
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

High-throughput DNA sequencing for genomic 
characterization of bacteria for monitoring  
hospital-acquired infections 

ABSTRACT 
Next-Generation Sequencing (NGS) technology 
allows to generate whole bacterial genome sequences 
in order to unequivocally characterize the strains 
to a highly discriminative resolution level. This 
methodology is used not only to study the 
bacterial clonality for tracing hospital outbreaks, 
but also to evaluate the presence of genes conferring 
antibiotic resistance or that encode for toxins. 
This makes NGS an appropriate technique that 
can be employed as ‘standard practice’ in hospitals, 
allowing to trace the circulation of “dangerous” 
strains. Here we describe the application of this 
technique in different clinical settings of suspected 
hospital-acquired infections sustained by relevant 
nosocomial pathogens. In particular, we analyze 
the more important genetic determinant and/or the 
mechanism conferring antibiotic resistance.  
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INTRODUCTION 
Several typing techniques are in use that are useful 
in discriminating very closely related strains and 
 

such techniques are required in the control of 
hospital-acquired infections and for epidemiological 
purposes. For years such methods have been 
focused on band-based fingerprint techniques, 
such as pulse-field gel electrophoresis (PFGE) [1], 
amplified length polymorphisms (AFLP) [2], 
random amplification of polymorphic DNA (RAPD) 
[3], repetitive element Polymerase Chain Reaction 
(rep-PCR) [4], variable number tandem repeat 
(VNTR), and Multiple-Locus Variable number 
tandem repeat Analysis (MLVA) [5, 6] or Sanger 
sequence-based analysis like the single locus 
(SLST) [7] or multi locus (MLST) sequence typing 
[8, 9]. All these techniques are characterized by 
different resolution levels that sometimes give only 
limited information about the strains’ relatedness. 
Hence, this has encouraged the development of 
novel methods, called Next-Generation Sequencing 
(NGS), that reach a greater genetic discrimination 
with low error rates and that give the potential to 
gather additional information. These platforms are 
able to produce high-throughput DNA sequencing 
of entire genomes at reasonable cost and time. 
Hence, the use of NGS is one of the most 
advanced approaches in the study of hospital-
acquired infections. Thanks to an increase in the 
analytical resolution power, they are able to finely 
distinguish outbreak from non-outbreak isolates 
and to trace the route of strain transmission in 
clinical settings. This is the future trend since the 
bench-top NGS platforms make the whole microbial 
genome sequencing affordable and feasible and 
cheap enough for the clinical laboratory. At present, 
NGS applications are growing exponentially and
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there are “third-generation” platforms already 
available. These applications are able to analyze 
single DNA molecules producing very long DNA 
sequences that reach up to 10-20 kb, and some of 
the instruments used for such applications are so 
small that they can be used directly on field, 
without the need for fully equipped laboratories. 
At present, the field of whole genome sequencing 
is moving toward systems that are able to generate 
longer DNA sequences and characterized by lower 
error rates depending on the specific application. 
Thus, these recent technological advances make 
possible the study of whole bacterial genome 
useful to analyze local epidemiology, such as 
in the case of “intra-hospital outbreak studies”, 
where it is necessary to know the microorganism 
genome at the single-base resolution. In addition, 
these analyses facilitate the rapid and accurate 
identification of pathogens, virulence and/or antibiotic 
resistance determinants, giving us the possibility 
to identify relationships between isolates and to 
group them into clonal lineages. Moreover, the 
analysis of similarities and differences among 
isolates allows us to understand the probable 
infection source, and the routes of pathogen 
transmission, and to develop the containment 
policy. Indeed, NGS technologies are essential 
tools that should be included in programs of 
microbiological surveillance in order to control 
the spread of infections and should be implemented 
by Hospital Infection Control Committees to 
understand how and why epidemic clones emerge, 
and thus to know how to manage them.  
 
