
Citation: Hilt, E.E.; Ferrieri, P. Next

Generation and Other Sequencing

Technologies in Diagnostic

Microbiology and Infectious Diseases.

Genes 2022, 13, 1566. https://

doi.org/10.3390/genes13091566

Academic Editors: Bryan L. Betz,

Pawel Mroz and Charles Billington

Received: 28 July 2022

Accepted: 26 August 2022

Published: 31 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

genes
G C A T

T A C G

G C A T

Review

Next Generation and Other Sequencing Technologies in
Diagnostic Microbiology and Infectious Diseases
Evann E. Hilt * and Patricia Ferrieri

Department of Laboratory Medicine and Pathology, University of Minnesota, Minneapolis, MN 55455, USA
* Correspondence: hilt0106@umn.edu; Tel.: +1-612-273-2126

Abstract: Next-generation sequencing (NGS) technologies have become increasingly available for
use in the clinical microbiology diagnostic environment. There are three main applications of these
technologies in the clinical microbiology laboratory: whole genome sequencing (WGS), targeted
metagenomics sequencing and shotgun metagenomics sequencing. These applications are being
utilized for initial identification of pathogenic organisms, the detection of antimicrobial resistance
mechanisms and for epidemiologic tracking of organisms within and outside hospital systems. In
this review, we analyze these three applications and provide a comprehensive summary of how these
applications are currently being used in public health, basic research, and clinical microbiology labo-
ratory environments. In the public health arena, WGS is being used to identify and epidemiologically
track food borne outbreaks and disease surveillance. In clinical hospital systems, WGS is used to
identify multi-drug-resistant nosocomial infections and track the transmission of these organisms. In
addition, we examine how metagenomics sequencing approaches (targeted and shotgun) are being
used to circumvent the traditional and biased microbiology culture methods to identify potential
pathogens directly from specimens. We also expand on the important factors to consider when
implementing these technologies, and what is possible for these technologies in infectious disease
diagnosis in the next 5 years.
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1. Introduction

The use of next-generation sequencing (NGS) technologies in clinical diagnostics has
increased over the past several decades. NGS technologies allow for high throughput,
massively parallel sequencing of millions of fragments of DNA. In the realm of genetic
disorders and cancer diagnostics, these technologies have become the diagnostic gold
standard. It was not until the last decade, when these NGS technologies became more
readily available, that the use of these technologies in the clinical microbiology laboratory
has become a reality.

Current NGS technologies can be utilized in three different applications in the clini-
cal microbiology laboratory: whole genome sequencing (WGS), targeted metagenomics
sequencing and shotgun metagenomics sequencing. In this review, we analyze these three
applications and provide a comprehensive summary of how these applications are currently
being used in the public health, basic research, and clinical microbiology laboratory envi-
ronments. These applications cannot easily be introduced into the laboratory, so we stress
the important factors to consider when implementing these technologies. In addition, these
technologies have already changed the landscape of the conventional clinical microbiology
laboratory, and we discuss what we believe is possible for these technologies in infectious
disease diagnostics in the next 5 years.

2. Evolution of Sequencing Technologies

Sequencing technologies have rapidly grown in the last 60 years, starting with first
generation sequencing and evolving into the current third generation sequencing technolo-
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gies [1] (Table 1). The genesis of first generation sequencing occurred simultaneously when
both Frederick Sanger and the joint pair of Allan Maxam and Walter Gilbert released their
protocols of how to sequence DNA [2,3]. The Maxam-Gilbert method of sequencing was
based on chemical fracture where radiolabeled DNA is treated with various chemicals to
break the chain at specific bases. These fragments were then run on a polyacrylamide gel
to determine the position of the specific nucleotide of interest [3]. Sanger proposed the
chain-termination method that involves the use of chemical analogs to deoxynucleotides
(dNTPs), known as dideoxynucleotides (ddNTPs), which prevent further extension of the
DNA chain. The method involves four parallel reactions with ddNTPs that are run along
a polyacrylamide gel to interpret which base is present in the nucleotide sequence [2]. It
was improvements made to the Sanger’s chain-termination method, such as changing to
fluorometric based detection [4,5] and detection with capillary based electrophoresis [6,7],
that advanced the sequencing of DNA to automated DNA sequencing instruments [8].

The second generation of sequencing technologies emerged when, instead of radio-
labeled or fluorescently labeled nucleotides, researchers measured pyrophosphate synthesis
with luminescence to determine the nucleotide sequence [9–12]. This method known as
“pyrosequencing” and the instruments built to perform pyrosequencing allowed for a
massive parallel of sequence reactions to take place, which increased the amount of DNA
that can be sequenced in a single run [13]. Other parallel sequencing techniques evolved,
including sequencing by oligonucleotide ligation and detection (SOLiD) system [Applied
Biosystems (Waltham, MA, USA)], which sequenced DNA by ligation [14,15] and the Ion
Torrent method of sequencing, which measures the difference in pH caused by release
of protons during polymerization [16]. The most notable and successful of these second
generation sequencing techniques is the bridge amplification method of sequencing done
initially by Solexa, which was later acquired by Illumina (San Diego, CA, USA) [17,18]. This
method involves adapter labelled fragmented DNA passing over a lawn of complimentary
oligonucleotides bound to a flow cell. Once bound, a solid phase polymerase chain reaction
(PCR) produces clusters of clonal populations from each individual original flow-cell
binding DNA strand [18]. The first of these Illumina Genomic Analyzer instruments was
only able to produce very short reads, but it generated paired-end data with a sequence
at each end [19]. These paired-end data provide a larger amount of information that
offers greater accuracy with less background noise compared to other second generation
techniques [20–22].

There is still no agreement on what defines the difference between second and third
generation sequencing technologies, but for the purpose of this review, we define third gen-
eration sequencing as the ability to perform single molecule sequencing. Single molecule
sequencing technologies do not require DNA amplification steps; therefore, allowing for
higher throughput, faster turnaround times and longer read lengths being produced [23,24].
Several companies have led the way in these third generation sequencing technologies
and the two most notable are Pacific Biosciences (PacBio; Menlo Park, CA, USA) and
Oxford Nanopore Technologies (Oxford, UK). The PacBio method measures DNA poly-
merase incorporation of fluorescently labeled nucleotides onto a complementary sequence
template. At the center of this technology is a dense array of zero-mode wavelength
(ZMW) nanostructures [25]. These ZMW nanostructures allow for measurement of the
individual fluorescently labeled nucleotides to take place in real-time and a short amount
of time. This technology is capable of producing very long reads up to 10 kilobases (kb) in
length [25]. The Oxford Nanopore Technologies method uses nanopores, both biological
and solid-state, embedded in a membrane with an ionic current [26]. Single-stranded ge-
nomic DNA or RNA can pass through the nanopores, and each individual nucleotide base
physically blocks the current, which can be measured with standard electrophysiological
techniques [27].



Genes 2022, 13, 1566 3 of 24

Table 1. Comparison of Methods across Sequencing Generations.

Method Technology a Throughput
(Low or High)

Complexity
(Moderate or

High)

Use for
Sequencing in

Relation to
Clinical

Microbiology

References

Fi
rs

tG
en

er
at

io
n

Maxam-Gilbert
Chemical fracture of
radiolabeled DNA at

specific bases
Low Moderate N/A [3]

Sanger
Chain-termination at
specific bases using
dideoxynucleotides

Low Moderate

16S and 28S
Identification

Whole Genome
Sequencing

[2,4–8]

Se
co

nd
G

en
er

at
io

n

Pyrosequencing
Measure of

pyrophosphate synthesis
with luminescence

High High Whole Genome
Sequencing [9–13]

SOLiD Measure of DNA ligation
of oligonucleotide High High Whole Genome

Sequencing [14,15]

Ion Torrent

Measurement of pH
difference in release of

protons during
polymerization of DNA

High High Whole Genome
Sequencing [16]

Illumina Bridge amplification
method High High

Whole Genome
Sequencing

Deep Amplicon
Sequencing

Shotgun
Metagenomics

[17–19]

T
hi

rd
G

en
er

at
io

n PacBio

Single-molecule
resolution using

zero-mode wavelength
(ZMW) nanostructures

Moderate High Whole Genome
Sequencing [25]

Nanopore
Single-molecule

resolution using biological
and solid-state nanopores

Moderate High

Whole Genome
Sequencing

Deep Amplicon
Sequencing

Shotgun
Metagenomics

[26,27]

a See text section “Evolution of Sequencing Technologies” for more detailed description of the technologies.

In relation to current clinical microbiology diagnostics, first generation Sanger se-
quencing technology has been utilized to identify both bacterial and fungal species from
direct colony growth [28–32]. For bacterial species, the 16S ribosomal RNA (rRNA) and
DNA-dependent RNA polymerase β-subunit (rpoB) genes are used for identification [29,33],
while for fungal species, the ribosomal internal transcribed spacer (ITS) and 28S rRNA
genes are used for identification [34–36]. The newer generations of sequencing (second and
third) are currently being explored for use in the clinical microbiology diagnostic setting to
identify pathogenic organisms of interest. There are two major ways in which this is being
accomplished; the first is an enhancement of identifying what is growing in culture through
whole genome sequencing (WGS). The second is the use of metagenomics sequencing to
identify potential pathogenic organisms directly from the source to bypass the culture
process and/or to enhance the outcome. Both avenues will be discussed for the remainder
of the review.

3. Whole Genome Sequencing of Microorganisms

Whole genome sequencing (WGS) is the process of sequencing and assembling the
microbial genome of an organism of interest. These microbial genomes can represent
bacteria, fungi, and viral organisms. WGS for bacteria, mycobacteria and fungal organisms
requires culture and isolation of the organism prior to the nucleic acid extraction and the
subsequent sequence pipeline. This is a limitation for organisms that are difficult to grow
or unable to grow in culture. In the case of viral genomes, WGS is utilized by sequencing
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the sample directly for the viral genome of interest and will be discussed later in the
metagenomics sequencing section.

The NGS technologies used for WGS are either, second generation sequencing (e.g.,
Illumina) or third generation sequencing technology (e.g., PacBio or Nanopore), and the
advantages and disadvantages of using either are described in more detail elsewhere [37].
There are many details for how one takes a pure culture of an organism from the culture
plate to the final sequencing results with both generation technologies, but the overall
workflow is the same (Figure 1). In brief, the organism is first removed from the plate and
the DNA is extracted. Once the DNA is extracted, a library is created where each individual
organism’s DNA is sheared into fragments and given adapters that contain a unique bar
code to enable multiplexing of hundreds of samples. These individual libraries are pooled
together and submitted to the NGS technology of choice. Once sequencing has completed,
bioinformatics is performed to de-multiplex the samples and then quality filtering and
adapter removal are performed. Then, there are three ways to assembly the genome to
obtain an identification with WGS [38]. The first is known as reference assembly where
the DNA fragments are aligned to a known reference genome and a consensus genome
is obtained, like a puzzle. The second is de novo assembly where all the DNA fragments
are assembled into contigs. With de novo assembly, it is difficult to obtain high quality
genomes [39], which is why a more popular third assembly pipeline is a hybrid of de novo
and reference assemblies, where the DNA fragments are assembled into contigs and then
the contigs are then mapped to reference genomes.

WGS on microorganisms that can be cultured and isolated can be applied to aid in
identification of the organism, typing of the organism for epidemiologic purposes and
detection of possible antimicrobial resistance of the organism [40]. Conventional clinical
microbiology methods for the initial steps of identification of cultured bacteria include basic
morphological observations, biochemical tests, and identification with matrix-assisted laser
desorption-ionization time-of-flight mass spectrometry (MALDI-TOF MS); the latter is still
very accurate and fast compared to WGS [40]. However, there are instances when MALDI-
TOF MS cannot make a confident identification of the species identification especially with
fastidious organisms [41] and anaerobic bacteria [42]. In most instances, identification to
the genus level is sufficient, but there are some instances, where species identification is
imperative due to antibiotic susceptibility profile differences between species. For example,
Enterococcus faecium versus Enterococcus faecalis have two different antibiotic susceptibility
profiles that are clinically and epidemiologically relevant [43]. E. faecium is intrinsically
resistant to ampicillin, and this species of Enterococcus has a high rate of vancomycin
resistance, where both are relatively rare to find in E. faecalis [43]. Now MALDI-TOF MS
has a very accurate identification between these two species of Enterococcus, but this is an
extreme example to show that genus identification is not always sufficient.

Current microbiology identification methods are unable to identify the serotype of
a bacterium, which is important in cases of Salmonella infection where it is critical to
identify enteric fever for treatment [44]. Here, in the United States, serotype identification
of Salmonella by WGS is currently being performed at public health laboratories. Prior to
the use of WGS, public health laboratories used pulse-field gel electrophoresis (PFGE) for
Salmonella serotype identifications [45], but comparison studies of WGS demonstrated that
it was comparable to PFGE and it has become the gold standard reference method [46–48].
There are many different bioinformatics approaches that are used with WGS to type a
particular isolate and one of the main approaches is known as multi-locus sequence typing
(MLST). This approach uses a set of “house-keeping” genes (5–7 genes depending on
the bacterium) for a particular bacterial species and uses mutations within those genes
to compare how related one bacterial isolate is to another [49]. MLST, with designation
of sequence types (STs), has been long been the gold-standard for typing of organisms
using WGS analysis. However, Leekitcharoenphon et al. 2014 investigated several types of
bioinformatics analyses to compare various WGS typing methods to PFGE for outbreak
clustering [47]. They compared 18 isolates of Salmonella enterica serovar Typhimurium from
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six different outbreaks with PFGE and four different bioinformatics typing approaches and
found that single nucleotide polymorphism (SNP) analysis was the approach that was able
to cluster the 18 isolates into their respective outbreak clusters with 100% concordance [47].
Although not the gold standard, more laboratories are favoring the SNP analysis for
epidemiologic tracking of potential outbreaks as this analysis considers the entire genome
and not just a few select genes.
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Figure 1. Overview of Sequencing Workflows. (a) Whole Genome Sequencing-This workflow
begins with a colony from a microorganism of interest. Next, DNA is extracted and then fragmented
and placed through a library preparation for either Sanger Sequencing or other NGS methods. The
library is then sequenced and analyzed with a bioinformatics pipeline. (b) Targeted Sequencing- This
workflow is one that begins with the clinical sample and involves a selection or enrichment process
prior to library preparation in the case of bacteria and fungi. If the pathogen of interest is a virus, the
selection or enrichment occurs after the library preparation. The library prepped samples are then
sequenced and analyzed with a bioinformatics pipeline. (c) Shogun Sequencing-This workflow is
similar to the workflow of WGS but instead of a colony of the microorganism of interest, the DNA
or RNA is extracted directly from the clinical sample submitted. This extracted DNA or RNA is
then placed through a library preparation and then sequenced. The results are analyzed with a
bioinformatics pipeline. Figure created with BioRender.com (accessed on 24 August 2022).

In the United States, the WGS results generated by public health laboratories are cu-
rated and maintained by PulseNet, which is a network of public health and food regulatory
agency laboratories coordinated by the Centers for Disease Control (CDC). This network’s
main task is to help identify and investigate potential outbreaks in the food production
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and distribution systems, which is a major initiative of the CDC approach known as One
Health [50]. In addition to Salmonella serotype identification mentioned above, PulseNet
also performs WGS to subtype and identify the following microorganisms: Escherichia
coli (O157 and other Shiga toxin-producing E. coli), Campylobacter, Listeria monocytogenes,
Shigella, Vibrio cholerae, Vibrio parahaemolyticus and Cronobacter [51].

The serotype identifications of foodborne illness and disease outbreaks are not the only
areas in the public health space where WGS is utilized. WGS is also used in surveillance
of vaccine-preventable diseases such as Neisseria meningitidis serogroups, Streptococcus
pneumoniae serotypes [52] and antimicrobial resistant pathogens such as multi-drug resistant
Mycobacterium tuberculosis [53,54]. One vaccine-preventable disease requiring constant
monitoring is N. meningitidis since there are numerous outbreaks occurring annually [55].
The ability to determine the serogroup and perform WGS of N. meningitidis isolates are key
to aid in the public health response to determine if an outbreak is occurring and if public
health interventions such as mass vaccination are needed [56].

