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Abstract

difficile ribotypes.

The hottest issue in the field of clinical microbiology in latest years is the application of whole genome sequencing
(WGS) to the clinical diagnostics and therapeutics through the methodology of Next generation sequencing. The
application of WGS includes species identification, epidemiological study and study of antimicrobial resistance and
so on. The single nucleotide polymorphism (SNP) based analysis increases the accuracy and sensitivity of species
identification by marked discriminatory power, and the ability of tracking of transmission process enables infection
control including outbreaks. We can clarify the antimicrobial resistance mechanism of extended spectrum beta-
lactamases or carbapenemases and elucidate the mechanism of horizontal transfer of mobile genomic islands. In
case of setting up a new PCR method, the target and the primer could be chosen by using WGS databases.

The MALDI-TOF method is used in nearly all laboratories, identifying bacterial, fungal and mycobacterial
species. Direct identification in blood culture bottle is possible in bacteremia patients, and Beta-lactamases or
Carbapenemases can be detected. In addition, it can be applied in Shiga toxin E. coli, Salmonella serotypes or C.
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Introduction

The most important issue in clinical microbiology is the accurate
and timely diagnosis. Molecular diagnoses have markedly improved
pathogen detection and identification. The most recent development in
this area is the application of whole-genome sequencing (WGS).

Following the recent introduction of next-generation sequencing to
clinical medicine, the application of whole-genome sequencing (WGS)
to microbiological diagnostics and therapeutics has become the hottest
issue in the field of clinical microbiology [1]. WGS involves species
identification, epidemiological studies and antimicrobial resistance
studies [2]. The use of single-nucleotide polymorphism (SNP)-based
analysis in WGS increases discriminatory power in advanced research,
as well as in clinical diagnostics and therapeutics.

Phylogenetic analysis using 16S ribosomal RNA (16S rRNA)
sequencing is a gold standard for the identification of species and
subspecies. However, the technique cannot differentiate between closely
related strains such as those found in the genus Neisseria; this issue can
be resolved using WGS. A great number of species and subspecies are
now represented in the WGS database, which is updated continuously.
Occasionally, WGS reveals that a bacterial species or subspecies has
been misidentified by phenotyping, resulting in a taxonomic change [3].

Another significant application of WGS is in the field of antimicrobial
resistance. Resistome analysis, analysis of horizontal transfer of
mobile genomic islands, and recombination analysis greatly assist the
development of antimicrobial therapeutics, particularly in the context of
multidrug-resistant (MDR) strains containing extended-spectrum beta-
lactamases (ESBLs) or carbapenemases [4]. Moreover, transmission
tracking is enabled by phylogenetic mapping, and the analysis of
clonality or lineage support infection surveillance and control [5,6].

Mass spectrometric techniques for determination of single-
component have developed greatly over the past decade. According to

ion source, mass spectrometry include Multimode ionization, Nano
electrospray ionization, Matrix assisted laser desorption ionization,
Electronic ionization and Chemical ionization etc. According to mass
spectrometry filter, mass spectrometry includes Quadrupole, Sector,
Time of flight, FT-ICR, Ion Trap, Orbitrap.

Matrix assisted laser desorption ionization time of flight mass
spectrometry (MALDI-TOF) is a standard in mass spectrometry
in general and protein analysis in particular. Its advantage includes
high sensitivity, tolerance to buffers, fast data acquisition, and simple
and robust instrumentation. MALDI-TOF was first used for bacterial
identification 10 years ago, and nearly all identification in North
America and Europe is now carried out using the technique [7,8].

Setting up bioinformatics software can be costly and time-
consuming, and complicated computing infrastructure is a major
limitation. However, once it is set up, MALDI-TOF can be more
efficient in terms of cost and workload [9]. Philippe et al. reported that
they had used MALDI-TOF for direct identification in blood culture
vials, which shortened the procedure [10]. Moreover, beta-lactamases or
carbapenemases can be detected using MALDI-TOF [11,12].

Materials and Methods
WGS methods

The genomic DNA was extracted from isolates (Qiagen, Hilden,
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Germany) and whole-genome Illumina sequencing was carried out
using a MiSequence 2000 system (Illumina Inc., San Diego, CA,
USA). Illumina, 454 GS Junior System (Roche), Ion Torrent Personal
Genome Machine (PGM) (Life Technologies) and PacBio RS (Pacific
Biosciences) are certified trademarks [13].