Classical typing methods  
To date, several methods have been used for 
outbreak investigations and epidemiological 
surveillance of bacteria in clinical practice 
(summarized in Table 1). Many of those methods 
are based either on the genomic DNA analysis 
after restriction enzyme (RE) digestion or on PCR 
amplification analysis with or without RE digestion 
step. The most frequently used approach in outbreak 
screening is PFGE, which is based on the use of 
rare-cutter restriction endonuclease and ‘pulsed-
field’ electrophoresis [1]. This “pre-PCR” method 
does not use any DNA amplification and/or 
automated sequencer analyzer with severe limitations 
in the portability of data. The introduction of PCR 
technique in the laboratory practice during the 
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middle eighties gave rise to several applications 
based on amplification of sequence regions along 
the bacterial genome [10]. Initially, data detection 
was achieved by traditional gel electrophoresis 
but, over time, microfluidic capillary electrophoresis 
and/or Sanger-based sequencing were implemented 
and used, making both data collection and data 
portability easy. The PCR amplification of repetitive 
sequences followed by DNA electrophoresis is 
used in rep-PCR [4] and in MLVA typing [5] and 
in the subsequent evolution of these techniques 
[11] such as in DiversiLab system (BioMérieux 
Italia) and VNTR typing of S. aureus isolates [6]. 
All these methods are not “universal” since the 
amplification of targeted sequences for certain 
pathogenic species needs the design of dedicated 
primers. On the contrary, RAPD is an unspecific 
PCR amplification which uses short random 
oligoprimers and it does not need any previous 
knowledge about the genomic sequence of the 
pathogen. Although widely used for the typing of 
outbreaks, RAPD or its evolution like the “Arbitrarily 
Primed-PCR” [3] shows low reproducibility (inter- 
and intra-laboratory) and may lack the amplification 
of certain regions due to thermodynamical problems 
related to the low binding of the short random 
sequence primers as well as due to polymorphism 
in the priming binding site. PCR amplification 
followed by DNA digestion is used in AFLP [2]. 
The amplification is done using specific adaptors 
upon ligations and the detection of the amplified 
fragments is made possible using an automated 
DNA sequencer.   
Multilocus sequence typing (MLST) is commonly 
based on the multiple locus allelic profile obtained 
by Sanger-based sequencing of 450-500 bp internal 
fragments of seven house-keeping genes. For each 
isolate the different house-keeping sequences define 
distinct alleles and the relative seven integer 
numbers of the seven loci characterize unambiguously 
the allelic profile or sequence type (ST). MLST 
and the relative databases have been created for 
the more common species of microorganisms of 
relevant clinical interest [8, 9] and could be easily 
accessed by Internet. It may be noted that this 
approach provides a portable, accurate, and 
discriminative typing system for macro-epidemiology 
analysis. Another highly accurate typing method 
(useful for certain pathogens) could be achieved 
by analyzing only the sequence of a specific and 
informative region of a single gene locus, for 
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[16], while the Ion series use the semiconductor 
chip sequencing technology that is able to detect 
extremely small pH variations and does not require 
the use of optical signals.  
The technology based on ‘sequencing by synthesis’ 
uses four fluorescently labeled deoxynucleotide 
(dNTP) terminators. First the templates immobilized 
on a proprietary flow cell surface are amplified 
(solid-phase bridge amplification) up to one 
thousand times in close proximity of the original 
DNA template to form a cluster of identical 
copies in a tiny area. This sequencing technology 
uses four fluorescently labeled nucleotides that 
work as reversible terminators in the polymerization 
reaction. At each sequencing cycle the correct 
dNTP is added, the fluorescence dye is detected to 
identify the base and later the fluorescent terminator 
is cleaved so that the sequence may continue with 
the addition of another single dNTP. 
The Ion sequencers are based on a semiconductor 
technology which is able to detect the protons 
released during the sequencing reaction when 
nucleotides are incorporated [17]. In detail, DNA 
library fragments are linked by adaptors to the 
surface of beads particles and then amplified by 
emulsion PCR. The sequencing takes place in a 
chip containing millions of nano-wells where each 
well holds a single bead. The wells are on top of a 
semiconductor chip surface which is sensitive to 
proton flows. Then, the sequence is primed by 
specific adaptors that have been linked to the 
original DNA fragment during library preparation. 
The protocol is based on the sequential dispensation 
of the four bases. During the sequencing reaction 
the number of protons released is proportional to 
the number of specific bases incorporated and 
the pH change is detected in the well where the 
incorporation occurs. 
The comparison between the two more common 
bench-top technologies has generated superimposable 
accuracy. Ion series are more prone to in-del 
errors (in homopolymeric regions), than Illumina, 
which is known on the other hand to produce 
higher frequency of base substitution errors [18]. 
Actually, these problems have been partly solved 
thanks to the advent of new high-fidelity chemicals 
and thanks to the improvement of the length of the 
sequences. 
 