A basic research application of WGS was to characterize serotype IV group B Strepto-
coccus (GBS) isolates from invasive disease in neonates that emerged in the United States
and Canada [57,58]. There are diverse genetic backgrounds among serotype IV GBS iso-
lates, including several different STs and clonal complexes (CC) [57]. Of interest, is the
highly prevalent ST-452 lineage, assigned to clonal complex CC23, described from several
countries [59,60]. WGS and phylogenetic analysis of the core genome suggested that ST-452
could have originated through genetic recombination with the original event and founder
strain emanating from a single gene transfer between CC23 and the hypervirulent CC17
lineage [60]. Chromosomal mapping of major GBS virulence factors revealed that ST-452
strains have a unique profile among both CC23 and CC17 strains. Conjugation and homol-
ogous recombination with exchange of large chromosomal fragments, spanning hundreds
of kilobases, is considered one of the major events controlling the continuing evolution of
GBS [60]. Antimicrobial resistance in GBS has also been studied by WGS with examination
of large numbers of GBS colonizing isolates from pregnant women [61]. The majority of
serotype IV GBS isolates in this study were ST-459, a tetracycline, erythromycin, and clin-
damycin resistant ST, first described from Minnesota, USA [59], which is considered to be
the main driver of serotype IV GBS in North America [61]. WGS studies of recombinatorial
events revealed multiple episodes of capsular switching among these isolates [61]. The
striking genetic diversity and ongoing evolution of GBS strongly support the need for
current and future genomic monitoring among all 10 GBS serotypes since the information
gleaned may have a high impact on the development of GBS vaccines.

In the clinical laboratory, WGS has proved valuable in hospital infection prevention
programs by being able to identify and track outbreaks within a hospital [62,63]. A large
portion of the published work has used WGS in tracking outbreaks of the most common
nosocomial pathogens of methicillin-resistant Staphylococcus aureus [64–66] and Clostridiodes
difficile [67–69]. WGS has aided in the tracking of outbreaks for the severe multi-drug resistant
organisms such as carbapenem resistant Klebsiella pneumoniae [70–72], vancomycin resistant
Enterococcus faecium [73–75], and multi-drug resistant Acinetobacter baumannii [76–78].

There are cases in the hospital setting where outbreaks are caused by more fastidious
organisms, and WGS is used for identification and the epidemiologic tracking of these
fastidious organisms, such as Mycobacterium chimaera. Back in the mid-2010s there was
an increase in incidence of invasive M. chimaera infections in individuals with previous
open chest cardiac surgery [79]. These M. chimaera isolates were sequenced and found to
be genetically and epidemiologically linked to contamination of water heater-cooler units
used in these patients’ cardiac surgeries [80–82]. These infections were not just an isolated
incident as these water heater-cooler units were distributed world-wide [82–85]. In these
published cases, WGS was performed in response to suspicion of an outbreak, but one can
imagine that as technology becomes more efficient and cost effective that hospital infection
programs can use these technologies via their diagnostic microbiology laboratories to help
monitor and prevent future outbreaks.
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As seen in the several examples mentioned above, WGS can not only provide identifica-
tion and epidemiologic tracking of organisms but also give a full profile of the antimicrobial
resistance genes present [86,87]. Current antimicrobial resistance detection methods are
either culture-dependent phenotypic methods or culture-independent rapid molecular
methods. The culture-dependent phenotypic methods are reliant on the growth of the
organism to interpret potential resistance, and the culture-independent methods can only
detect a few prominent resistance gene markers. The ability to provide a full genotypic
antimicrobial resistance profile of an organism allows for a more comprehensive report on
the potential antimicrobial resistance mechanisms present in an organism [86,87]. There
are many published reports that show the promise of WGS for antimicrobial resistance
prediction for conventional microorganisms such as E. coli [88,89], S. aureus [90,91], Ente-
rococcus faecium [92,93], Pseudomonas aeruginosa [94,95], and Neisseria gonorrhoeae [96,97].
The major theme all these reports demonstrate is the ability of WGS genotypic resistance
prediction to match the culture-dependent phenotypic resistance, which is imperative for
even considering using WGS in place of the current methods. However, the current state of
WGS technology does not allow for a complete replacement of current methods but rather
an enhancement to them.

Currently, the turn-around-time is longer with WGS compared to the conventional
culture-dependent and culture-independent methods for the conventional organisms men-
tioned above. The case where WGS can immediately make an impact for antimicrobial
resistance prediction is for organisms that take a long time to grow or where antimicro-
bial susceptibility testing is laborious such as with N. gonorrhoeae previously cited and
Mycoplasma and Ureaplasma species [98,99]. Another group of difficult to grow organisms
where WGS can help accelerate the antimicrobial resistance detection is in slow growing
Mycobacteria, such as multi-drug resistant Mycobacterium tuberculosis [100,101]. In one large
consortium, known as the Comprehensive Resistance Prediction for Tuberculosis: An Inter-
national Consortium (CRyPTIC), more than 10,000 isolates of M. tuberculosis were analyzed,
and they found that the genotypic prediction for first-line tuberculosis drugs correlated with
phenotypic susceptibility >90% [102]. A recent study confirmed that WGS can significantly
decrease the turn-around-time it takes for traditional antimicrobial susceptibility, which
can take up to a month to complete [103]. Another Mycobacterial antimicrobial resistance
profile where WGS is helpful is with Mycobacteroides abscessus (formerly Mycobacterium
abscessus [104]) which can have inducible resistance to clarithromycin [105], and the gold
standard to detect this resistance is to incubate the broth microdilution for 14 days [106].
One group has validated and implemented a WGS test to predict this inducible resistance
to clarithromycin as well as resistance to amikacin in a matter of 3 to 5 days compared to
the standard of 14 days [107]. These cases of decreasing turn-around-time will facilitate
providers in treating these difficult cases.

One caveat to antimicrobial resistance detection with WGS is that only known resis-
tance genes and mutations are being detected. However, the continued sequencing of
multi-drug resistant organisms can lead to the discovery of new resistance genes and resis-
tance mechanisms. In fact, many groups are working to create machine learning software
programs to look for antimicrobial resistance [108].

The use of WGS for fungal identification in clinical diagnostics is less established
than for bacterial identification, but one can see where it may be more advantageous
compared to the current morphological identification methods in mycology that may be
subjective. One study showed the correlation is approximately 50% for phenotypic iden-
tification, using microscopic and colony morphology and physiologic studies, compared
to sequencing of the D2 region of the large subunit of the rRNA gene and the full ITS
regions of many common and uncommon clinically relevant molds [32]. WGS has been
used in several outbreak investigations of contaminated medications such as in Chili and
Colombia where anti-nausea medication was found to be contaminated with Sarocladium
kiliense, which caused bloodstream infections in individuals [109]. Another example of
fungal outbreaks due to medical contamination was with Exserohilum rostratum [110–112].
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More than 13,000 patients were given various types of injections (epidural, paraspinal
and joint) with contaminated methylprednisolone acetate (MPA) [110]. WGS was able to
connect these cases and trace the contamination back to three lots of contaminated MPA.

One of the more notable instances of WGS aiding in fungal identification and epi-
demiological tracking is of the emerging multi-drug resistant yeast, Candida auris. C. auris
has been reported to cause fatal infections and outbreaks in hospitals and long-term care
facilities all over the world [113–116]. C. auris is known to be difficult to identify with
standard laboratory methods due to its similar appearance and biochemical characteristics
to other yeasts [117]. Conventional biochemical tests commonly misidentify C. auris as
Candida haemulonii as well as with other yeasts such as Candida parapsilosus and Rhodatorula
spp. [30,117]. There is an enrichment broth that can be used to overcome the misidentifica-
tion of C. auris; however, it takes 21 days of incubation followed by an agar culture [118].
WGS was used to help confirm the identity of the organism and to provide epidemiology
tracking of the organism all over the world [113–116,119].

Antifungal resistance prediction by WGS is being explored for yeasts such as Can-
dida [120–123], but until recently no studies of mold antifungal resistance prediction by WGS
had been published. However, multiple isolates of the ascomycete fungus Aspergillus fumi-
gatus have now been investigated by WGS to study the dominant resistance mechanism in
mutations of a gene that encodes a protein targeted by triazole antifungal drugs [124]. WGS
was performed on a set of 24 isolates that were both azole-resistant and azole-susceptible
from clinical and environmental sources from several countries [124]. A bioinformat-
ics analysis of high-resolution SNPs confirmed the mutation of TR34/L98H as the sole
mechanism of azole resistance [124]. Capitalizing on this approach, expanded studies of
218 A. fumigatus isolates, both clinical and environmental, from across the UK and Ireland
were investigated by WGS to determine the molecular epidemiology of the fungus and
to determine whether there was acquisition of drug-resistant isolates by at-risk groups.
Data analysis confirmed that there were transmissions of azole resistant isolates from the
environment. These data were further utilized to perform genome-wide association stud-
ies (GWAS) and pan-genome analyses to identify variations associated with itraconazole
resistance, revealing potentially new and novel mechanisms of resistance with a polygenic
basis [125]. The above examples illustrate the power of WGS in studying Asperillus and an-
tifungal resistance, but there are numerous examples of clusters of clinically relevant fungi
in the hospital and clinic settings where this technology can potentially unravel important
epidemiological problems of acquisition and spread, as well as antifungal resistance. Work
is needed to investigate and implement relevant WGS fungal identification into laboratories.
Not only will identification and epidemiologic information be helpful, but also antifungal
resistance prediction with WGS is a logical next step and could really improve treatment
for fungal infections.

When it comes to implementation of NGS technologies in the clinical microbiology
laboratory, the direct applicable NGS technology is WGS. WGS of a colony directly from a
plate provides a wealth of knowledge that is comparable to the conventional microbiology
workflow. However, WGS not only provides standard identification and antimicrobial
resistance predication but also the ability to compare isolates to one another for outbreak
detection. We believe implementation of WGS is a plausible initial step to bringing NGS
into the laboratory because it complements and, in some cases, enhances the conventional
microbiology laboratory workflow.

4. Direct Sample Metagenomics Sequencing

In thinking of the future of NGS in clinical microbiology, the implementation of
metagenomics sequencing directly from a clinical sample offers the major advantage of
eliminating the culture process entirely. This can drastically improve turnaround time
and provide more timely answers to health care providers. There are two different NGS
approaches of metagenomics sequencing that can be used to detect pathogens directly from
a clinical sample (Figure 1). The first is an enrichment process known as deep amplicon or
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targeted sequencing where specific pathogen primers are applied to the extracted DNA to
amplify out the desired group of pathogens (e.g., bacteria or fungi) or one specific pathogen
of interest (e.g., HIV, SARS-CoV-2). The second is known as a shotgun metagenomics
approach where all the extracted DNA or RNA from a clinical sample is sequenced, and
the work to determine the potential pathogen is done in the bioinformatics pipeline. This
approach allows for a wider net to be cast to look for potential pathogens of interest.
Currently, there are still no Food and Drug Administration (FDA)-approved NGS tests for
either of these approaches. Similar to the WGS tests in public health laboratories, there
are laboratories certified by the Clinical Laboratory Improvement Amendments (CLIA)
act that have laboratory developed tests (LDTs) in place for direct sample metagenomics
sequencing. There are several commercial options for the shotgun metagenomics approach
which will be discussed below.

4.1. Targeted Sequencing

Targeted sequencing is a method of sequencing where a selection or enrichment
process is performed for an organism or a group of organisms of interest either prior to or
after the library preparation process (Figure 1). There are several methods that can be used
to target the specific organism or groups of organisms of interest, and they include: PCR
amplification and probe hybridization. All these methods provide the advantage of less
human DNA interference and a higher sensitivity of detection in sample types with large
amounts of human cells (e.g., tissue or sputum). The primary disadvantage with these
targeted sequencing approaches is the limited number of pathogens that one can detect.
The performance of targeted sequencing directly from samples has been performed using
both second and third generation technology platforms [126,127].

PCR amplification in targeted sequencing is also referred to as deep amplicon se-
quencing. Deep amplicon sequencing is an extension of PCR technology that offers a more
in-depth coverage of the specific gene(s) of interest. The most well-known applications of
deep amplicon sequencing are the amplification of 16S ribosomal RNA (16S rRNA) gene
for bacterial identification [128] and 28S rRNA or ribosomal ITS genes for fungal identifica-
tion [129]. Many laboratories have validated and implemented LDTs for deep amplicon
sequencing with both bacterial and fungal identification [130,131], with one group even
demonstrating a useful pipeline to incorporate both [127]. In addition, 16S deep amplicon
sequencing has made it easier to identify the more difficult to grow organisms including
tick-borne bacteria that usually are not detected with conventional bacterial culture (e.g.,
Borrelia, Anaplasmsa, Ehrlichia, and Rickettsia) [132]. Specifically, for 16S gene amplification,
there has been clinical utility demonstrated for a variety of specimen types including joint
fluid [133], blood [134], and cerebrospinal fluid (CSF) [135]. In the case of periprosthetic
joint infections (PJI), conventional bacterial culture sensitivity is known to be imperfect
due to patients receiving prior courses of antimicrobial therapy [136]. A comparison study
was performed on patients with suspected PJIs to compare the sensitivity of targeted 16S
sequencing to conventional bacterial culture to determine if there was an improvement in
the identification of the organism causing infection [133]. A total of 47 PJI elbow joint fluids
were positive by sequencing and four of them (8%) were negative by culture and positive
with the targeted 16S sequencing [133]. There was a total of eight discrepant results between
conventional bacterial culture and targeted 16S sequencing, and they were in PJI samples
that were polymicrobial infections. In four of the cases, targeted 16S sequencing identified
additional pathogens [133]. These data reflect the value and complexity of targeted 16S
sequencing being able to provide additional information on these PJI, especially in the
cases where they are culture negative. This study was performed retrospectively, but one
can imagine that the additional information provided from targeted 16S sequencing could
have changed treatment and patient outcomes.

The direct sample deep amplicon sequencing for fungal identification has been ex-
plored to a limited extent on fresh samples and has shown some success [32,137]. However,
the one specimen type where deep amplicon fungal amplification has shown promise and
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great clinical utility is in formalin-fixed paraffin embedded (FFPE) tissues [137–139]. One
of the conventional methods for detection of invasive fungal infections is the microscopic
visualization of fungal elements in FFPE tissues coupled with a positive culture result [140].
Yet, there are many times when fungal elements will be detected in FFPE tissues, but there is
a culture negative result or a culture was not ordered, since it may have been an incidental
finding [137]. In addition, the fungal elements seen in FFPE tissue can be misidentified up
to 21% of the time [141]. Deep amplicon sequencing for fungal organisms in FFPE tissues
can offer providers an accurate identification of the organisms seen and allow them to
employ the proper antifungal therapy option [137,138]. Specifically, ITS deep amplicon
sequencing was shown to identify the fungal elements seen in FFPE tissue even when the
slide had less than 50 fungal elements present [138].

The deep amplicon sequencing approach is used in clinical virology diagnostics,
specifically with antiviral drug resistance in both cytomegalovirus (CMV) and human
immunodeficiency virus (HIV). Both viruses have well known mutations in their genomes
that confer resistance to specific antiviral drugs for each virus and are reviewed extensively
elsewhere [142,143]. Commercially, the detection of the known antiviral drug resistance
markers via sequencing for CMV is a LDT performed by both Viracor [144] and ARUP
Laboratories [145]. Only Viracor offers an LDT of an antiviral drug resistance profile via
sequencing for HIV-1 in addition to genotyping the HIV-1 integrase [146].

A popular targeted sequencing approach that is used in human genome sequencing
is probe enrichment [147,148]. This method uses small hybridization probes ranging in
length of base pairs and are assembled in panels of probes that can be as few as 50 probes
up to millions of probes [149]. In the context of human genome sequencing and mutation
panels, these hybridization probes are added to fragmented DNA and enrich for genes
or mutations of interest [150]. This technology has been advanced for implementation
in the clinical laboratory with the development of a bacterial probe hybridization panel
known as a bacterial capture sequencing (BacCapSeq) system [151] and a viral probe
hybridization panel known as Virome Capture Sequencing Platform for Vertebrate Viruses
(VirCapSeq-VERT) [152]. There is no published work available to suggest that these
specific probe hybridization panels are being used in the clinical microbiology diagnostic
environment currently.