Processing is required before analysis owing to the unassembled
short read sequence. Trimmed, filtered sequencing reads are mapped
to the genome of the reference strain for SNP analysis [1]. The target
insert size and paired end reads are determined and assembled using
bioinformatics tools for phylogenetic and population structure [14].
Which is added that para have to come after [15,16].

Methods of MALDI-TOF

In an MS analysis utilizing MALDI as a ionization mechanism, a
saturated solution of a low-mass organic compound, called a matrix,
is added to the sample, and the mixture is then spotted onto a metal
target plate for analysis. Upon drying, the clinical material and the
matrix cocrystallize and form a solid deposit. This sample-matrix
crystal, present on the surface of the metal plate, is irradiated by using
a UV laser beam. Pulsation by the laser provokes both the matrix and
clinical sample to rapidly sublimate from the solid phase into the gas
phase, forming a plume containing ions from both the matrix and the
clinical sample. Once ionized, proteins within the clinical specimen
are analyzed by a component of the mass spectrometer called the mass
analyzer to reveal characteristic information about the composition of
the sample in the context of a spectrum of mass-to-charge (/z) ratios.

In bacterial identification, single colonies are suspended in 70%
ethanol, vortexed, and concentrated by centrifugation. The supernatant
is discarded and the cells are resuspended in 50 uL of 70% formic
acid, an equal volume of acetonitrile is added, vortexed, concentrated
by centrifugation. One uL of the supernatant is spotted on the target
plate, allowed to evaporate to dryness, and overlaid with the matrix of
a-cyano-4-hydroxy-cinnamic acid. If the solution contains a minimum
of 5-10 x 10° cells/uL, sufficient spectra are obtained for identification.

Results and Discussion

Application of WGS

Mechanism of communication of asymptomatic carriers
and pathogens: The respiratory and gastrointestinal tracts permit
colonization of asymptomatic carriers such as Neisseria spp. in the
respiratory tract and Clostridium difficile in the gastrointestinal tract
[17,18]. C. difficile, the most serious source of hospital-associated
infections, is categorized as an asymptomatic carrier and causes diseases
when normal neighboring bacteria are suppressed by antimicrobial
drugs. An avirulent strain that has colonized the gastrointestinal tract
can acquire the gene that encodes toxin b (tcdB) or an antimicrobial-
resistant gene from the same species or from a different species that
is present nearby [19]. Streptococci or Neisseria species colonizing the
respiratory tract can acquire specific virulence genes or cephalosporin-
resistant genes which are inserted into specific plasmids, prophages
or mobile genomic islands [22]. WGS can be used to elucidate such a
mechanism [20].

In addition, a specific sequence type (ST) of the asymptomatic
carrier is associated with a specific disease. For example, ST131
is thought to be a disease-causing sequence type in diarrheagenic
Escherichia coli [21]. And Clair et al. suggested that a specific ST is
associated with cephalosporin-resistant Neisseria gonorrhoeae [22].

WGS supports sequence types and genetic information on MDR
strains.

Species identification: A large number of bacterial species and
subspecies have been identified by WGS, and the results have been
added to the WGS databases, BIGSdb [23,24]. SNP-based analysis
increases the accuracy of species and subspecies identification [3,25].
Phenotyping my lead to the misidentification of species or subspecies,
as revealed by the results of WGS, leading to taxonomy changes [3]. For
example, Staphylococcus aureus has been misidentified by phenotyping
and subsequently the identification has been changed to Staphylococcus
argenteus or Staphylococcus schweitzeri by WGS [25].

Epidemiology study: Multi-locus sequence typing (MLST)
was developed by Maiden in 1998 and replaced pulsed-field gel
electrophoresis (PFGE), which was the gold standard of strain typing
at the time. MLST analyzes seven housekeeping genes by sequencing;
it determines the sequence type and has high discriminatory power.
However, it is limited by its inability to differentiate between closely
related strains. WGS has greater discriminatory power because it is
based on SNP analysis. It is possible to determine bacterial origin,
evolution, clonality and lineage by constructing a phylogenetic map
[26,27].

