadic cases 
of STEC O157:H7 in the UK may be geographically 
restricted and that it may be possible to map the loca-
tion of the source using an phylogenetic approach, 
thus providing an evidence base to direct trace back 
investigations to specific locations.
 

Food-borne outbreaks – domestic or non-
domestic origin? 
Having investigated clusters within the UK that may 
be geographically restricted, the possibility that iso-
lates of STEC O157:H7 may also exhibit geographical 
clustering on a global scale, was considered [26]. By 
tracking the expansion of the three major lineages, the 
sub-lineages and by superimposing epidemiological 
data onto the phylogeny e.g. known domestic expo-
sures and recent travel abroad (less than 7 days before 
onset of symptoms), we can speculate that certain 
sub-lineages, clades, or clusters may be domestic or 
non-domestic. For example, sub-lineages Ic and IIb and 
certain clades and clusters in sub-lineages IIc and I/II 
are associated with UK strains, whereas sub-lineages 
1a, 1b and IIa are likely to be imported from outside 
the UK. Strains belonging to domestic lineages were 
more common than non-domestic strains in the rou-
tine surveillance collection, and exhibited less diver-
sity within clades because sampling of the restricted 

Table 2
Characteristics of domestic and non-domestic clusters of STEC O157:H7, England, 2013–2017

Domestic lineage, clade or cluster 
 
Sub-lineages Ic and IIb and clusters within sub-lineages IIc and I/II

Non-domestic lineage, clade 
 
Sub-lineages Ia, Ib and IIa and I/II

Characteristics
Common in domestic dataset Rare in domestic dataset
Short branch lengths (low level diversity) between clusters and clades 
representing frequent sampling of a restricted pool

Longer branch lengths (high level diversity) between clusters and 
clades representing infrequent sampling of the global pool

High frequency of domestic animal isolates sampled during prevalence 
studies and sequenced isolates are included in the dataset Domestic animal isolates not present

Cases do not report recent travel outside the UK before onset of 
symptoms

High frequency of cases reporting recent travel before onset of 
symptoms

Cases from outbreaks known to be associated with domestically 
produced food,

Cases from outbreaks known to be associated with imported food, 
Outbreak Scenario 2

Cases associated with local environmental exposures, such as petting 
farms or parks Cases not associated with local environmental exposures

STEC: Shiga toxin-producing Escherichia coli; UK: United Kingdom.
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Figure 2
Phylogenetic relationship between isolates associated with an outbreak of red Batavia salad leaves and those from resident 
cases reporting recent travel to countries in the Mediterranean region, United Kingdom, 2016
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Isolates associated with Batavia salad leaves are highlighted in green. Isolates from cases resident in the UK reporting recent travel to 
countries in the Mediterranean region are highlighted in red.

Quality trimmed Illumina reads were mapped to the STEC O157 reference genome Sakai (Genbank accession BA000007) using BWA-MEM. 
SNPs were identified using GATK2 in unified genotyper mode. Core genome positions that had a high quality SNP (>90% consensus, minimum 
depth 10x, MQ ≥ 30) in at least one isolate were extracted. SNP positions that were present in at least 80% of isolates were used to derive 
maximum likelihood phylogenies with RaxML using the GTRCAT model with 1,000 iterations.
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pool of diversity (i.e. mainly UK cattle and sheep) was 
more frequent (Table 2). Included in the domestic clus-
ters, were isolates from UK farm animals [7,24,25,27] 
and from cases associated with food-borne outbreaks 
where the food was identified as being of UK origin 
[7,22,24,28-30] (Table 1).

In contrast, non-domestic clades were more likely to be 
rare in the UK STEC O157:H7 surveillance database and 
associated with higher genetic diversity between iso-
lates within a phylogenetic group; representing sparse 
sampling of a larger pool of diversity (i.e. a wide vari-
ety of zoonotic sources dispersed globally) (Table 2). 
Within these clades, no UK animal isolates were pre-
sent, as the zoonotic source was located elsewhere, 
and a high proportion of isolates were from cases 
reporting foreign travel within 7 days of onset of symp-
toms (Table 2) [31]. Furthermore, the cases not report-
ing travel were linked to outbreaks associated with 
the consumption of imported herbs or salad leaves, 
or salad leaves grown in the UK from imported seed 
[28,31,32] (Table 1).

Analysis of WGS data from an outbreak in 2016, linked 
to the consumption of contaminated mixed leaf salad, 
revealed that the outbreak strain belonged to an 
uncommon clade in the PHE database and exhibited 
low levels of sampled diversity, characterised by longer 
branch lengths indicative of infrequent sampling from 
a widespread pool of strains [31]. The clade included 
a high proportion of cases reporting recent travel to 
Mediterranean countries, compared with other clades 
in the PHE database (Figure 2). Contaminated imported 
red Batavia lettuce leaves were suspected as the 
vehicle of infection, based on the exposure window 
assessment and supply chain timelines, although no 
microbiological evidence was obtained [31].

As more countries implement standardised, open 
access WGS data for routine surveillance of STEC, cross 
border exchange of WGS data will have a major impact 
on the ability to investigate national and international 
outbreaks of food-borne disease [33,34].

Conclusions
This perspective providing an overview of the use of 
WGS data during food-borne outbreak investigations in 
the United Kingdom demonstrated a number of advan-
tages of using this approach: (i) unprecedented level of 
strain discrimination; (ii) robust, stable genetic mark-
ers; (iii) case identification when epidemiological links 
are obscured; (iv) geographical origins of outbreak 
strains may be inferred from the phylogenetic signal; 
and (v) insight into the evolutionary context for emerg-
ing pathogenic strains.

We found that collecting detailed epidemiological data 
is essential to best interpret phylogenetic clusters and 
that by defining clusters by the number of SNP differ-
ences between isolates provides information on strain 
relatedness. The central tenet of WGS based typing is 

that the fewer nucleotide differences between a pair 
of isolates the less time since divergence from a com-
mon ancestor i.e. isolates are more likely to originate 
from the same source population. The amount of diver-
sity sampled when analysing a source population is 
dependent on the effective size of the population and 
the duration of infection. Therefore, it is not prudent 
to define absolute thresholds of nucleotide difference 
for inclusion and exclusion of isolates within an out-
break and epidemiological information should always 
be used, where possible, to inform the outbreak 
definition.

Expanding the use of WGS based typing analysis glob-
ally will improve trace back investigations in the event 
of a food-borne outbreak, ensuring the rapid imple-
mentation of interventions to protect public health. For 
the purposes of risk assessment and management of 
food-borne outbreaks, the utility of publicly available 
WGS database linked to the clinical, epidemiological 
and environmental context of each strain cannot be 
underestimated.
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