which freely accessible database is available. 
Indeed, it is known that accurate Methicillin-
Resistant Staphylococcus aureus (MRSA) typing 
is possible using PCR amplification and DNA 
sequencing of repeat regions of the coagulase 
gene (coa) or the Staphylococcus protein-A gene 
(spa). The latter could be used for rapid typing of 
MRSA in the hospital setting and sequencing data 
could be analyzed using the Ridom StaphType 
web site (spaserver.ridom.de) [7]. The spa-typing 
is able to discriminate more than 16000 different 
sequences, thus giving a higher resolution than the 
coa-typing. This is possible since more than 700 
different 24 bp-repeats may be assorted from a 
single to 27 repeats, thus generating the high 
degree of typing variability. In addition, spa-
typing gives an optimal data portability like all the 
systems based on Sanger sequencing. 
 
High-throughput methods 
In the beginning, whole genome analysis of 
bacteria was achieved by the use of capillary 
electrophoresis equipment or automated Sanger-
based sequencers. This sequencing approach gave 
in 1995, after one year of work, the first complete 
bacterial genome reported [12]. Later, in the same 
year, comparative genomic analysis of different 
bacterial genomes was also achieved for the first 
time [12, 13]. Today, the field of comparative 
bacterial genomics is moving a lot faster, since 
instruments able to produce many sequences in a 
few hours are available and a third generation of 
sequencers are already springing up. 
 
Next-generation sequencers 
Ten years after the first bacterial genome was 
published, Roche launched the first high-
throughput DNA sequencing instrument (454), 
based on pyrosequencing technology [14]. Today, 
bench-top instruments such as Illumina sequencers 
(Illumina Inc, CA, USA), and Ion series (Ion 
torrent and Ion S5, Thermo Fisher, CA, USA) 
make the whole genome bacterial sequencing 
accessible and economically affordable for well 
equipped clinical laboratories [15]. These instruments 
utilize the massive parallel sequencing technology 
to generate up to millions of DNA sequences 
(reads) daily. The Illumina series instruments are 
based on the ‘sequencing by synthesis’ technology 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Number Tandem Repeat (VNTR) regions give 
problematic assembly. This problem is highly 
dependent on the length of raw reads assembled 
and it can be partially solved with longer reads. 
One critical example is the analysis of the 
Staphylococcus aureus protein A gene that 
contains a highly polymorphic region formed 
from a variable number of 24 bp-repeats. The 
typing (spa-typing) results from the combination 
of different polymorphic repeats, each of which 
is associated with a numerical code determined 
by an internationally available database (http://spa.
ridom.de/spatypes.shtml). The numerically ordered 
combination of such repeats is used to define the 
spa-typing [7]. In our hands, the use of Spades 
assembler and the Hi-Q Ion Torrent chemistry 
gives > 60% precise typing results. It is to be noted 
that the information regarding the first sequence-
repeat is often missing due to problematic 
assembly that causes the wrong attribution of the 
spa-type. Despite VNTR information in some 
cases are not attributed correctly, all together the 
thousands of the investigated genes used to define 
the strains’ clonality are identified in a correct 
way, making the complete analysis reliable. This 
new approach allows the study of strains clonality 
in a better way than any classical typing methods. 
The study of phylogeny is carried out using the 
assembled sequences that are analyzed with a 
Single Nucleotide Polymorphism (SNP) variant 
caller in order to define the number of nucleotide 
differences for each strain compared to the one 
used as reference. These data could be used to 
generate a phylogenetic tree [32]. The easiest and 
fastest way to analyze the strain’s parenthood is 
using the Ridom SeqSphere+ routine and database 
[33]. This software enables to automatically 
assess the classical MLST typing (based on the 
allelisms of 7 genes) and to analyze an extended 
number of bacterial genes covering the majority 
of genome sequences. In this way we easily reach 
an incomparable level of discrimination needed in 
the analysis of strain clonality. In addition, we 
may obtain useful information regarding all 
polymorphisms present in different genes. 
 