The probe hybridization method has been used in the public health setting to detect
and track important global viral pathogens [153]. Specifically, with Zika virus, this method
aided in lineage detection and epidemiologic tracking of the virus in the mid 2010’s outbreak
tracking [154,155]. The success with Zika virus helped translate this approach to the
current pandemic with the severe acute respiratory coronavirus 2 (SARS-CoV-2). Many
public health laboratories have implemented a probe enrichment method of sequencing
SARS-CoV-2 directly from specimens submitted to determine the variant that is circulating
in the community. There is no consensus yet on whether there is a clinical need to genotype
SARS-CoV-2 to the variant level [156], but the probe enrichment method does make this
more of an attainable possibility if the laboratory has the capability.

4.2. Shotgun Metagenomics Sequencing

In contrast to targeted sequencing, shotgun metagenomes sequencing is a method
used to cast a wider net since all the nucleic acid in a sample is sequenced (Figure 1). By
sequencing all the nucleic acid, nearly all pathogens including bacteria, fungi, viruses, and
parasites can be identified with one test [157]. This method of sequencing has been success-
ful in detecting an infection from many different specimen types including sources that are
normally sterile such as CSF [158–161], blood [162,163] and joint fluid [164,165]. In addition,
it has been demonstrated to help in detecting an infectious agent in specimen types that
have a documented microbiome present such as, respiratory tract specimens [166,167],
gastrointestinal specimens [168] and urine [169]. One limitation to shotgun metagenomics
sequencing is the background noise or interference of human nucleic acid or the resident mi-
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crobiome, and this can be especially concerning in specimens such as tissues or respiratory
secretions [158].

This approach has been implemented in several laboratories as an LDT, and these
laboratories serve as a clinical reference testing center for patients. The first is at the CLIA–
certified clinical microbiology laboratory at the University of California, San Francisco
(UCSF) and they offer a shogun metagenomics sequencing test of CSF [158,159,170]. This
test has an overall accuracy of 90% with a clinical sensitivity and specificity of 73% and 99%,
respectively [158]. There have been various case reports that show the diagnostic utility of
this test in cases where all other conventional diagnostic testing were negative including
a case of neurocysticercosis from infection with Taenia solium [171], a case of West Nile
virus [172] and a case of neurobrucellosis [173]. A one-year prospective multicenter clinical
trial in patients presenting with a clinical picture of encephalitis, meningitis and myelitis
was performed with this test to determine the usefulness of the test for the diagnosis
of these illnesses [174]. The shotgun metagenomics CSF test identified more pathogens
than the conventional direct detection testing of CSF (culture, antigen testing or rapid
molecular methods) [174]. Yet, the authors did not make the claim that this test is at
the stage to replace conventional diagnostic testing methods, but instead to enhance the
diagnostic approach [174]. This same shotgun metagenomics sequencing pipeline has been
applied to other body fluids including abscesses, joint fluid, peritoneal fluid, pleural fluid,
bronchoalveolar lavage (BAL) and urine [127]. We must note that the application of this
shotgun metagenomics sequencing pipeline on other body fluids is not available through
this clinical laboratory reference testing center. The only shotgun metagenomics test offered
is for CSF.

There are several commercial companies that have taken the methodology of shotgun
metagenomics and created commercial assays for varying body sources. The first we
will discuss is the Karius Blood/Plasma test. This test, referred to as a microbial cell-free
DNA test or a non-invasive liquid biopsy, was first introduced into the infectious diseases
diagnostics market in 2016. It is intended for non-invasive detection of deep-seeded and
bloodstream infections. A single blood sample can detect >1250 targets [162,163] of diverse
bacterial, fungal, DNA viruses and eukaryotic parasites. Specimens are frequently sent
on complex patients with underlying risk factors for bacteremia, fungemia and invasive
infection of various types, where routine cultures and complex molecular tests, such as,
targeted 16S and 28S sequencing assays may be negative. The usual turn-around-time
for a report is 24–48 h from time of receipt in the Karius laboratory in Redwood City,
California [162]. The test is not FDA approved, but the Karius laboratory is certified
under CLIA and is accredited by the College of American Pathologists for high complexity
laboratory testing.

Because of its high frequency of use among general medicine physicians and infectious
diseases physicians (both adult medicine and pediatric), this test will be described in detail
here. Details of the sample preparation, sequencing (average of 45 million reads) and
processing of sequencing output files and sequencing reads files have been described [163].
The analytical performance characterization [limit of detection (LOD) and limit of quantifi-
cation (LOQ)] of this shotgun metagenomics sequencing assay has been described as well
as the sensitivity, precision, and analytical specificity; clinical performance characterization
was assessed by comparison with microbes identified by conventional testing [162].

In a patient report, the abundance for each detected target is expressed as DNA
molecules per microliter (MPM). Results are reported graphically for detected targets so
one can compare the number of times that target has been detected by Karius. In various
studies, more than one target has been detected and reported [175]. The frequency of
multiple pathogen detection is variable, as confirmed by the authors’ experience. All
targets detected in a blood sample are reported hierarchically with the target with the
highest abundance, MPM, listed first. One needs to assess the results and use clinical
judgment to decide the clinical significance of some detected targets. The positivity rates
(%) for detected pathogen(s) in samples submitted vary among age groups of patients and
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from institution to institution, but on average may be 50–70% [162,176,177]. With increased
discrimination in ordering the test, the positivity rates may be more favorable.

Among the studies assessing the concordance of Karius positive sequencing results
with conventional cultures is a study examining 2000 specimens tested by Karius where
there was 97% agreement between positive sequencing results and blood cultures results
in patients with sepsis [162]. There are several other diverse studies, some prospective
and others retrospective, with relatively small numbers of patients, where concordance
of Karius testing and culture or ribosomal sequencing ranged from 58–100% [178]. The
two cases below exemplify the breadth of the test for non-cultivatable and cultivatable
microorganisms and illustrate the utility of the Karius test in clinical infectious diseases.
Some specific data and narrative were modified for anonymity of the patients.

CASE DESCRIPTION #1-A young child with DiGeorge Syndrome was 2 weeks post-
surgical repair of a cardiac defect, still on a mechanical ventilator, and developed fever and
bilateral pulmonary opacities. Blood and sputum cultures were non-revealing for bacteria
and fungi. A blood specimen was sent for a Karius test and within 48 h the result was
reported as 1365 DNA MPM of Pneumocystis jirovecii. The patient was started on specific
therapy for Pneumocystis jirovecii, improved and was weaned off the respirator. A P. jirovecii
PCR assay on an endotracheal specimen was positive also, several days later. Follow-up
Karius test 2 weeks later was positive for P. jirovecii at 65 DNA MPM.

CASE DESCRIPTION #2- A child presented with a week of elevated fevers >103 F. On
examination a previously undetected heart murmur of aortic regurgitation was detected,
and an echocardiogram demonstrated a bicuspid aortic valve with a large vegetation and
rupture of the valve. Originally, routine blood cultures were negative. A plasma Karius test
was reported in 36 h as Kingella kingae with 1890 DNA MPM. Antibiotics were initiated and
the patient had emergency aortic valve replacement. Follow-up Karius test 16 days later
was positive for Kingella kingae at 55 DNA MPM. Aerobic blood cultures flagged positive at
9 days of incubation, and the same organism was recovered and identified by MALDI-TOF
mass spectrometry and 16S rRNA sequencing.

More recent publications on the Karius test include a retrospective review of test
utilization in a large Children’s Hospital in Texas, USA [175]. The findings concluded that,
in general, conventional microbiologic testing provided the same results as the Karius
test, but with shorter turn-around-time. In addition, no therapeutic management was
different in the majority of patients when additional microbial agents were identified by
the Karius test [175]. In contrast, a prospective study of this assay, compared to blood
cultures and other standard microbiological testing, in adults with leukemia and febrile
neutropenia revealed that the Karius results could have allowed earlier optimization of
antimicrobials in 47% of patients [179]. This was a relatively small study of 55 patients, but
with adjudication of clinical data, it was determined that infection was the cause of fever in
87% of the patients. In the opinion of many experts in the field of infectious diseases, the
value of the Karius test is in the detection of unexpected, or difficult to detect or culture
pathogens. An example was detection of Rhizopus in one patient in the above study at two
different time points, where fungal culture and identification took several days [179].

Although follow-up Karius testing can be done on a patient, it is not usually repeated,
and there is no controlled study demonstrating the merits of serial testing. In certain
situations, such as a difficult to treat organism causing endocarditis or other unusual
infections, one might invoke an argument for repeating the test to see the MPM decrease
significantly after two to several weeks of antimicrobial therapy. Because the Karius test
is so expensive ($2000 per test with added charges, at times significant, depending on
the institution), some medical centers have stewardship processes in place (examples:
consultation/vetting by local laboratory leaders in diagnostic microbiology and adult and
pediatric infectious diseases) to assess the need for the test or any follow up Karius testing.

There are still many questions, unresolved, regarding the utilization and timing of
ordering this test, the significance of polymicrobial results, and whether clinical outcomes
mitigate the high cost of the test.
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Another commercially developed shotgun metagenomics test is Explify™ Respiratory,
which is performed primarily on BALs and was launched by IDbyDNA and ARUP Labora-
tories in 2017. Extraction of RNA and DNA from BAL specimens is followed by preparation
of NG complementary DNA and DNA sequencing libraries and sequenced on NextSeq or
NovaSeq instruments (Illumina) to a median depth of 3–5 million sequencing reads. Ex-
plify™ Respiratory can detect >900 bacterial, fungal, and viral respiratory pathogens [180].
Microorganism detection is based on detection thresholds, established by quality control
studies, and results are reported semi-quantitatively. Results are also stratified and reported
as potential pathogens or additional microorganisms based on known pathogenicity [180].
This clinical shotgun metagenomics NGS assay has been applied to the study of pneumonia
in various patient groups, particularly in immunocompromised children and adults. These
patients often have puzzling pneumonic processes that do not always yield answers from
conventional bacterial and fungal cultures, nor from single or multiplex PCR assays. An
example of its utility is in detecting missed pathogens in immunocompromised children
with pneumonia. Previously missed putative microbial pathogens were identified in 18 of
41 (44%) of BALs in these children with life-threatening pneumonia, including 7 of 11 (64%)
children with fatal infections. The Explify™ Respiratory assay detected a single pathogen
in 12 children (63%), 2 in 5 (26%), and 4 pathogens in 1 (5%) patient. Bacterial (13), fungal
(7) and viral (3) pathogens were detected in these numbers of children [181].

Similarly, 30 immunocompromised adults with 31 episodes of pneumonia underwent
bronchoscopy and had BALs studied by the Explify™ Respiratory assay, and results were
compared to conventional microbiologic testing (CMT). Final microbiologic diagnoses
were seen in 11 cases (35%) with CMT alone, and in 18 cases (58%) with both CMT plus
Explify™ Respiratory assay [180]. Final diagnoses were made in 20/31 cases (65%) by CMT
only and in 23/31 cases (74%) based on CMT plus Explify™ Respiratory assay, not a great
difference. The diagnostic advantage of the Explify™ Respiratory assay, however, was
mostly the detection of additional bacterial causes, but appeared less useful, in this study for
diagnosing fungal pneumonia [180]. It is apparent that clinical judgement should be applied
to the interpretation of the Explify™ Respiratory results, as well as their significance in the
context of patients’ clinical conditions. On occasion, there is a triumphant, but unexpected,
result emanating from this Explify™ Respiratory assay; example, Pneumocystis jiroveccii (a
yeast-like fungus) from an immunocompromised host.

Examples of the potential diagnostic and clinical value of the Explify™ test are two
immunocompromised adult patients with pneumonia and negative conventional microbio-
logic testing who, separately, had only Pantoea agglomerans or Ewingella americana detected
by the clinical metagenomics method performed on BALs [180]. Radiologic findings were
consistent with pneumonic abnormalities. Although these are relatively uncommon or-
ganisms, they may have contributed to the pathology described in immunocompromised
patients [180]. It is judicious to combine standard of care microbiology diagnostic ap-
proaches with this assay for diagnosis of puzzling pneumonic processes, especially in
immunocompromised patients, to complement clinical decisions.

Finally, the commercial company IDbyDNA has expanded this metagenomics ap-
proach used in Explify™ Respiratory to the diagnosis of urinary tract infections with
antimicrobial resistance markers, and several related presentations were delivered at the
32nd European Congress of Clinical Microbiology and Infectious Diseases, Lisbon, Portugal,
23–26 April 2022. This urinary pathogen ID/antimicrobial resistance Panel (UPIP) can
detect >190 pathogens, including 135 bacteria, 35 viruses, 14 fungi, and 7 parasites and
>2000 antimicrobial resistance markers [182]. Further details from peer-reviewed papers are
anticipated to enlarge our understanding of the application and value of this metagenomics
approach to urinary pathogen detection.

The application of shotgun metagenomics has come a long way in the various infec-
tions described above (i.e., meningitis/encephalitis, sepsis, pneumonia, and urinary tract
infections). There are limited studies utilizing this approach to diagnose infections of bones,
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related tissues, and native or prosthetic joints. Data to evaluate the relative clinical value,
impact on clinical outcome, or sensitivity and specificity are insufficient.

5. Factors to Consider When Implementing These Technologies

Regarding implementation within the laboratory, there are currently no FDA-approved
tests for WGS but instead many laboratories certified with CLIA, including public health
laboratories, have validated LDTs to perform the WGS including both the wet bench and
bioinformatics workflows [183,184]. There are many factors to consider when trying to
decide if introducing these sequencing technologies is the best for your laboratory. There
are several excellent reviews that discuss this in more depth [185,186] but we will touch
on a few of the main factors we consider to be the most important before implementing
sequencing technologies in the clinical microbiology environment.

The first factor to consider is the laboratory validation process for these NGS applica-
tions (i.e., WGS, targeted metagenomics and shotgun metagenomics). Currently, there is no
standardized kit or testing system to implement any of the NGS applications mentioned
above that is FDA approved or cleared. This means that bringing on any of these NGS ap-
plications would require the laboratory to bring up the test as a LDT. The validation process
for an LDT is very costly and time consuming, which limits the type of laboratories that
would be able to adopt this type of technology. The parameters needed to validate an LDT
can be difficult to meet with these NGS applications. The basic quality control aspects of an
LDT for NGS are hard to determine since there no agreed upon reference standard in the
clinical microbiology community. In the case of WGS, it is easy to sequence a positive type
strain and a negative water control with each run to make sure the assay is running properly.
However, with the metagenomics approaches, laboratories would have to assemble a mock
community or spike sample with organisms of interest, and again, there is no agreement
on the makeup of these mock communities or spiked samples. It is also difficult to find a
gold standard method to compare accurately the results of the NGS application, since it
has been shown in many cases that the NGS application is superior to the gold standard
method in detecting microorganisms [186]. Recently, the CDC and the Association of Public
Health Laboratories (APHL) created a web based reference that has the quality manage-
ment systems tools and resources for laboratories to access when considering to validate
these LDTs (https://www.cdc.gov/labquality/qms-tools-and-resources.html; accessed
on 12 July 2022). However, even with these tools and resources available, the complexity
of these NGS approaches and the rigorous validation process is currently keeping this
technology in the space of reference laboratories and large academic medical centers.

The second factor to consider when implementing these NGS technologies is the
reporting of the results, especially in the interpretation and clinical utility of the metage-
nomics approaches. The creation of bioinformatics pipelines to process the sequence data
take considerable time and expertise, not only with the coding and computing side, but
also the microbiological and clinical interpretation of the results. Currently, there are no
commercialized bioinformatics pipelines to interpret the data; however, there are several
large academic medical centers that have published their workflows for all three NGS ap-
plications of WGS [184], targeted sequencing [133] and shotgun metagenomics [174]. One
aspect we favor, that several laboratories have recommended to help in the interpretation
and reporting of the results from these NGS applications, is the creation and utilization of
a group of individuals or an advisory board [174,184]. The members of the group/board
would serve as a reference to help in the interpretation of interesting or inconclusive results
and ensure that what was being reported concurs with the clinical picture.