Ribosomal MLST (rMLST), whole-genome MLST (wgMLST) and
core-genome MLST (cgMLST) can be carried out using bioinformatic
tools for epidemiology studies. The cgMLST approach uses in silico
analysis which analyzes more than dozens of housekeeping genes, and
is an SNP-based technique, which results in higher discriminatory
power and easier standardization. SeqSphere+ bioinformatic software
(Ridom GmbH) has been used for cgMLST [5]. In outbreak cases, the
specific ST can be determined through wgMLST, cgMLST or rMLST
and rare STs can be detected owing to the high discriminatory power
of the SNP assay. For example, it was possible to control an outbreak by
Neisseria meningitides by detecting ST6697, a rare disease-causing ST
[14,28]. When applied to infection control, it is possible to construct a
minimum span tree and to track a strain by excluding the strain from
transmission if it has a greater distance than that of the threshold allele [6].

Study of antimicrobial resistance: A specific antimicrobial
resistance gene can be detected by real-time polymerase chain reaction
(RT-PCR), microarray assay or fluorescence in situ hybridization
(FISH) and beta-lactamases or carbapenemases have been detected
using MALDI-TOF [11,12]. In MDR species such as MRSA, VRE,
MDR Enterobacteriaceae, MDR Pseudomonas and Acinetobacter, WGS
detects an antimicrobial resistome such as ESBLs or carbapenemases
by SNP-level analysis, contributing to antimicrobial therapy. The
structures of ESBL such as CTX-M and carbapenemase such as KPC
or NDM-1 have been elucidated by WGS analysis and the presence of
mobilized colistin resistance gene mcrl, which has become the focus of
much attention in recent years, can be confirmed by WGS [4,29]. We
have made progress in infection control and surveillance by observing
the horizontal transfer of plasmids or mobile genetic elements, and
by analyzing mutation or recombination events. The existence of
mobile prophages in Staphylococcus lugdunensis has been confirmed
using WGS and bioinformatics tools, which have discovered genetic
recombination [30].

Yamamoto et al. used WGS to detect a plasmid that included the
blaIMP19 gene in both Achromobacter xylosoxidans and Klebsiella
pneumoniae, suggesting that plasmid-borne blaIMP19 is horizontally
transferred from A. xylosoxidans to K. pneumoniae [31]. Willemsen et
al. suggested the horizontal transfer between patients by detecting a
similar Inc L/M plasmid in both E. coli and K. pneumoniae strains in
each patient [32].
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There hasalso beenareport of reduced susceptibility to ciprofloxacin
in Salmonella typhi and the spread of this easily transferable strain
containing an antimicrobial resistome which is inserted into mobile
genomic elements causes significant results [33]. For example, it was
found that MDR S. typhi, which occurred in Zambia between 2010
and 2012, contained the MDR plasmid IncHII derived from the
transformed H58B haplotype, illustrating the advantage of WGS [34].

K. pneumoniae is one of the most important causes of healthcare-
associated infection. Easily transmissible strains of the bacterium such
as ST258, which resides in some colonies and acquires virulent and
antimicrobial-resistant genes, can be transmitted unobtrusively, causing
outbreaks of the MDR strain [35]. WGS is required for infection control
in such situations.

Using WGS, Mellmann et al. developed a surveillance program
that controls prospective ESBL strains such as CTX-M, carbapenemase
strains such as KPC, NDM, or OXA, plasmid-mediated quinolone-
resistant strains, aminoglycoside-resistant strains and colistin-resistant
mecrl strains in K. pneumoniae [6].

Detection of a virulence gene: Mei et al. used by WGS to detect K2-
aerobactin-kfu-rmpA virulence factor in K. pneumoniae, and there is a
report that hypervirulent genes wzi, pk2044_00025, and pk2044_00325
have been found in K. pneumonia [36,37].

Infection control: In the case of hospital-associated infections,
calculating the genetic distance of MDR strains that can follow the
transmission route facilitates the control and surveillance of infection
[38]. Mellmann et al. constructed a cgMLST that enables transmission
tracking by determining the genetic distance using an SNP-based
method in MDR strains such as MRSA, VRE, MDR E. coli, MDR K.
pneumonia and MDR Pseudomonas [6].

Therefore, a program can be constructed for prospective infection
control in a clinical setting.

Vaccine replacement strain: Following advances in vaccine
development, vaccines conjugated to capsular polysaccharides have
reduced morbidity and mortality caused by S. pneumoniae infection by
90% over the past decade. The vaccine’s ability to prevent diseases is
remarkable in infections of bacterial species such as N. meningitides and
Bordetella pertussis, and viruses such as measles, Ebola and Zika.