Resistome and toxome 
Next-generation sequencing technologies can 
also provide comprehensive information to define 
characteristic of microorganisms like antibiotic-
resistance. Through this detailed analysis it is
 

Third-generation single molecule real time 
sequencing (SMRT) 
The SMRT instruments produced by PacBio and 
Nanopore are able to sequence the DNA at the 
single molecule level [15]. PacBio is based on a 
technology that uses fluorescence-labeled nucleotides 
[19], while the Nanopore detects an ionic current 
when a single-stranded DNA molecule goes 
through a 1.5 nanometer pore [20]. In detail the 
nucleotide incorporation momentarily blocks the 
DNA strand transfer through the pore and this 
causes a current flow change in a sequence/ 
nucleotide-dependent manner. Both PacBio and 
Nanopore technologies are able to generate very 
long sequences, for example the pocket-sized 
MinION platform (Nanopore) has been reported 
to produce more than 200 kb reads in length. 
Thus, these apparatus could be useful in studying 
complex haplotypes or in assembling whole genome 
sequencing with a small number of iterations [21, 
22]. In the beginning, these novel technologies 
showed low accuracy, with an error rate that was 
about 14% for PacBio [23] and below 8% for 
Nanopore [24]. Improvements in their chemistries 
and in the purification protocols as well as of 
software routines have largely improved the 
accuracy of both SMRT systems such that the 
accuracy standards now have become more 
superimposable than the sequencers of second 
generation [25-27].  
 
Bioinformatics 
All bioinformatic approaches need to take into 
account that the bacterial genome is highly 
variable as it is continuously subjected to 
biological pressure due to immune responses and 
to antibiotic treatments. This variability is 
sustained by chromosomal mutation and also by 
the horizontal gene transfer. The analysis of 
whole bacterial genome requires a “de novo 
sequencing” approach based on short raw reads 
assembled by overlapping regions. To process Ion 
torrent sequencing data we tested four different 
softwares. Among them, Mira [28] and Spades 
[29] performed better than the Newbler [30] or 
Velvet [31], and moreover Spades is a lot faster 
than Mira to prepare assembled sequences. 
Although we find a high reproducibility in 
generating sequence contigs, it is known that some 
highly polymorphic areas, such as the Variable
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like Ion Torrent Personal Genome Machine 
(Thermo Fisher Scientific, Carlsbad, CA, USA) 
and here we are reporting our analysis. 
We tested and validated the use of NGS-based 
technology to assess Whole Genome Sequencing 
(WGS) in the management of nosocomial 
outbreaks, re-examining some informative MRSA 
strains that have sustained different clinical 
outbreaks. In detail, we studied 18 non-repetitive 
DNA isolates from infected patients of a pediatric 
intensive care unit (ICU) suspected to have 
sustained nosocomial infections. Thus, we have 
used PGM technology to define strain clonality, 
studying 1423 gene loci and we have analyzed the 
genetic determinants of antibiotic resistance 
(resistome) and genes encoding possible virulence 
factors such as toxins (toxome). Among the 
analyzed strains we found that 10 Neonatal 
Intensive Care Unit (NICU) strains were identical 
for more than 95% of the 1423 genes analyzed, 
and hence they could be defined clonally-related. 
In particular, by analyzing such strains in 
chronological order we understood that they had 
been responsible for three different rounds of 
hospital-acquired infections. Moreover, the 
analysis of two additional bacterial strains (sa43 
and sa46)  isolated from intensive care unit (ICU) 
indicated that they  are identical for the allelism of 
1422 genes out of a total of 1423 loci analyzed 
and thus were responsible for an additional 
“outbreak” (Figure 1, panel A). Therefore, NGS 
analysis allowed us to appreciate subtle genetic 
differences to classify closely-related strains in 
order to trace unambiguous parenthood of isolates 
and to define outbreak(s). In this way we have 
improved the genetic profiles obtained by Sanger 
sequencing (MLST, SpA and SSP-PCR for SCC-
Mec) and PFGE typing. Finally, since we 
increased by a factor of 100 the number of gene 
loci analyzed, we now have the possibility to 
define the genetic information about the strains in 
depth and thus can establish the strain clonality 
more precisely. In addition, all phenotypic results 
of antibiotic susceptibility have been confirmed 
by the analysis performed using the WGS-
assembled genotypes. Indeed, all MRSA strains 
clearly showed the presence of MecA gene; the 
fluoroquinolones (ciprofloxacin and levofloxacin) 
resistant strains had mutations of gyrA-S84L and 
grlA-S80Y; the aminoglycosides (gentamycin)
 