A final major factor to consider when implementing these NGS approaches into the
clinical microbiology laboratory is the cost. Although the cost to sequence a sample or
organism has decreased, the cost to introduce this technology into the clinical microbiology
laboratory space is great. One of the first obstacles with cost is to have the physical space
to accommodate the wet lab portion of the test. In the wet lab workflow, it is important
to have a laboratory that is adaptable to keep pre-amplification and post amplification
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material and spaces separate. This is to help reduce the possible contamination of the
samples. Another major cost already mentioned was the validation of the LDT. In addition,
once the test is validated and in place, it is hard to incorporate this test in the laboratory to
replace the already low cost of conventional microbiology culture.

6. Future of NGS in Clinical Microbiology

NGS in the clinical microbiology laboratory is already a reality but only for a select few
clinical microbiology laboratories with the budget and the personnel to make it possible.
In this section we hypothesize and predict some of the potential future directions for this
technology in diagnostic microbiology. First, the process of sequencing has dramatically
decreased in price since the first generation of sequencing. It is conceivable that this
technology with become cheaper allowing it to be more readily available to laboratories
outside of large reference laboratories or large academic medical centers. We believe that
sequencing could become inexpensive and have a fast enough turnaround time to the
culture dependent methods. For example, WGS can be used to identify a colony growing
on a plate and produce the AST profile of that organism in comparable times that it takes
to run and get a simple identification with the conventional microbiological workup.

Considering AST testing, a major critique in implanting molecular AMR testing into
the common microbiological workup is the concordance between phenotypic and genotypic
AMR results. Even though an antibiotic resistance gene marker is detected in the genotypic
profile, there is no guarantee that the gene is translated and transcribed to produce the
enzyme or protein to confer resistance, unless seen in the phenotypic susceptibility results.
In the future, it would be helpful to incorporate a proteomics workflow into the pipeline to
see which proteins are being expressed to help infer phenotypic antibiotic susceptibility
profiles [187].

Another area where significant progress can be made in the next 5 years is in the bioin-
formatics analysis, specifically for shotgun metagenomics sequencing. Current bioinfor-
matics pipelines for shotgun metagenomics sequencing can detect the multiple pathogens
that are present within a given sample. However, current technology does not allow for an
assembly of a full genome of that pathogen unless it is a virus [174]. In the future, one can
imagine that a bioinformatics pipeline for shotgun metagenomics of a clinical sample will
be sophisticated enough to tease out true pathogen assembly of a complete genome with
the ability to predict virulence and antimicrobial resistance markers.

7. Conclusions

NGS technologies have existed for several decades but are just beginning to change
the diagnostic potential of clinical microbiology and public health laboratories. In these
arenas, WGS allows for identification of fastidious organisms and for surveillance of
potential outbreaks. In addition, WGS aids in the detection of not only known antimicrobial
resistance genes and mechanisms, but also new genes or mechanisms that are not defined
at this time. Targeted and metagenomics sequencing directly from samples helps increase
the detection of organisms of interest, especially organisms where conventional methods
are lacking in sensitivity or not available. These NGS technologies are changing the face of
clinical microbiology diagnostics as we know it. While NGS cannot replace the conventional
microbiology laboratory workup, the amount of information provided from sequencing
will only enhance patient care.

Author Contributions: Conceptualization, E.E.H. and P.F.; writing—original draft preparation,
E.E.H. and P.F.; writing—review and editing, E.E.H. and P.F. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Genes 2022, 13, 1566 16 of 24

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Heather, J.M.; Chain, B. The sequence of sequencers: The history of sequencing DNA. Genomics 2016, 107, 1–8. [CrossRef]

[PubMed]
2. Sanger, F.; Coulson, A.R. A rapid method for determining sequences in DNA by primed synthesis with DNA polymerase. J. Mol.

Biol. 1975, 94, 441–448. [CrossRef]
3. Maxam, A.M.; Gilbert, W. A new method for sequencing DNA. Proc. Natl. Acad. Sci. USA 1977, 74, 560–564. [CrossRef] [PubMed]
4. Ansorge, W.; Sproat, B.S.; Stegemann, J.; Schwager, C. A non-radioactive automated method for DNA sequence determination.

J. Biochem. Biophys. Methods 1986, 13, 315–323. [CrossRef]
5. Prober, J.M.; Trainor, G.L.; Dam, R.J.; Hobbs, F.W.; Robertson, C.W.; Zagursky, R.J.; Cocuzza, A.J.; Jensen, M.A.; Baumeister, K. A

system for rapid DNA sequencing with fluorescent chain-terminating dideoxynucleotides. Science 1987, 238, 336–341. [CrossRef]
[PubMed]

6. Swerdlow, H.; Gesteland, R. Capillary gel electrophoresis for rapid, high resolution DNA sequencing. Nucleic Acids Res. 1990, 18,
1415–1419. [CrossRef]

7. Luckey, J.A.; Drossman, H.; Kostichka, A.J.; Mead, D.A.; D’Cunha, J.; Norris, T.B.; Smith, L.M. High speed DNA sequencing by
capillary electrophoresis. Nucleic Acids Res. 1990, 18, 4417–4421. [CrossRef]

8. Hunkapiller, T.; Kaiser, R.J.; Koop, B.F.; Hood, L. Large-scale and automated DNA sequence determination. Science 1991, 254,
59–67. [CrossRef]

9. Hyman, E.D. A new method of sequencing DNA. Anal. Biochem. 1988, 174, 423–436. [CrossRef]
10. Nyrén, P.; Pettersson, B.; Uhlén, M. Solid phase DNA minisequencing by an enzymatic luminometric inorganic pyrophosphate

detection assay. Anal. Biochem. 1993, 208, 171–175. [CrossRef]
11. Ronaghi, M.; Karamohamed, S.; Pettersson, B.; Uhlén, M.; Nyrén, P. Real-time DNA sequencing using detection of pyrophosphate

release. Anal. Biochem. 1996, 242, 84–89. [CrossRef] [PubMed]
12. Ronaghi, M.; Uhlén, M.; Nyrén, P. A sequencing method based on real-time pyrophosphate. Science 1998, 281, 363–365. [CrossRef]
13. Margulies, M.; Egholm, M.; Altman, W.E.; Attiya, S.; Bader, J.S.; Bemben, L.A.; Berka, J.; Braverman, M.S.; Chen, Y.J.; Chen, Z.;

et al. Genome sequencing in microfabricated high-density picolitre reactors. Nature 2005, 437, 376–380. [CrossRef]
14. Shendure, J.; Porreca, G.J.; Reppas, N.B.; Lin, X.; McCutcheon, J.P.; Rosenbaum, A.M.; Wang, M.D.; Zhang, K.; Mitra, R.D.; Church,

G.M. Accurate multiplex polony sequencing of an evolved bacterial genome. Science 2005, 309, 1728–1732. [CrossRef] [PubMed]
15. McKernan, K.J.; Peckham, H.E.; Costa, G.L.; McLaughlin, S.F.; Fu, Y.; Tsung, E.F.; Clouser, C.R.; Duncan, C.; Ichikawa, J.K.; Lee,

C.C.; et al. Sequence and structural variation in a human genome uncovered by short-read, massively parallel ligation sequencing
using two-base encoding. Genome Res. 2009, 19, 1527–1541. [CrossRef] [PubMed]

16. Rothberg, J.M.; Hinz, W.; Rearick, T.M.; Schultz, J.; Mileski, W.; Davey, M.; Leamon, J.H.; Johnson, K.; Milgrew, M.J.; Edwards, M.;
et al. An integrated semiconductor device enabling non-optical genome sequencing. Nature 2011, 475, 348–352. [CrossRef]

17. Fedurco, M.; Romieu, A.; Williams, S.; Lawrence, I.; Turcatti, G. BTA, a novel reagent for DNA attachment on glass and efficient
generation of solid-phase amplified DNA colonies. Nucleic Acids Res. 2006, 34, e22. [CrossRef]

18. Voelkerding, K.V.; Dames, S.A.; Durtschi, J.D. Next-generation sequencing: From basic research to diagnostics. Clin. Chem. 2009,
55, 641–658. [CrossRef]

19. Bentley, D.R.; Balasubramanian, S.; Swerdlow, H.P.; Smith, G.P.; Milton, J.; Brown, C.G.; Hall, K.P.; Evers, D.J.; Barnes, C.L.;
Bignell, H.R.; et al. Accurate whole human genome sequencing using reversible terminator chemistry. Nature 2008, 456, 53–59.
[CrossRef]

20. Loman, N.J.; Misra, R.V.; Dallman, T.J.; Constantinidou, C.; Gharbia, S.E.; Wain, J.; Pallen, M.J. Performance comparison of
benchtop high-throughput sequencing platforms. Nat. Biotechnol. 2012, 30, 434–439. [CrossRef]

21. Quail, M.A.; Smith, M.; Coupland, P.; Otto, T.D.; Harris, S.R.; Connor, T.R.; Bertoni, A.; Swerdlow, H.P.; Gu, Y. A tale of three next
generation sequencing platforms: Comparison of Ion Torrent, Pacific Biosciences and Illumina MiSeq sequencers. BMC Genom.
2012, 13, 341. [CrossRef] [PubMed]

22. Luo, C.; Tsementzi, D.; Kyrpides, N.; Read, T.; Konstantinidis, K.T. Direct comparisons of Illumina vs. Roche 454 sequencing
technologies on the same microbial community DNA sample. PLoS ONE 2012, 7, e30087. [CrossRef]

23. Schadt, E.E.; Turner, S.; Kasarskis, A. A window into third-generation sequencing. Hum. Mol. Genet. 2010, 19, R227–R240.
[CrossRef] [PubMed]

24. Niedringhaus, T.P.; Milanova, D.; Kerby, M.B.; Snyder, M.P.; Barron, A.E. Landscape of next-generation sequencing technologies.
Anal. Chem. 2011, 83, 4327–4341. [CrossRef]

25. Levene, M.J.; Korlach, J.; Turner, S.W.; Foquet, M.; Craighead, H.G.; Webb, W.W. Zero-mode waveguides for single-molecule
analysis at high concentrations. Science 2003, 299, 682–686. [CrossRef]

26. Haque, F.; Li, J.; Wu, H.C.; Liang, X.J.; Guo, P. Solid-State and Biological Nanopore for Real-Time Sensing of Single Chemical and
Sequencing of DNA. Nano Today 2013, 8, 56–74. [CrossRef]

http://doi.org/10.1016/j.ygeno.2015.11.003
http://www.ncbi.nlm.nih.gov/pubmed/26554401
http://doi.org/10.1016/0022-2836(75)90213-2
http://doi.org/10.1073/pnas.74.2.560
http://www.ncbi.nlm.nih.gov/pubmed/265521
http://doi.org/10.1016/0165-022X(86)90038-2
http://doi.org/10.1126/science.2443975
http://www.ncbi.nlm.nih.gov/pubmed/2443975
http://doi.org/10.1093/nar/18.6.1415
http://doi.org/10.1093/nar/18.15.4417
http://doi.org/10.1126/science.1925562
http://doi.org/10.1016/0003-2697(88)90041-3
http://doi.org/10.1006/abio.1993.1024
http://doi.org/10.1006/abio.1996.0432
http://www.ncbi.nlm.nih.gov/pubmed/8923969
http://doi.org/10.1126/science.281.5375.363
http://doi.org/10.1038/nature03959
http://doi.org/10.1126/science.1117389
http://www.ncbi.nlm.nih.gov/pubmed/16081699
http://doi.org/10.1101/gr.091868.109
http://www.ncbi.nlm.nih.gov/pubmed/19546169
http://doi.org/10.1038/nature10242
http://doi.org/10.1093/nar/gnj023
http://doi.org/10.1373/clinchem.2008.112789
http://doi.org/10.1038/nature07517
http://doi.org/10.1038/nbt.2198
http://doi.org/10.1186/1471-2164-13-341
http://www.ncbi.nlm.nih.gov/pubmed/22827831
http://doi.org/10.1371/journal.pone.0030087
http://doi.org/10.1093/hmg/ddq416
http://www.ncbi.nlm.nih.gov/pubmed/20858600
http://doi.org/10.1021/ac2010857
http://doi.org/10.1126/science.1079700
http://doi.org/10.1016/j.nantod.2012.12.008


Genes 2022, 13, 1566 17 of 24

27. Branton, D.; Deamer, D.W.; Marziali, A.; Bayley, H.; Benner, S.A.; Butler, T.; Di Ventra, M.; Garaj, S.; Hibbs, A.; Huang, X.; et al.
The potential and challenges of nanopore sequencing. Nat. Biotechnol. 2008, 26, 1146–1153. [CrossRef]

28. Clarridge, J.E., III. Impact of 16S rRNA gene sequence analysis for identification of bacteria on clinical microbiology and infectious
diseases. Clin. Microbiol. Rev. 2004, 17, 840–862. [CrossRef]

29. Church, D.L.; Cerutti, L.; Gürtler, A.; Griener, T.; Zelazny, A.; Emler, S. Performance and Application of 16S rRNA Gene Cycle
Sequencing for Routine Identification of Bacteria in the Clinical Microbiology Laboratory. Clin. Microbiol. Rev. 2020, 33, e00053-19.
[CrossRef]

30. Kathuria, S.; Singh, P.K.; Sharma, C.; Prakash, A.; Masih, A.; Kumar, A.; Meis, J.F.; Chowdhary, A. Multidrug-Resistant Candida
auris Misidentified as Candida haemulonii: Characterization by Matrix-Assisted Laser Desorption Ionization-Time of Flight Mass
Spectrometry and DNA Sequencing and Its Antifungal Susceptibility Profile Variability by Vitek 2, CLSI Broth Microdilution, and
Etest Method. J. Clin. Microbiol. 2015, 53, 1823–1830. [CrossRef]

31. Klasinc, R.; Riesenhuber, M.; Bacher, A.; Willinger, B. Invasive Fungal Infection Caused by Exophiala dermatitidis in a Patient
After Lung Transplantation: Case Report and Literature Review. Mycopathologia 2019, 184, 107–113. [CrossRef] [PubMed]

32. Arbefeville, S.; Harris, A.; Ferrieri, P. Comparison of sequencing the D2 region of the large subunit ribosomal RNA gene
(MicroSEQ®) versus the internal transcribed spacer (ITS) regions using two public databases for identification of common and
uncommon clinically relevant fungal species. J. Microbiol. Methods 2017, 140, 40–46. [CrossRef] [PubMed]

33. Kolbert, C.P.; Persing, D.H. Ribosomal DNA sequencing as a tool for identification of bacterial pathogens. Curr. Opin. Microbiol.
1999, 2, 299–305. [CrossRef]

34. Yeo, S.F.; Wong, B. Current status of nonculture methods for diagnosis of invasive fungal infections. Clin. Microbiol. Rev. 2002, 15,
465–484. [CrossRef]

35. Chen, Y.C.; Eisner, J.D.; Kattar, M.M.; Rassoulian-Barrett, S.L.; LaFe, K.; Yarfitz, S.L.; Limaye, A.P.; Cookson, B.T. Identification
of medically important yeasts using PCR-based detection of DNA sequence polymorphisms in the internal transcribed spacer
2 region of the rRNA genes. J. Clin. Microbiol. 2000, 38, 2302–2310. [CrossRef]

36. Chen, Y.C.; Eisner, J.D.; Kattar, M.M.; Rassoulian-Barrett, S.L.; Lafe, K.; Bui, U.; Limaye, A.P.; Cookson, B.T. Polymorphic internal
transcribed spacer region 1 DNA sequences identify medically important yeasts. J. Clin. Microbiol. 2001, 39, 4042–4051. [CrossRef]

37. Hu, T.; Chitnis, N.; Monos, D.; Dinh, A. Next-generation sequencing technologies: An overview. Hum. Immunol. 2021, 82, 801–811.
[CrossRef]

38. Lischer, H.E.L.; Shimizu, K.K. Reference-guided de novo assembly approach improves genome reconstruction for related species.
BMC Bioinform. 2017, 18, 474. [CrossRef]

39. Salzberg, S.L.; Phillippy, A.M.; Zimin, A.; Puiu, D.; Magoc, T.; Koren, S.; Treangen, T.J.; Schatz, M.C.; Delcher, A.L.; Roberts, M.;
et al. GAGE: A critical evaluation of genome assemblies and assembly algorithms. Genome Res. 2012, 22, 557–567. [CrossRef]

40. Köser, C.U.; Ellington, M.J.; Cartwright, E.J.; Gillespie, S.H.; Brown, N.M.; Farrington, M.; Holden, M.T.; Dougan, G.; Bentley, S.D.;
Parkhill, J.; et al. Routine use of microbial whole genome sequencing in diagnostic and public health microbiology. PLoS Pathog.
2012, 8, e1002824. [CrossRef]

41. van Veen, S.Q.; Claas, E.C.; Kuijper, E.J. High-throughput identification of bacteria and yeast by matrix-assisted laser desorption
ionization-time of flight mass spectrometry in conventional medical microbiology laboratories. J. Clin. Microbiol. 2010, 48, 900–907.
[CrossRef] [PubMed]

42. Li, Y.; Shan, M.; Zhu, Z.; Mao, X.; Yan, M.; Chen, Y.; Zhu, Q.; Li, H.; Gu, B. Application of MALDI-TOF MS to rapid identification
of anaerobic bacteria. BMC Infect. Dis. 2019, 19, 941. [CrossRef] [PubMed]

43. Kristich, C.J.; Rice, L.B.; Arias, C.A. Enterococcal Infection—Treatment and Antibiotic Resistance. In Enterococci: From Commensals
to Leading Causes of Drug Resistant Infection; Gilmore, M.S., Clewell, D.B., Ike, Y., Shankar, N., Eds.; Massachusetts Eye and Ear
Infirmary: Boston, MA, USA, 2014.