However, owing to the effect of selective pressure following
vaccination, non-vaccine replacement strains can become predominant
and serotype or sequence type switch or transformation is possible,
leading to the development of new MDR clones [38]. WGS can be used
to determine whether a serotype or sequence type has been switched
or transformed and to detect the development of new MDR clones
[39]. Following vaccination, it is now possible to determine whether
a fever is due to a vaccine strain or to a new wild-type infection [40].
The elucidation of genomic structure and the monitoring of serotype or
sequence type switch or transformation are very useful for the design
and development of new vaccines.

Primer design and setting up new PCR assays: WGS databases
(e.g. http://www.mlst.net, http://pubmlst.org) can be used to develop
new PCR assays, which require a target sequence and the design of a
primer [41,42]. For example, real-time PCR can be used to differentiate
between Campylobacter jejuni and Campylobacter coli. Best et al. re-
evaluated this method by analyzing more than 1,700 Campylobacter
genomes extracted from the pubmlst database [41]. The primer and
probe sequences of mapA and ceuFE, which are PCR targets for C.

Jjejuni and C. coli, were analyzed in silico. As a result, a real-time
PCR assay identified 99.7% of the isolates accurately. However, the
reduced specificity of C. coli identification was determined to be due to
introgression in mapA or sequence diversity in ceuE. This demonstrates
how a WGS database can be used for re-evaluate previous PCR
experiments and primers. Haemophilus haemolyticus is occasionally
indistinguishable from non-typeable Haemophilus influenza, so
with comparative genomic analysis, a new real-time PCR assay was
developed that targets purT proving that a WGS database can be used
to develop a new PCR or design a new primer [42].

Application of MALDI-TOF

Species identification: MALDI-TOF has completely replaced
culture with biochemical methods for species identification in North
America and Europe and large part in the remaining area of the world.
VITEK MS (bioMérieux) and Biotyper (Bruker Daltonics) are examples
of commercially available MALDI-TOF systems [7,8]. A recent report
revealed that the MALDI-TOF assay had high correspondence with a
biochemical culture and test (44), and MALDI-TOF and 16S rDNA
analysis also had high correspondence, proving that MALDI-TOF is a
rapid and accurate method [44,45]. Skin diphtheroids had been regarded
as contaminants until MALDI-TOF enabled species identification, and
reports of them acting as pathogens has increased [46].

MALDI-TOF reduces the identification time, but has limitations; it
is subjective with regard to interpreting m/z peaks, is prone to technical
variations, and has difficulty in identifying rare species because the
database is still being updated [47,48].

Direct species identification in blood culture vials: Recently,
MALDI-TOF has been applied directly to positive blood culture
bottles for the rapid identification of pathogens, leading to reductions
in turnaround time and potentially beneficial patient impacts. The
development of a commercially available extraction kit (Bruker
Sepsityper) for use with the Bruker MALDI BioTyper has facilitated
the processing required for identification of pathogens directly from
positive from blood cultures.

The authors of one study reported that the accuracy and
correspondence with the VITEK 2 system were excellent, and it reduced
the identification time when a species was identified directly in blood
culture vials.

Species identification in 3 h culture: This method is especially
suitable for rapid identification of E. coli, the most common cause of
urinary tract infections and urosepsis. Turnaround time for identification
using U-si-MALDI-TOF (urine short incubation MALDI-TOF)
compared with conventional urine culture was improved from 24 h to
3 h[49].

Detection of beta-lactamase and carbapenemase: ESBL or
carbapenemase has been detected using MALDI-TOF by analyzing
mass peak [11]. When observing another method for the detection of
carbapenemase, isolates were incubated with ertapenem; the results
were considered positive revealing carbapenem hydrolysis when the
peak at m/z 475 disappeared completely [12,50].

Additional applications: Virulent clone or sequence types and
specific antimicrobial resistant types have been identified by confirming
specific mass peaks. Furthermore, Shiga toxin E. coli, Salmonella
serotypes, C. difficile ribotypes and Vibrio cholera phenotypes have also
been identified [51-55].
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Conclusion

This review has shown that WGS technology can be used for

bacterial, viral and fungal identification and can also be applied to

(S

pidemiological studies including clinical outbreak and antimicrobial

resistance studies. MALDI-TOF technology is used for species
identification in nearly all laboratories, and has been used for direct
identification in blood culture bottles and for the detection of beta-
lactamases or carbapenemases. Specific phenotypes can also be
detected.
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