 

possible to detect the presence of specific resistance 
genes, the presence of mutations responsible for 
the drug resistance and the regulatory mechanisms 
involved in gene expression (Resistome). Furthermore, 
you can also investigate if the resistance determinant 
is located on the bacterial chromosome or on 
mobile elements such as plasmids, and if 
resistance is vertically or horizontally transmitted 
[34]. In addition, by examining the trends and the 
prevalence of resistance determinants we may 
trace the spread of particular resistance factors in 
a bacterial population and their evolution. All 
these information are important not only for 
therapeutic purposes, but also for epidemiological 
aims. They allow to learn more about the local 
and global evolution of bacterial population, to 
trace clonal lineages and to follow international 
dissemination of antibiotic resistance [35]. The 
resistome analysis is newsworthy to be studied in 
multi-drug resistance (MDR) strains that are often 
involved in nosocomial infections and are difficult 
to be treated. Among these microorganisms a 
role of primary importance is certainly played 
by Extended-spectrum β-lactamases (ESBLs), 
carbapenemase-producing Enterobacteriaceae (CPE), 
Vancomycin-Resistant Enterococci (VRE) and 
Methicillin-Resistant Staphylococcus aureus (MRSA) 
[36, 37]. Today, these pathogens are the most 
challenging clinical problem because of their 
increased frequency of isolation in compromised 
patients and the difficulty in their treatment. In 
addition, the analysis of the whole bacterial genome 
allows to detect genes involved in metabolic 
pathways associated with the virulence and with 
the pathogenic factors (Toxome). For instance, our 
experience shows that in MRSA outbreak we could 
investigate different genes coding for different 
toxins such as the staphylococcal enterotoxins, the 
exfoliative toxins, the toxic shock syndrome toxin 
and the Panton-Valentine leukocidin (PVL) (lukS-
PV and lukF-PV) [37, 38]. 
 
Practical application of whole genome 
sequence analysis by NGS 
In the last few years we had focused on some 
clinically relevant microorganisms such as MRSA, 
Acinetobacter baumannii and Enterobacter cloacae 
for the investigation of suspected hospital-
acquired infections. On this basis we studied these 
strains using Personal Genome Machine (PGM) 
 
  
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
resistant microorganisms presented the aacA-aphD 
gene. The resistance to Macrolides was sustained 
by the presence of ermC gene and trimethoprim 
resistance was related to the dfrA gene [36, 37, 39]. 
Among Enterobacteria, relevant to sustain hospital 
acquired infections, Acinetobacter baumanni 
plays an important role in view of its multi-drug 
resistance and its association to infections related 
to elevated morbidity and mortality. During the 
summer of 2015 we investigated a suspected 
outbreak that occurred in an ICU caused by 
Acinetobacter baumanni-calcoaceticus complex [40].
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We analyzed 13 non-duplicated “Acinetobacter 
calcoaceticus-baumannii complex” strains isolated 
from 12 pediatric patients and from one environmental 
contamination discovered during a careful 
environmental monitoring promptly performed by 
the Infection Control Committee of our hospital. 
Also, in this case we sequenced the isolates using 
PGM platform that was demonstrated useful not 
only to determine the level of strain similarity, but 
also to identify the Acinetobacter species correctly 
in the first instance, since phenotypic and matrix-
assisted laser desorption ionization (MALDI)