44. Neville, S.A.; Lecordier, A.; Ziochos, H.; Chater, M.J.; Gosbell, I.B.; Maley, M.W.; van Hal, S.J. Utility of matrix-assisted laser
desorption ionization-time of flight mass spectrometry following introduction for routine laboratory bacterial identification.
J. Clin. Microbiol. 2011, 49, 2980–2984. [CrossRef] [PubMed]

45. Murase, T.; Okitsu, T.; Suzuki, R.; Morozumi, H.; Matsushima, A.; Nakamura, A.; Yamai, S. Evaluation of DNA fingerprinting by
PFGE as an epidemiologic tool for Salmonella infections. Microbiol. Immunol. 1995, 39, 673–676. [CrossRef] [PubMed]

46. Harbottle, H.; White, D.G.; McDermott, P.F.; Walker, R.D.; Zhao, S. Comparison of multilocus sequence typing, pulsed-field gel
electrophoresis, and antimicrobial susceptibility typing for characterization of Salmonella enterica serotype Newport isolates.
J. Clin. Microbiol. 2006, 44, 2449–2457. [CrossRef]

47. Leekitcharoenphon, P.; Nielsen, E.M.; Kaas, R.S.; Lund, O.; Aarestrup, F.M. Evaluation of whole genome sequencing for outbreak
detection of Salmonella enterica. PLoS ONE 2014, 9, e87991. [CrossRef]

48. Carleton, H. PulseNet Laboratories Transition to Whole Genome Sequencing. Available online: https://www.cdc.gov/amd/
whats-new/pulsenet-transition.html (accessed on 8 April 2022).

49. Maiden, M.C.; Bygraves, J.A.; Feil, E.; Morelli, G.; Russell, J.E.; Urwin, R.; Zhang, Q.; Zhou, J.; Zurth, K.; Caugant, D.A.; et al.
Multilocus sequence typing: A portable approach to the identification of clones within populations of pathogenic microorganisms.
Proc. Natl. Acad. Sci. USA 1998, 95, 3140–3145. [CrossRef]

50. Centers for Disease Control and Prevention. One Health. Available online: https://www.cdc.gov/onehealth/index.html
(accessed on 23 August 2022).

http://doi.org/10.1038/nbt.1495
http://doi.org/10.1128/CMR.17.4.840-862.2004
http://doi.org/10.1128/CMR.00053-19
http://doi.org/10.1128/jcm.00367-15
http://doi.org/10.1007/s11046-018-0275-4
http://www.ncbi.nlm.nih.gov/pubmed/29948438
http://doi.org/10.1016/j.mimet.2017.06.015
http://www.ncbi.nlm.nih.gov/pubmed/28647582
http://doi.org/10.1016/S1369-5274(99)80052-6
http://doi.org/10.1128/CMR.15.3.465-484.2002
http://doi.org/10.1128/JCM.38.6.2302-2310.2000
http://doi.org/10.1128/JCM.39.11.4042-4051.2001
http://doi.org/10.1016/j.humimm.2021.02.012
http://doi.org/10.1186/s12859-017-1911-6
http://doi.org/10.1101/gr.131383.111
http://doi.org/10.1371/journal.ppat.1002824
http://doi.org/10.1128/JCM.02071-09
http://www.ncbi.nlm.nih.gov/pubmed/20053859
http://doi.org/10.1186/s12879-019-4584-0
http://www.ncbi.nlm.nih.gov/pubmed/31699042
http://doi.org/10.1128/JCM.00431-11
http://www.ncbi.nlm.nih.gov/pubmed/21632894
http://doi.org/10.1111/j.1348-0421.1995.tb03255.x
http://www.ncbi.nlm.nih.gov/pubmed/8577280
http://doi.org/10.1128/JCM.00019-06
http://doi.org/10.1371/journal.pone.0087991
https://www.cdc.gov/amd/whats-new/pulsenet-transition.html
https://www.cdc.gov/amd/whats-new/pulsenet-transition.html
http://doi.org/10.1073/pnas.95.6.3140
https://www.cdc.gov/onehealth/index.html


Genes 2022, 13, 1566 18 of 24

51. PulseNet Methods. Available online: https://www.cdc.gov/pulsenet/pathogens/index.html (accessed on 8 April 2022).
52. Manual for the Surveillance of Vaccine-Preventable Diseases. Available online: https://www.cdc.gov/vaccines/pubs/surv-

manual/index.html (accessed on 8 April 2022).
53. Revez, J.; Espinosa, L.; Albiger, B.; Leitmeyer, K.C.; Struelens, M.J. Survey on the Use of Whole-Genome Sequencing for Infectious

Diseases Surveillance: Rapid Expansion of European National Capacities, 2015–2016. Front. Public Health 2017, 5, 347. [CrossRef]
54. About the Antibiotic Response Laboratory Network. Available online: https://www.cdc.gov/drugresistance/ar-lab-networks/

domestic.html (accessed on 8 April 2022).
55. MacNeil, J.R.; Blain, A.E.; Wang, X.; Cohn, A.C. Current Epidemiology and Trends in Meningococcal Disease-United States,

1996–2015. Clin. Infect. Dis. 2018, 66, 1276–1281. [CrossRef]
56. Centers for Disease Control and Prevention. Guidance for the Evalutation and Public Health Management of Suspected

Outbreaks of Meningococcal Disease. Available online: https://www.cdc.gov/meningococcal/downloads/meningococcal-
outbreak-guidance.pdf (accessed on 14 June 2022).

57. Ferrieri, P.; Lynfield, R.; Creti, R.; Flores, A.E. Serotype IV and invasive group B Streptococcus disease in neonates, Minnesota,
USA, 2000–2010. Emerg. Infect. Dis. 2013, 19, 551–558. [CrossRef]

58. Teatero, S.; McGeer, A.; Li, A.; Gomes, J.; Seah, C.; Demczuk, W.; Martin, I.; Wasserscheid, J.; Dewar, K.; Melano, R.G.; et al.
Population structure and antimicrobial resistance of invasive serotype IV group B Streptococcus, Toronto, Ontario, Canada.
Emerg. Infect. Dis. 2015, 21, 585–591. [CrossRef] [PubMed]

59. Diedrick, M.J.; Flores, A.E.; Hillier, S.L.; Creti, R.; Ferrieri, P. Clonal analysis of colonizing group B Streptococcus, serotype IV, an
emerging pathogen in the United States. J. Clin. Microbiol. 2010, 48, 3100–3104. [CrossRef] [PubMed]

60. Campisi, E.; Rinaudo, C.D.; Donati, C.; Barucco, M.; Torricelli, G.; Edwards, M.S.; Baker, C.J.; Margarit, I.; Rosini, R. Serotype IV
Streptococcus agalactiae ST-452 has arisen from large genomic recombination events between CC23 and the hypervirulent CC17
lineages. Sci. Rep. 2016, 6, 29799. [CrossRef] [PubMed]

61. Teatero, S.; Ferrieri, P.; Martin, I.; Demczuk, W.; McGeer, A.; Fittipaldi, N. Serotype Distribution, Population Structure, and
Antimicrobial Resistance of Group B Streptococcus Strains Recovered from Colonized Pregnant Women. J. Clin. Microbiol. 2017,
55, 412–422. [CrossRef] [PubMed]

62. Greninger, A.L.; Zerr, D.M. NGSocomial Infections: High-Resolution Views of Hospital-Acquired Infections through Genomic
Epidemiology. J. Pediatr. Infect. Dis. Soc. 2021, 10, S88–S95. [CrossRef]

63. Balloux, F.; Brønstad Brynildsrud, O.; van Dorp, L.; Shaw, L.P.; Chen, H.; Harris, K.A.; Wang, H.; Eldholm, V. From Theory to
Practice: Translating Whole-Genome Sequencing (WGS) into the Clinic. Trends Microbiol. 2018, 26, 1035–1048. [CrossRef]

64. Slott Jensen, M.L.; Nielsine Skov, M.; Pries Kristiansen, H.; Toft, A.; Lundgaard, H.; Gumpert, H.; Westh, H.; Holm, A.; Kolmos,
H.J.; Kemp, M. Core genome multi-locus sequence typing as an essential tool in a high-cost livestock-associated meticillin-resistant
Staphylococcus aureus CC398 hospital outbreak. J. Hosp. Infect. 2020, 104, 574–581. [CrossRef]

65. Møller, J.K.; Larsen, A.R.; Østergaard, C.; Møller, C.H.; Kristensen, M.A.; Larsen, J. International travel as source of a hospital
outbreak with an unusual meticillin-resistant Staphylococcus aureus clonal complex 398, Denmark, 2016. Eurosurveillance 2019,
24, 1800680. [CrossRef]

66. Earls, M.R.; Kinnevey, P.M.; Brennan, G.I.; Lazaris, A.; Skally, M.; O’Connell, B.; Humphreys, H.; Shore, A.C.; Coleman, D.C. The
recent emergence in hospitals of multidrug-resistant community-associated sequence type 1 and spa type t127 methicillin-resistant
Staphylococcus aureus investigated by whole-genome sequencing: Implications for screening. PLoS ONE 2017, 12, e0175542.
[CrossRef]

67. McLean, K.; Balada-Llasat, J.M.; Waalkes, A.; Pancholi, P.; Salipante, S.J. Whole-genome sequencing of clinical Clostridioides
difficile isolates reveals molecular epidemiology and discrepancies with conventional laboratory diagnostic testing. J. Hosp. Infect.
2021, 108, 64–71. [CrossRef]

68. Thornton, C.S.; Rubin, J.E.; Greninger, A.L.; Peirano, G.; Chiu, C.Y.; Pillai, D.R. Epidemiological and genomic characterization of
community-acquired Clostridium difficile infections. BMC Infect. Dis. 2018, 18, 443. [CrossRef] [PubMed]

69. Kociolek, L.K.; Gerding, D.N.; Espinosa, R.O.; Patel, S.J.; Shulman, S.T.; Ozer, E.A. Clostridium difficile Whole Genome Sequencing
Reveals Limited Transmission Among Symptomatic Children: A Single-Center Analysis. Clin. Infect. Dis. 2018, 67, 229–234.
[CrossRef] [PubMed]

70. Marsh, J.W.; Krauland, M.G.; Nelson, J.S.; Schlackman, J.L.; Brooks, A.M.; Pasculle, A.W.; Shutt, K.A.; Doi, Y.; Querry, A.M.;
Muto, C.A.; et al. Genomic Epidemiology of an Endoscope-Associated Outbreak of Klebsiella pneumoniae Carbapenemase
(KPC)-Producing K. pneumoniae. PLoS ONE 2015, 10, e0144310. [CrossRef]

71. Yang, S.; Hemarajata, P.; Hindler, J.; Li, F.; Adisetiyo, H.; Aldrovandi, G.; Sebra, R.; Kasarskis, A.; MacCannell, D.; Didelot, X.;
et al. Evolution and Transmission of Carbapenem-Resistant Klebsiella pneumoniae Expressing the blaOXA-232 Gene during an
Institutional Outbreak Associated with Endoscopic Retrograde Cholangiopancreatography. Clin. Infect. Dis. 2017, 64, 894–901.
[CrossRef]

72. López-Camacho, E.; Paño-Pardo, J.R.; Ruiz-Carrascoso, G.; Wesselink, J.J.; Lusa-Bernal, S.; Ramos-Ruiz, R.; Ovalle, S.; Gómez-Gil,
R.; Pérez-Blanco, V.; Pérez-Vázquez, M.; et al. Population structure of OXA-48-producing Klebsiella pneumoniae ST405 isolates
during a hospital outbreak characterised by genomic typing. J. Glob. Antimicrob. Resist. 2018, 15, 48–54. [CrossRef] [PubMed]

https://www.cdc.gov/pulsenet/pathogens/index.html
https://www.cdc.gov/vaccines/pubs/surv-manual/index.html
https://www.cdc.gov/vaccines/pubs/surv-manual/index.html
http://doi.org/10.3389/fpubh.2017.00347
https://www.cdc.gov/drugresistance/ar-lab-networks/domestic.html
https://www.cdc.gov/drugresistance/ar-lab-networks/domestic.html
http://doi.org/10.1093/cid/cix993
https://www.cdc.gov/meningococcal/downloads/meningococcal-outbreak-guidance.pdf
https://www.cdc.gov/meningococcal/downloads/meningococcal-outbreak-guidance.pdf
http://doi.org/10.3201/eid1904.121572
http://doi.org/10.3201/eid2014.140759
http://www.ncbi.nlm.nih.gov/pubmed/25811284
http://doi.org/10.1128/JCM.00277-10
http://www.ncbi.nlm.nih.gov/pubmed/20610684
http://doi.org/10.1038/srep29799
http://www.ncbi.nlm.nih.gov/pubmed/27411639
http://doi.org/10.1128/JCM.01615-16
http://www.ncbi.nlm.nih.gov/pubmed/27852675
http://doi.org/10.1093/jpids/piab074
http://doi.org/10.1016/j.tim.2018.08.004
http://doi.org/10.1016/j.jhin.2019.12.009
http://doi.org/10.2807/1560-7917.ES.2019.24.42.1800680
http://doi.org/10.1371/journal.pone.0175542
http://doi.org/10.1016/j.jhin.2020.11.014
http://doi.org/10.1186/s12879-018-3337-9
http://www.ncbi.nlm.nih.gov/pubmed/30170546
http://doi.org/10.1093/cid/ciy060
http://www.ncbi.nlm.nih.gov/pubmed/29370348
http://doi.org/10.1371/journal.pone.0144310
http://doi.org/10.1093/cid/ciw876
http://doi.org/10.1016/j.jgar.2018.06.008
http://www.ncbi.nlm.nih.gov/pubmed/29940334


Genes 2022, 13, 1566 19 of 24

73. Johnson, P.D.; Ballard, S.A.; Grabsch, E.A.; Stinear, T.P.; Seemann, T.; Young, H.L.; Grayson, M.L.; Howden, B.P. A sustained
hospital outbreak of vancomycin-resistant Enterococcus faecium bacteremia due to emergence of vanB E. faecium sequence type
203. J. Infect. Dis. 2010, 202, 1278–1286. [CrossRef]

74. Hwang, S.M.; Cho, H.W.; Kim, T.Y.; Park, J.S.; Jung, J.; Song, K.H.; Lee, H.; Kim, E.S.; Kim, H.B.; Park, K.U. Whole-Genome
Sequencing for Investigating a Health Care-Associated Outbreak of Carbapenem-Resistant Acinetobacter baumannii. Diagnostics
2021, 11, 201. [CrossRef]

75. Egan, S.A.; Corcoran, S.; McDermott, H.; Fitzpatrick, M.; Hoyne, A.; McCormack, O.; Cullen, A.; Brennan, G.I.; O’Connell, B.;
Coleman, D.C. Hospital outbreak of linezolid-resistant and vancomycin-resistant ST80 Enterococcus faecium harbouring an
optrA-encoding conjugative plasmid investigated by whole-genome sequencing. J. Hosp. Infect. 2020, 105, 726–735. [CrossRef]

76. Lewis, T.; Loman, N.J.; Bingle, L.; Jumaa, P.; Weinstock, G.M.; Mortiboy, D.; Pallen, M.J. High-throughput whole-genome
sequencing to dissect the epidemiology of Acinetobacter baumannii isolates from a hospital outbreak. J. Hosp. Infect. 2010, 75,
37–41. [CrossRef]

77. Makke, G.; Bitar, I.; Salloum, T.; Panossian, B.; Alousi, S.; Arabaghian, H.; Medvecky, M.; Hrabak, J.; Merheb-Ghoussoub, S.;
Tokajian, S. Whole-Genome-Sequence-Based Characterization of Extensively Drug-Resistant Acinetobacter baumannii Hospital
Outbreak. MSphere 2020, 5, e00934-19. [CrossRef]

78. Potron, A.; Bour, M.; Triponney, P.; Muller, J.; Koebel, C.; Bonnin, R.A.; Plésiat, P. Sequential emergence of colistin and rifampicin
resistance in an OXA-72- producing outbreak strain of Acinetobacter baumannii. Int. J. Antimicrob. Agents 2019, 53, 669–673.
[CrossRef] [PubMed]

79. Haller, S.; Höller, C.; Jacobshagen, A.; Hamouda, O.; Abu Sin, M.; Monnet, D.L.; Plachouras, D.; Eckmanns, T. Contamination
during production of heater-cooler units by Mycobacterium chimaera potential cause for invasive cardiovascular infections:
Results of an outbreak investigation in Germany, April 2015 to February 2016. Eurosurveillance 2016, 21, 30215. [CrossRef]
[PubMed]

80. Lyman, M.M.; Grigg, C.; Kinsey, C.B.; Keckler, M.S.; Moulton-Meissner, H.; Cooper, E.; Soe, M.M.; Noble-Wang, J.; Longenberger,
A.; Walker, S.R.; et al. Invasive Nontuberculous Mycobacterial Infections among Cardiothoracic Surgical Patients Exposed to
Heater-Cooler Devices(1). Emerg. Infect. Dis. 2017, 23, 796–805. [CrossRef]

81. Chand, M.; Lamagni, T.; Kranzer, K.; Hedge, J.; Moore, G.; Parks, S.; Collins, S.; Del Ojo Elias, C.; Ahmed, N.; Brown, T.; et al.
Insidious Risk of Severe Mycobacterium chimaera Infection in Cardiac Surgery Patients. Clin. Infect. Dis. 2017, 64, 335–342.
[CrossRef]

82. Buchanan, R.; Agarwal, A.; Mathai, E.; Cherian, B.P. Mycobacterium chimaera: A novel pathogen with potential risk to cardiac
surgical patients. Natl. Med. J. India 2020, 33, 284–287. [CrossRef] [PubMed]

83. Robinson, J.O.; Coombs, G.W.; Speers, D.J.; Keehner, T.; Keil, A.D.; D’Abrera, V.; Boan, P.; Pang, S. Mycobacterium chimaera
colonisation of heater-cooler units (HCU) in Western Australia, 2015: Investigation of possible iatrogenic infection using whole
genome sequencing. Eurosurveillance 2016, 21, 30396. [CrossRef]

84. Perkins, K.M.; Lawsin, A.; Hasan, N.A.; Strong, M.; Halpin, A.L.; Rodger, R.R.; Moulton-Meissner, H.; Crist, M.B.; Schwartz,
S.; Marders, J.; et al. Notes from the Field: Mycobacterium chimaera Contamination of Heater-Cooler Devices Used in Cardiac
Surgery-United States. MMWR Morb. Mortal. Wkly. Rep. 2016, 65, 1117–1118. [CrossRef]

85. Hasan, N.A.; Epperson, L.E.; Lawsin, A.; Rodger, R.R.; Perkins, K.M.; Halpin, A.L.; Perry, K.A.; Moulton-Meissner, H.; Diekema,
D.J.; Crist, M.B.; et al. Genomic Analysis of Cardiac Surgery-Associated Mycobacterium chimaera Infections, United States.
Emerg. Infect. Dis. 2019, 25, 559–563. [CrossRef]

86. Su, M.; Satola, S.W.; Read, T.D. Genome-Based Prediction of Bacterial Antibiotic Resistance. J. Clin. Microbiol. 2019, 57, e01405-18.
[CrossRef]

87. Ransom, E.M.; Potter, R.F.; Dantas, G.; Burnham, C.D. Genomic Prediction of Antimicrobial Resistance: Ready or Not, Here It
Comes! Clin. Chem. 2020, 66, 1278–1289. [CrossRef]

88. Tyson, G.H.; McDermott, P.F.; Li, C.; Chen, Y.; Tadesse, D.A.; Mukherjee, S.; Bodeis-Jones, S.; Kabera, C.; Gaines, S.A.; Loneragan,
G.H.; et al. WGS accurately predicts antimicrobial resistance in Escherichia coli. J. Antimicrob. Chemother. 2015, 70, 2763–2769.
[CrossRef] [PubMed]

89. Golden, A.R.; Karlowsky, J.A.; Walkty, A.; Baxter, M.R.; Denisuik, A.J.; McCracken, M.; Mulvey, M.R.; Adam, H.J.; Bay, D.; Zhanel,
G.G. Comparison of phenotypic antimicrobial susceptibility testing results and WGS-derived genotypic resistance profiles for a
cohort of ESBL-producing Escherichia coli collected from Canadian hospitals: CANWARD 2007-18. J. Antimicrob. Chemother. 2021,
76, 2825–2832. [CrossRef] [PubMed]

90. Mason, A.; Foster, D.; Bradley, P.; Golubchik, T.; Doumith, M.; Gordon, N.C.; Pichon, B.; Iqbal, Z.; Staves, P.; Crook, D.; et al.
Accuracy of Different Bioinformatics Methods in Detecting Antibiotic Resistance and Virulence Factors from Staphylococcus
aureus Whole-Genome Sequences. J. Clin. Microbiol. 2018, 56, e01815-17. [CrossRef]

91. Gordon, N.C.; Price, J.R.; Cole, K.; Everitt, R.; Morgan, M.; Finney, J.; Kearns, A.M.; Pichon, B.; Young, B.; Wilson, D.J.; et al.
Prediction of Staphylococcus aureus antimicrobial resistance by whole-genome sequencing. J. Clin. Microbiol. 2014, 52, 1182–1191.
[CrossRef] [PubMed]

http://doi.org/10.1086/656319
http://doi.org/10.3390/diagnostics11020201
http://doi.org/10.1016/j.jhin.2020.05.013
http://doi.org/10.1016/j.jhin.2010.01.012
http://doi.org/10.1128/mSphere.00934-19
http://doi.org/10.1016/j.ijantimicag.2019.01.012
http://www.ncbi.nlm.nih.gov/pubmed/30685310
http://doi.org/10.2807/1560-7917.ES.2016.21.17.30215
http://www.ncbi.nlm.nih.gov/pubmed/27168588
http://doi.org/10.3201/eid2305.161899
http://doi.org/10.1093/cid/ciw754
http://doi.org/10.4103/0970-258X.317473
http://www.ncbi.nlm.nih.gov/pubmed/34213456
http://doi.org/10.2807/1560-7917.ES.2016.21.46.30396
http://doi.org/10.15585/mmwr.mm6540a6
http://doi.org/10.3201/eid2503.181282
http://doi.org/10.1128/JCM.01405-18
http://doi.org/10.1093/clinchem/hvaa172
http://doi.org/10.1093/jac/dkv186
http://www.ncbi.nlm.nih.gov/pubmed/26142410
http://doi.org/10.1093/jac/dkab268
http://www.ncbi.nlm.nih.gov/pubmed/34378044
http://doi.org/10.1128/JCM.01815-17
http://doi.org/10.1128/JCM.03117-13
http://www.ncbi.nlm.nih.gov/pubmed/24501024


Genes 2022, 13, 1566 20 of 24

92. Babiker, A.; Mustapha, M.M.; Pacey, M.P.; Shutt, K.A.; Ezeonwuka, C.D.; Ohm, S.L.; Cooper, V.S.; Marsh, J.W.; Doi, Y.; Harrison,
L.H. Use of online tools for antimicrobial resistance prediction by whole-genome sequencing in methicillin-resistant Staphylo-
coccus aureus (MRSA) and vancomycin-resistant enterococci (VRE). J. Glob. Antimicrob. Resist. 2019, 19, 136–143. [CrossRef]
[PubMed]

93. Tyson, G.H.; Sabo, J.L.; Rice-Trujillo, C.; Hernandez, J.; McDermott, P.F. Whole-genome sequencing based characterization of
antimicrobial resistance in Enterococcus. Pathog. Dis. 2018, 76, fty018. [CrossRef]

94. Jaillard, M.; van Belkum, A.; Cady, K.C.; Creely, D.; Shortridge, D.; Blanc, B.; Barbu, E.M.; Dunne, W.M., Jr.; Zambardi, G.;
Enright, M.; et al. Correlation between phenotypic antibiotic susceptibility and the resistome in Pseudomonas aeruginosa. Int. J.
Antimicrob. Agents 2017, 50, 210–218. [CrossRef]

95. Cortes-Lara, S.; Barrio-Tofiño, E.D.; López-Causapé, C.; Oliver, A. Predicting Pseudomonas aeruginosa susceptibility phenotypes
from whole genome sequence resistome analysis. Clin. Microbiol. Infect. 2021, 27, 1631–1637. [CrossRef]

96. Bailey, A.L.; Potter, R.F.; Wallace, M.A.; Johnson, C.; Dantas, G.; Burnham, C.A. Genotypic and Phenotypic Characterization of
Antimicrobial Resistance in Neisseria gonorrhoeae: A Cross-Sectional Study of Isolates Recovered from Routine Urine Cultures
in a High-Incidence Setting. MSphere 2019, 4, e00373-19. [CrossRef]

97. Eyre, D.W.; De Silva, D.; Cole, K.; Peters, J.; Cole, M.J.; Grad, Y.H.; Demczuk, W.; Martin, I.; Mulvey, M.R.; Crook, D.W.; et al.
WGS to predict antibiotic MICs for Neisseria gonorrhoeae. J. Antimicrob. Chemother. 2017, 72, 1937–1947. [CrossRef]

98. Blanchard, A.; Crabb, D.M.; Dybvig, K.; Duffy, L.B.; Cassell, G.H. Rapid detection of tetM in Mycoplasma hominis and Ureaplasma
urealyticum by PCR: TetM confers resistance to tetracycline but not necessarily to doxycycline. FEMS Microbiol. Lett. 1992, 74,
277–281. [CrossRef] [PubMed]

99. Meygret, A.; Le Roy, C.; Renaudin, H.; Bébéar, C.; Pereyre, S. Tetracycline and fluoroquinolone resistance in clinical Ureaplasma
spp. and Mycoplasma hominis isolates in France between 2010 and 2015. J. Antimicrob. Chemother. 2018, 73, 2696–2703. [CrossRef]
[PubMed]

100. Gygli, S.M.; Keller, P.M.; Ballif, M.; Blöchliger, N.; Hömke, R.; Reinhard, M.; Loiseau, C.; Ritter, C.; Sander, P.; Borrell, S.; et al.
Whole-Genome Sequencing for Drug Resistance Profile Prediction in Mycobacterium tuberculosis. Antimicrob. Agents Chemother.
2019, 63, e02175-18. [CrossRef] [PubMed]

101. Walker, T.M.; Kohl, T.A.; Omar, S.V.; Hedge, J.; Del Ojo Elias, C.; Bradley, P.; Iqbal, Z.; Feuerriegel, S.; Niehaus, K.E.; Wilson, D.J.;
et al. Whole-genome sequencing for prediction of Mycobacterium tuberculosis drug susceptibility and resistance: A retrospective
cohort study. Lancet Infect. Dis. 2015, 15, 1193–1202. [CrossRef]

102. Allix-Béguec, C.; Arandjelovic, I.; Bi, L.; Beckert, P.; Bonnet, M.; Bradley, P.; Cabibbe, A.M.; Cancino-Muñoz, I.; Caulfield, M.J.;
Chaiprasert, A.; et al. Prediction of Susceptibility to First-Line Tuberculosis Drugs by DNA Sequencing. N. Engl. J. Med. 2018, 379,
1403–1415. [CrossRef] [PubMed]

103. Grobbel, H.P.; Merker, M.; Köhler, N.; Andres, S.; Hoffmann, H.; Heyckendorf, J.; Reimann, M.; Barilar, I.; Dreyer, V.; Hillemann,
D.; et al. Design of Multidrug-Resistant Tuberculosis Treatment Regimens Based on DNA Sequencing. Clin. Infect. Dis. 2021, 73,
1194–1202. [CrossRef]

104. Gupta, R.S.; Lo, B.; Son, J. Phylogenomics and Comparative Genomic Studies Robustly Support Division of the Genus Mycobac-
terium into an Emended Genus Mycobacterium and Four Novel Genera. Front. Microbiol. 2018, 9, 67. [CrossRef]

105. Nash, K.A.; Brown-Elliott, B.A.; Wallace, R.J., Jr. A novel gene, erm(41), confers inducible macrolide resistance to clinical isolates
of Mycobacterium abscessus but is absent from Mycobacterium chelonae. Antimicrob. Agents Chemother. 2009, 53, 1367–1376.
[CrossRef]

106. Woods, G.; Wengenack, N.; Lin, G.; Brown-Elliott, B.; Cirillo, D.; Conville, P.; Desmond, E.; Killian, S.; Parrish, N.; Pfeltz, R.
Performance Standards for Susceptibility Testing of Mycobacteria, Nocardia Spp. and Other Aerobic Actinomycetes. CLSI Doument M62Ed1;
Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2018.