Figure 1. Phylogenetic tree of MRSA, Acinetobacter baumannii and Enterobacter cloacae. 
Figure 1 shows the circular Neighbor-Joining tree for A: MRSA, B: Acinetobacter baumannii 
and C: Enterobacter cloacae, to study the phylogenetic distance among different isolates. 
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to an unequaled resolution of analysis compared 
to conventional typing strategies. WGS is able to 
yield objective and precise information, generating 
a large amount of data that are clinically relevant 
and easily interpretable by physicians. Additional 
benefit is the digital nature of sequencing data that 
allows sharing of information among national or 
international public health professionals. Moreover, 
WGS by the analysis of the complete pathogen 
genome gives a series of additional information 
about resistance and virulence mechanisms, relevant 
chromosomal gene mutation(s), presence of mobile 
genetic elements and medically important factors. 
Thus, this methodology results useful for 
surveillance/outbreak investigations and for the 
analysis of macro-epidemiology. In addition, NGS 
technologies enable to trace the geographical 
and historical evolution of multi-drug resistant 
pathogens responsible for infectious diseases and 
to alert healthcare staff about the diffusion of 
dangerous strains. Also WGS has the ability never 
shown before to define strain relationships, since 
it allows nucleotide-level analysis of the complete 
microorganism genome to discriminate outbreak 
strains from non-outbreak strains. 

Limitation  
In the beginning, the use of WGS technology was 
hampered because of the high cost of consumables 
and reagents. In addition, this technology requires 
personnel with both informatic and molecular 
biology skills. Today, thanks to novel instruments, 
new optimized chemicals and easier bioinformatic 
routines such limitations are becoming less relevant. 
In addition, NGS-based technologies are easily 
accessible to routine microbiology laboratories, 
thanks to a significant reduction in the cost of 
most of the reagents used. Moreover, the lack of 
bioinformatic expertise is partially overcome by 
the development of easily usable proprietary 
software suites and by the increasing number of 
web-accessible databases for the data analysis.   
In conclusion, the significant impact of WGS 
technologies particularly in the hospital infection 
control may justify its implementation especially 
in diagnostic routine.  
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mass spectrometry data were inconclusive. Our 
analysis using the extended-MLST+ routine of 
Seqsphere software indicated that three A. 
baumannii strains are clonal, since they show 
more than 99.8% identical genes among the total 
number of 1701 genes studied. Moreover, we also 
identified an environment contamination since the 
two strains isolated, one from a patient and one 
from a room door handle, were 99.8% identical 
(Figure 1 panel B). These are important issues 
since using the information obtained by NGS we 
could enforce control measures in order to 
promptly limit any outbreak.  
More importantly the use of NGS-based 
technology gave relevant information regarding 
resistome, since some of the analyzed strains that 
showed phenotypically multi-drug resistance to 
aminoglycosides, fluoroquinolones and β-lactams 
were genotypically confirmed. Indeed, we found 
genes coding for aminoglycosides-modifying 
enzymes like aph(3”)-Ib, aph(3')-Ic, aph(6)-Id, 
armA 16S-RNA-methylase and mutations of 
GyrA-S83L and ParC-S80K genes that are known 
to determine a modified bacterial DNA-gyrase and 
topoisomerase IV enzymes, respectively. Moreover, 
blaADC, blaOXA-66 and blaOXA-23 β-lactamase 
genes, all under the control of the ISAba1 upstream 
genetic element, and the blaTEM-19 are responsible 
for carbapenem resistance. Altogether these analyses 
confirmed the absence of genetic determinant for 
polymyxin resistance in accordance with antibiogram 
data. 
Enterobacter cloacae represents the third type 
of nosocomial strains analyzed by NGS in our 
hospital. In detail, we collected four Verona integron- 
encoded metallo beta-lactamases (VIMs) positive 
E. cloacae. The infected patients belonged to the 
same department and all the bacterial strains were 
collected from rectal swabs within a limited 
period of time according to the Carbapenemase-
Producing Enterobacteriaceae (CPE) surveillance. 
Also in this case, we have demonstrated that the 
strains were clonal (more than 99.4% identical) 
(Figure 1 panel C) and all showed blaVIM-1 gene 
encoding for carbapenemases.   
 
Final considerations 

Advantages 
The use of whole genome sequencing facilitates 
accurate identification of microorganisms thanks 
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