107. Realegeno, S.; Mirasol, R.; Garner, O.B.; Yang, S. Clinical Whole Genome Sequencing for Clarithromycin and Amikacin Resistance
Prediction and Subspecies Identification of Mycobacterium abscessus. J. Mol. Diagn. 2021, 23, 1460–1467. [CrossRef]

108. Anahtar, M.N.; Yang, J.H.; Kanjilal, S. Applications of Machine Learning to the Problem of Antimicrobial Resistance: An Emerging
Model for Translational Research. J. Clin. Microbiol. 2021, 59, e0126020. [CrossRef]

109. Etienne, K.A.; Roe, C.C.; Smith, R.M.; Vallabhaneni, S.; Duarte, C.; Escadon, P.; Castaneda, E.; Gomez, B.L.; de Bedout, C.; López,
L.F.; et al. Whole-Genome Sequencing to Determine Origin of Multinational Outbreak of Sarocladium kiliense Bloodstream
Infections. Emerg. Infect. Dis. 2016, 22, 476–481. [CrossRef] [PubMed]

110. Smith, R.M.; Schaefer, M.K.; Kainer, M.A.; Wise, M.; Finks, J.; Duwve, J.; Fontaine, E.; Chu, A.; Carothers, B.; Reilly, A.; et al.
Fungal infections associated with contaminated methylprednisolone injections. N. Engl. J. Med. 2013, 369, 1598–1609. [CrossRef]
[PubMed]

111. Kainer, M.A.; Reagan, D.R.; Nguyen, D.B.; Wiese, A.D.; Wise, M.E.; Ward, J.; Park, B.J.; Kanago, M.L.; Baumblatt, J.; Schaefer, M.K.;
et al. Fungal infections associated with contaminated methylprednisolone in Tennessee. N. Engl. J. Med. 2012, 367, 2194–2203.
[CrossRef]

112. Chiller, T.M.; Roy, M.; Nguyen, D.; Guh, A.; Malani, A.N.; Latham, R.; Peglow, S.; Kerkering, T.; Kaufman, D.; McFadden, J.; et al.
Clinical findings for fungal infections caused by methylprednisolone injections. N. Engl. J. Med. 2013, 369, 1610–1619. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.jgar.2019.04.006
http://www.ncbi.nlm.nih.gov/pubmed/31005733
http://doi.org/10.1093/femspd/fty018
http://doi.org/10.1016/j.ijantimicag.2017.02.026
http://doi.org/10.1016/j.cmi.2021.05.011
http://doi.org/10.1128/mSphere.00373-19
http://doi.org/10.1093/jac/dkx067
http://doi.org/10.1111/j.1574-6968.1992.tb05379.x
http://www.ncbi.nlm.nih.gov/pubmed/1526460
http://doi.org/10.1093/jac/dky238
http://www.ncbi.nlm.nih.gov/pubmed/29986031
http://doi.org/10.1128/AAC.02175-18
http://www.ncbi.nlm.nih.gov/pubmed/30718257
http://doi.org/10.1016/S1473-3099(15)00062-6
http://doi.org/10.1056/NEJMoa1800474
http://www.ncbi.nlm.nih.gov/pubmed/30280646
http://doi.org/10.1093/cid/ciab359
http://doi.org/10.3389/fmicb.2018.00067
http://doi.org/10.1128/AAC.01275-08
http://doi.org/10.1016/j.jmoldx.2021.07.023
http://doi.org/10.1128/JCM.01260-20
http://doi.org/10.3201/eid2203.151193
http://www.ncbi.nlm.nih.gov/pubmed/26891230
http://doi.org/10.1056/NEJMoa1213978
http://www.ncbi.nlm.nih.gov/pubmed/23252499
http://doi.org/10.1056/NEJMoa1212972
http://doi.org/10.1056/NEJMoa1304879
http://www.ncbi.nlm.nih.gov/pubmed/24152260


Genes 2022, 13, 1566 21 of 24

113. Chowdhary, A.; Sharma, C.; Duggal, S.; Agarwal, K.; Prakash, A.; Singh, P.K.; Jain, S.; Kathuria, S.; Randhawa, H.S.; Hagen, F.;
et al. New clonal strain of Candida auris, Delhi, India. Emerg. Infect. Dis. 2013, 19, 1670–1673. [CrossRef] [PubMed]

114. Lockhart, S.R.; Etienne, K.A.; Vallabhaneni, S.; Farooqi, J.; Chowdhary, A.; Govender, N.P.; Colombo, A.L.; Calvo, B.; Cuomo,
C.A.; Desjardins, C.A.; et al. Simultaneous Emergence of Multidrug-Resistant Candida auris on 3 Continents Confirmed by
Whole-Genome Sequencing and Epidemiological Analyses. Clin. Infect. Dis. 2017, 64, 134–140. [CrossRef]

115. Morales-López, S.E.; Parra-Giraldo, C.M.; Ceballos-Garzón, A.; Martínez, H.P.; Rodríguez, G.J.; Álvarez-Moreno, C.A.; Rodríguez,
J.Y. Invasive Infections with Multidrug-Resistant Yeast Candida auris, Colombia. Emerg. Infect. Dis. 2017, 23, 162–164. [CrossRef]

116. Chowdhary, A.; Sharma, C.; Meis, J.F. Candida auris: A rapidly emerging cause of hospital-acquired multidrug-resistant fungal
infections globally. PLoS Pathog. 2017, 13, e1006290. [CrossRef]

117. Mizusawa, M.; Miller, H.; Green, R.; Lee, R.; Durante, M.; Perkins, R.; Hewitt, C.; Simner, P.J.; Carroll, K.C.; Hayden, R.T.; et al.
Can Multidrug-Resistant Candida auris Be Reliably Identified in Clinical Microbiology Laboratories? J. Clin. Microbiol. 2017, 55,
638–640. [CrossRef]

118. Welsh, R.M.; Bentz, M.L.; Shams, A.; Houston, H.; Lyons, A.; Rose, L.J.; Litvintseva, A.P. Survival, Persistence, and Isolation of
the Emerging Multidrug-Resistant Pathogenic Yeast Candida auris on a Plastic Health Care Surface. J. Clin. Microbiol. 2017, 55,
2996–3005. [CrossRef]

119. Price, T.K.; Mirasol, R.; Ward, K.W.; Dayo, A.J.; Hilt, E.E.; Chandrasekaran, S.; Garner, O.B.; de St Maurice, A.; Yang, S. Genomic
Characterizations of Clade III Lineage of Candida auris, California, USA. Emerg. Infect. Dis. 2021, 27, 1223–1227. [CrossRef]
[PubMed]

120. Biswas, C.; Chen, S.C.; Halliday, C.; Martinez, E.; Rockett, R.J.; Wang, Q.; Timms, V.J.; Dhakal, R.; Sadsad, R.; Kennedy, K.J.;
et al. Whole Genome Sequencing of Candida glabrata for Detection of Markers of Antifungal Drug Resistance. J. Vis. Exp. 2017,
130, e56714. [CrossRef] [PubMed]

121. Chew, K.L.; Octavia, S.; Lin, R.T.P.; Yan, G.Z.; Teo, J.W.P. Delay in effective therapy in anidulafungin-resistant Candida tropicalis
fungaemia: Potential for rapid prediction of antifungal resistance with whole-genome-sequencing. J. Glob. Antimicrob. Resist.
2019, 16, 105–107. [CrossRef]

122. Castanheira, M.; Deshpande, L.M.; Davis, A.P.; Rhomberg, P.R.; Pfaller, M.A. Monitoring Antifungal Resistance in a Global
Collection of Invasive Yeasts and Molds: Application of CLSI Epidemiological Cutoff Values and Whole-Genome Sequencing
Analysis for Detection of Azole Resistance in Candida albicans. Antimicrob. Agents Chemother. 2017, 61, e00906-17. [CrossRef]

123. Durand, C.; Maubon, D.; Cornet, M.; Wang, Y.; Aldebert, D.; Garnaud, C. Can We Improve Antifungal Susceptibility Testing?
Front. Cell Infect. Microbiol. 2021, 11, 720609. [CrossRef] [PubMed]

124. Abdolrasouli, A.; Rhodes, J.; Beale, M.A.; Hagen, F.; Rogers, T.R.; Chowdhary, A.; Meis, J.F.; Armstrong-James, D.; Fisher, M.C.
Genomic Context of Azole Resistance Mutations in Aspergillus fumigatus Determined Using Whole-Genome Sequencing. MBio
2015, 6, e00536. [CrossRef]

125. Rhodes, J.; Abdolrasouli, A.; Dunne, K.; Sewell, T.R.; Zhang, Y.; Ballard, E.; Brackin, A.P.; van Rhijn, N.; Chown, H.; Tsitsopoulou,
A.; et al. Population genomics confirms acquisition of drug-resistant Aspergillus fumigatus infection by humans from the
environment. Nat. Microbiol. 2022, 7, 663–674. [CrossRef]

126. Salipante, S.J.; Kawashima, T.; Rosenthal, C.; Hoogestraat, D.R.; Cummings, L.A.; Sengupta, D.J.; Harkins, T.T.; Cookson, B.T.;
Hoffman, N.G. Performance comparison of Illumina and ion torrent next-generation sequencing platforms for 16S rRNA-based
bacterial community profiling. Appl. Environ. Microbiol. 2014, 80, 7583–7591. [CrossRef]

127. Gu, W.; Deng, X.; Lee, M.; Sucu, Y.D.; Arevalo, S.; Stryke, D.; Federman, S.; Gopez, A.; Reyes, K.; Zorn, K.; et al. Rapid pathogen
detection by metagenomic next-generation sequencing of infected body fluids. Nat. Med. 2021, 27, 115–124. [CrossRef]

128. Janda, J.M.; Abbott, S.L. 16S rRNA gene sequencing for bacterial identification in the diagnostic laboratory: Pluses, perils, and
pitfalls. J. Clin. Microbiol. 2007, 45, 2761–2764. [CrossRef]

129. Wagner, K.; Springer, B.; Pires, V.P.; Keller, P.M. Molecular detection of fungal pathogens in clinical specimens by 18S rDNA
high-throughput screening in comparison to ITS PCR and culture. Sci. Rep. 2018, 8, 6964. [CrossRef] [PubMed]

130. Salipante, S.J.; Sengupta, D.J.; Rosenthal, C.; Costa, G.; Spangler, J.; Sims, E.H.; Jacobs, M.A.; Miller, S.I.; Hoogestraat, D.R.;
Cookson, B.T.; et al. Rapid 16S rRNA next-generation sequencing of polymicrobial clinical samples for diagnosis of complex
bacterial infections. PLoS ONE 2013, 8, e65226. [CrossRef]

131. Culbreath, K.; Melanson, S.; Gale, J.; Baker, J.; Li, F.; Saebo, O.; Kommedal, O.; Contreras, D.; Garner, O.B.; Yang, S. Validation
and Retrospective Clinical Evaluation of a Quantitative 16S rRNA Gene Metagenomic Sequencing Assay for Bacterial Pathogen
Detection in Body Fluids. J. Mol. Diagn. 2019, 21, 913–923. [CrossRef] [PubMed]

132. Kingry, L.; Sheldon, S.; Oatman, S.; Pritt, B.; Anacker, M.; Bjork, J.; Neitzel, D.; Strain, A.; Berry, J.; Sloan, L.; et al. Targeted
Metagenomics for Clinical Detection and Discovery of Bacterial Tick-Borne Pathogens. J. Clin. Microbiol. 2020, 58, e00147-20.
[CrossRef]

133. Flurin, L.; Wolf, M.J.; Greenwood-Quaintance, K.E.; Sanchez-Sotelo, J.; Patel, R. Targeted next generation sequencing for elbow
periprosthetic joint infection diagnosis. Diagn. Microbiol. Infect. Dis. 2021, 101, 115448. [CrossRef] [PubMed]

134. Decuypere, S.; Meehan, C.J.; Van Puyvelde, S.; De Block, T.; Maltha, J.; Palpouguini, L.; Tahita, M.; Tinto, H.; Jacobs, J.; Deborggraeve,
S. Diagnosis of Bacterial Bloodstream Infections: A 16S Metagenomics Approach. PLoS Negl. Trop. Dis. 2016, 10, e0004470. [CrossRef]

http://doi.org/10.3201/eid1910.130393
http://www.ncbi.nlm.nih.gov/pubmed/24048006
http://doi.org/10.1093/cid/ciw691
http://doi.org/10.3201/eid2301.161497
http://doi.org/10.1371/journal.ppat.1006290
http://doi.org/10.1128/JCM.02202-16
http://doi.org/10.1128/JCM.00921-17
http://doi.org/10.3201/eid2704.204361
http://www.ncbi.nlm.nih.gov/pubmed/33755003
http://doi.org/10.3791/56714
http://www.ncbi.nlm.nih.gov/pubmed/29364212
http://doi.org/10.1016/j.jgar.2018.12.010
http://doi.org/10.1128/AAC.00906-17
http://doi.org/10.3389/fcimb.2021.720609
http://www.ncbi.nlm.nih.gov/pubmed/34568095
http://doi.org/10.1128/mBio.00536-15
http://doi.org/10.1038/s41564-022-01091-2
http://doi.org/10.1128/AEM.02206-14
http://doi.org/10.1038/s41591-020-1105-z
http://doi.org/10.1128/JCM.01228-07
http://doi.org/10.1038/s41598-018-25129-w
http://www.ncbi.nlm.nih.gov/pubmed/29725065
http://doi.org/10.1371/journal.pone.0065226
http://doi.org/10.1016/j.jmoldx.2019.05.002
http://www.ncbi.nlm.nih.gov/pubmed/31229651
http://doi.org/10.1128/JCM.00147-20
http://doi.org/10.1016/j.diagmicrobio.2021.115448
http://www.ncbi.nlm.nih.gov/pubmed/34224945
http://doi.org/10.1371/journal.pntd.0004470


Genes 2022, 13, 1566 22 of 24

135. Schuurman, T.; de Boer, R.F.; Kooistra-Smid, A.M.; van Zwet, A.A. Prospective study of use of PCR amplification and sequencing
of 16S ribosomal DNA from cerebrospinal fluid for diagnosis of bacterial meningitis in a clinical setting. J. Clin. Microbiol. 2004,
42, 734–740. [CrossRef]

136. Berbari, E.F.; Marculescu, C.; Sia, I.; Lahr, B.D.; Hanssen, A.D.; Steckelberg, J.M.; Gullerud, R.; Osmon, D.R. Culture-negative
prosthetic joint infection. Clin. Infect. Dis. 2007, 45, 1113–1119. [CrossRef]

137. Moncada, P.A.; Budvytiene, I.; Ho, D.Y.; Deresinski, S.C.; Montoya, J.G.; Banaei, N. Utility of DNA sequencing for direct
identification of invasive fungi from fresh and formalin-fixed specimens. Am. J. Clin. Pathol. 2013, 140, 203–208. [CrossRef]

138. Larkin, P.M.K.; Lawson, K.L.; Contreras, D.A.; Le, C.Q.; Trejo, M.; Realegeno, S.; Hilt, E.E.; Chandrasekaran, S.; Garner, O.B.;
Fishbein, G.A.; et al. Amplicon-Based Next-Generation Sequencing for Detection of Fungi in Formalin-Fixed, Paraffin-Embedded
Tissues: Correlation with Histopathology and Clinical Applications. J. Mol. Diagn. 2020, 22, 1287–1293. [CrossRef]

139. Gomez, C.A.; Budvytiene, I.; Zemek, A.J.; Banaei, N. Performance of Targeted Fungal Sequencing for Culture-Independent
Diagnosis of Invasive Fungal Disease. Clin. Infect. Dis. 2017, 65, 2035–2041. [CrossRef] [PubMed]

140. Balajee, S.A.; Sigler, L.; Brandt, M.E. DNA and the classical way: Identification of medically important molds in the 21st century.
Med. Mycol. 2007, 45, 475–490. [CrossRef]

141. Sangoi, A.R.; Rogers, W.M.; Longacre, T.A.; Montoya, J.G.; Baron, E.J.; Banaei, N. Challenges and pitfalls of morphologic
identification of fungal infections in histologic and cytologic specimens: A ten-year retrospective review at a single institution.
Am. J. Clin. Pathol. 2009, 131, 364–375. [CrossRef]

142. Rhee, S.-Y.; Kassaye, S.G.; Jordan, M.R.; Kouamou, V.; Katzenstein, D.; Shafer, R.W. Public availability of HIV-1 drug resistance
sequence and treatment data: A systematic review. Lancet Microbe 2022, 3, e392–e398. [CrossRef]

143. Lurain, N.S.; Chou, S. Antiviral drug resistance of human cytomegalovirus. Clin. Microbiol. Rev. 2010, 23, 689–712. [CrossRef]
[PubMed]

144. CMV Testing. Available online: https://www.eurofins-viracor.com/clinical/our-testing/cmv/ (accessed on 12 April 2022).
145. Cytomegalovirus Antivial Drug Resistance by Sequencing. Available online: https://ltd.aruplab.com/Tests/Pub/2004760

(accessed on 11 April 2022).
146. HIV Testing. Available online: https://www.eurofins-viracor.com/clinical/our-testing/hiv/ (accessed on 11 April 2022).
147. Samorodnitsky, E.; Jewell, B.M.; Hagopian, R.; Miya, J.; Wing, M.R.; Lyon, E.; Damodaran, S.; Bhatt, D.; Reeser, J.W.; Datta, J.; et al.

Evaluation of Hybridization Capture Versus Amplicon-Based Methods for Whole-Exome Sequencing. Hum. Mutat. 2015, 36,
903–914. [CrossRef]

148. García-García, G.; Baux, D.; Faugère, V.; Moclyn, M.; Koenig, M.; Claustres, M.; Roux, A.F. Assessment of the latest NGS
enrichment capture methods in clinical context. Sci. Rep. 2016, 6, 20948. [CrossRef]

149. Metsky, H.C.; Siddle, K.J.; Gladden-Young, A.; Qu, J.; Yang, D.K.; Brehio, P.; Goldfarb, A.; Piantadosi, A.; Wohl, S.; Carter, A.; et al.
Capturing sequence diversity in metagenomes with comprehensive and scalable probe design. Nat. Biotechnol. 2019, 37, 160–168.
[CrossRef] [PubMed]

150. Gorden, E.M.; Sturk-Andreaggi, K.; Marshall, C. Capture enrichment and massively parallel sequencing for human identification.
Forensic Sci. Int. Genet. 2021, 53, 102496. [CrossRef] [PubMed]

151. Allicock, O.M.; Guo, C.; Uhlemann, A.C.; Whittier, S.; Chauhan, L.V.; Garcia, J.; Price, A.; Morse, S.S.; Mishra, N.; Briese, T.; et al.
BacCapSeq: A Platform for Diagnosis and Characterization of Bacterial Infections. MBio 2018, 9, e02007-18. [CrossRef] [PubMed]

152. Briese, T.; Kapoor, A.; Mishra, N.; Jain, K.; Kumar, A.; Jabado, O.J.; Lipkin, W.I. Virome Capture Sequencing Enables Sensitive
Viral Diagnosis and Comprehensive Virome Analysis. MBio 2015, 6, e01491-15. [CrossRef] [PubMed]

153. Deng, X.; Achari, A.; Federman, S.; Yu, G.; Somasekar, S.; Bártolo, I.; Yagi, S.; Mbala-Kingebeni, P.; Kapetshi, J.; Ahuka-Mundeke,
S.; et al. Metagenomic sequencing with spiked primer enrichment for viral diagnostics and genomic surveillance. Nat. Microbiol.
2020, 5, 443–454. [CrossRef] [PubMed]

154. Thézé, J.; Li, T.; du Plessis, L.; Bouquet, J.; Kraemer, M.U.G.; Somasekar, S.; Yu, G.; de Cesare, M.; Balmaseda, A.; Kuan, G.; et al.
Genomic Epidemiology Reconstructs the Introduction and Spread of Zika Virus in Central America and Mexico. Cell Host Microbe
2018, 23, 855–864.e857. [CrossRef] [PubMed]

155. Naccache, S.N.; Thézé, J.; Sardi, S.I.; Somasekar, S.; Greninger, A.L.; Bandeira, A.C.; Campos, G.S.; Tauro, L.B.; Faria, N.R.; Pybus,
O.G.; et al. Distinct Zika Virus Lineage in Salvador, Bahia, Brazil. Emerg. Infect. Dis. 2016, 22, 1788–1792. [CrossRef]

156. Greninger, A.L.; Dien Bard, J.; Colgrove, R.C.; Graf, E.H.; Hanson, K.E.; Hayden, M.K.; Humphries, R.M.; Lowe, C.F.; Miller,
M.B.; Pillai, D.R.; et al. Clinical and Infection Prevention Applications of Severe Acute Respiratory Syndrome Coronavirus
2 Genotyping: An Infectious Diseases Society of America/American Society for Microbiology Consensus Review Document.
J. Clin. Microbiol. 2022, 60, e0165921. [CrossRef]

157. Naccache, S.N.; Federman, S.; Veeraraghavan, N.; Zaharia, M.; Lee, D.; Samayoa, E.; Bouquet, J.; Greninger, A.L.; Luk, K.C.; Enge,
B.; et al. A cloud-compatible bioinformatics pipeline for ultrarapid pathogen identification from next-generation sequencing of
clinical samples. Genome Res. 2014, 24, 1180–1192. [CrossRef]

158. Miller, S.; Naccache, S.N.; Samayoa, E.; Messacar, K.; Arevalo, S.; Federman, S.; Stryke, D.; Pham, E.; Fung, B.; Bolosky, W.J.; et al.
Laboratory validation of a clinical metagenomic sequencing assay for pathogen detection in cerebrospinal fluid. Genome Res.
2019, 29, 831–842. [CrossRef] [PubMed]

159. Schlaberg, R.; Chiu, C.Y.; Miller, S.; Procop, G.W.; Weinstock, G. Validation of Metagenomic Next-Generation Sequencing Tests for
Universal Pathogen Detection. Arch. Pathol. Lab. Med. 2017, 141, 776–786. [CrossRef]

http://doi.org/10.1128/JCM.42.2.734-740.2004
http://doi.org/10.1086/522184
http://doi.org/10.1309/AJCPNSU2SDZD9WPW
http://doi.org/10.1016/j.jmoldx.2020.06.017
http://doi.org/10.1093/cid/cix728
http://www.ncbi.nlm.nih.gov/pubmed/29020284
http://doi.org/10.1080/13693780701449425
http://doi.org/10.1309/AJCP99OOOZSNISCZ
http://doi.org/10.1016/S2666-5247(21)00250-0
http://doi.org/10.1128/CMR.00009-10
http://www.ncbi.nlm.nih.gov/pubmed/20930070
https://www.eurofins-viracor.com/clinical/our-testing/cmv/
https://ltd.aruplab.com/Tests/Pub/2004760
https://www.eurofins-viracor.com/clinical/our-testing/hiv/
http://doi.org/10.1002/humu.22825
http://doi.org/10.1038/srep20948
http://doi.org/10.1038/s41587-018-0006-x
http://www.ncbi.nlm.nih.gov/pubmed/30718881
http://doi.org/10.1016/j.fsigen.2021.102496
http://www.ncbi.nlm.nih.gov/pubmed/33770700
http://doi.org/10.1128/mBio.02007-18
http://www.ncbi.nlm.nih.gov/pubmed/30352937
http://doi.org/10.1128/mBio.01491-15
http://www.ncbi.nlm.nih.gov/pubmed/26396248
http://doi.org/10.1038/s41564-019-0637-9
http://www.ncbi.nlm.nih.gov/pubmed/31932713
http://doi.org/10.1016/j.chom.2018.04.017
http://www.ncbi.nlm.nih.gov/pubmed/29805095
http://doi.org/10.3201/eid2210.160663
http://doi.org/10.1128/JCM.01659-21
http://doi.org/10.1101/gr.171934.113
http://doi.org/10.1101/gr.238170.118
http://www.ncbi.nlm.nih.gov/pubmed/30992304
http://doi.org/10.5858/arpa.2016-0539-RA


Genes 2022, 13, 1566 23 of 24

160. Simner, P.J.; Miller, H.B.; Breitwieser, F.P.; Pinilla Monsalve, G.; Pardo, C.A.; Salzberg, S.L.; Sears, C.L.; Thomas, D.L.; Eberhart,
C.G.; Carroll, K.C. Development and Optimization of Metagenomic Next-Generation Sequencing Methods for Cerebrospinal
Fluid Diagnostics. J. Clin. Microbiol. 2018, 56, e00472-18. [CrossRef]

161. Wilson, M.R.; O’Donovan, B.D.; Gelfand, J.M.; Sample, H.A.; Chow, F.C.; Betjemann, J.P.; Shah, M.P.; Richie, M.B.; Gorman, M.P.;
Hajj-Ali, R.A.; et al. Chronic Meningitis Investigated via Metagenomic Next-Generation Sequencing. JAMA Neurol. 2018, 75,
947–955. [CrossRef]

162. Blauwkamp, T.A.; Thair, S.; Rosen, M.J.; Blair, L.; Lindner, M.S.; Vilfan, I.D.; Kawli, T.; Christians, F.C.; Venkatasubrahmanyam,
S.; Wall, G.D.; et al. Analytical and clinical validation of a microbial cell-free DNA sequencing test for infectious disease. Nat.
Microbiol. 2019, 4, 663–674. [CrossRef] [PubMed]

163. Hong, D.K.; Blauwkamp, T.A.; Kertesz, M.; Bercovici, S.; Truong, C.; Banaei, N. Liquid biopsy for infectious diseases: Sequencing
of cell-free plasma to detect pathogen DNA in patients with invasive fungal disease. Diagn. Microbiol. Infect. Dis. 2018, 92,
210–213. [CrossRef] [PubMed]

164. Ivy, M.I.; Thoendel, M.J.; Jeraldo, P.R.; Greenwood-Quaintance, K.E.; Hanssen, A.D.; Abdel, M.P.; Chia, N.; Yao, J.Z.; Tande,
A.J.; Mandrekar, J.N.; et al. Direct Detection and Identification of Prosthetic Joint Infection Pathogens in Synovial Fluid by
Metagenomic Shotgun Sequencing. J. Clin. Microbiol. 2018, 56, e00402-18. [CrossRef] [PubMed]

165. Thoendel, M.J.; Jeraldo, P.R.; Greenwood-Quaintance, K.E.; Yao, J.Z.; Chia, N.; Hanssen, A.D.; Abdel, M.P.; Patel, R. Identification
of Prosthetic Joint Infection Pathogens Using a Shotgun Metagenomics Approach. Clin. Infect. Dis. 2018, 67, 1333–1338. [CrossRef]

166. Schlaberg, R.; Queen, K.; Simmon, K.; Tardif, K.; Stockmann, C.; Flygare, S.; Kennedy, B.; Voelkerding, K.; Bramley, A.; Zhang, J.;
et al. Viral Pathogen Detection by Metagenomics and Pan-Viral Group Polymerase Chain Reaction in Children with Pneumonia
Lacking Identifiable Etiology. J. Infect. Dis. 2017, 215, 1407–1415. [CrossRef]

167. Pendleton, K.M.; Erb-Downward, J.R.; Bao, Y.; Branton, W.R.; Falkowski, N.R.; Newton, D.W.; Huffnagle, G.B.; Dickson, R.P.
Rapid Pathogen Identification in Bacterial Pneumonia Using Real-Time Metagenomics. Am. J. Respir. Crit. Care Med. 2017, 196,
1610–1612. [CrossRef]

168. Zhou, Y.; Wylie, K.M.; El Feghaly, R.E.; Mihindukulasuriya, K.A.; Elward, A.; Haslam, D.B.; Storch, G.A.; Weinstock, G.M.
Metagenomic Approach for Identification of the Pathogens Associated with Diarrhea in Stool Specimens. J. Clin. Microbiol. 2016,
54, 368–375. [CrossRef]

169. Burnham, P.; Dadhania, D.; Heyang, M.; Chen, F.; Westblade, L.F.; Suthanthiran, M.; Lee, J.R.; De Vlaminck, I. Urinary cell-free
DNA is a versatile analyte for monitoring infections of the urinary tract. Nat. Commun. 2018, 9, 2412. [CrossRef]

170. UCSF Center for Next-Gen Precision Diagnostics. Available online: https://nextgendiagnostics.ucsf.edu/our-diagnostic-lab/
(accessed on 12 April 2022).

171. Beck, E.S.; Ramachandran, P.S.; Khan, L.M.; Sample, H.A.; Zorn, K.C.; O’Connell, E.M.; Nash, T.; Reich, D.S.; Venkatesan, A.;
DeRisi, J.L.; et al. Clinicopathology conference: 41-year-old woman with chronic relapsing meningitis. Ann. Neurol. 2019, 85,
161–169. [CrossRef]

172. Wilson, M.R.; Zimmermann, L.L.; Crawford, E.D.; Sample, H.A.; Soni, P.R.; Baker, A.N.; Khan, L.M.; DeRisi, J.L. Acute West Nile
Virus Meningoencephalitis Diagnosed Via Metagenomic Deep Sequencing of Cerebrospinal Fluid in a Renal Transplant Patient.
Am. J. Transplant. 2017, 17, 803–808. [CrossRef]

173. Mongkolrattanothai, K.; Naccache, S.N.; Bender, J.M.; Samayoa, E.; Pham, E.; Yu, G.; Dien Bard, J.; Miller, S.; Aldrovandi, G.;
Chiu, C.Y. Neurobrucellosis: Unexpected Answer From Metagenomic Next-Generation Sequencing. J. Pediatr. Infect. Dis. Soc.
2017, 6, 393–398. [CrossRef] [PubMed]

174. Wilson, M.R.; Sample, H.A.; Zorn, K.C.; Arevalo, S.; Yu, G.; Neuhaus, J.; Federman, S.; Stryke, D.; Briggs, B.; Langelier, C.; et al.
Clinical Metagenomic Sequencing for Diagnosis of Meningitis and Encephalitis. N. Engl. J. Med. 2019, 380, 2327–2340. [CrossRef]
[PubMed]

175. Niles, D.T.; Wijetunge, D.S.S.; Palazzi, D.L.; Singh, I.R.; Revell, P.A. Plasma Metagenomic Next-Generation Sequencing Assay for
Identifying Pathogens: A Retrospective Review of Test Utilization in a Large Children’s Hospital. J. Clin. Microbiol. 2020, 58,
e00794-20. [CrossRef] [PubMed]

176. Hill, J.A.; Dalai, S.C.; Hong, D.K.; Ahmed, A.A.; Ho, C.; Hollemon, D.; Blair, L.; Maalouf, J.; Keane-Candib, J.; Stevens-Ayers,
T.; et al. Liquid Biopsy for Invasive Mold Infections in Hematopoietic Cell Transplant Recipients with Pneumonia Through
Next-Generation Sequencing of Microbial Cell-Free DNA in Plasma. Clin. Infect. Dis. 2021, 73, e3876–e3883. [CrossRef] [PubMed]

177. Rossoff, J.; Chaudhury, S.; Soneji, M.; Patel, S.J.; Kwon, S.; Armstrong, A.; Muller, W.J. Noninvasive Diagnosis of Infection Using
Plasma Next-Generation Sequencing: A Single-Center Experience. Open Forum. Infect. Dis. 2019, 6. [CrossRef]

178. Morales, M. The Next Big Thing? Next-Generation Sequencing of Microbial Cell-Free DNA Using the Karius Test. Clin. Microbiol.
Newsl. 2021, 43, 69–79. [CrossRef]

179. Benamu, E.; Gajurel, K.; Anderson, J.N.; Lieb, T.; Gomez, C.A.; Seng, H.; Aquino, R.; Hollemon, D.; Hong, D.K.; Blauwkamp, T.A.;
et al. Plasma Microbial Cell-free DNA Next-generation Sequencing in the Diagnosis and Management of Febrile Neutropenia.
Clin. Infect. Dis. 2022, 74, 1659–1668. [CrossRef]

180. Azar, M.M.; Schlaberg, R.; Malinis, M.F.; Bermejo, S.; Schwarz, T.; Xie, H.; Dela Cruz, C.S. Added Diagnostic Utility of Clinical
Metagenomics for the Diagnosis of Pneumonia in Immunocompromised Adults. Chest 2021, 159, 1356–1371. [CrossRef]

http://doi.org/10.1128/JCM.00472-18
http://doi.org/10.1001/jamaneurol.2018.0463
http://doi.org/10.1038/s41564-018-0349-6
http://www.ncbi.nlm.nih.gov/pubmed/30742071
http://doi.org/10.1016/j.diagmicrobio.2018.06.009
http://www.ncbi.nlm.nih.gov/pubmed/30017314
http://doi.org/10.1128/JCM.00402-18
http://www.ncbi.nlm.nih.gov/pubmed/29848568
http://doi.org/10.1093/cid/ciy303
http://doi.org/10.1093/infdis/jix148
http://doi.org/10.1164/rccm.201703-0537LE
http://doi.org/10.1128/JCM.01965-15
http://doi.org/10.1038/s41467-018-04745-0
https://nextgendiagnostics.ucsf.edu/our-diagnostic-lab/
http://doi.org/10.1002/ana.25400
http://doi.org/10.1111/ajt.14058
http://doi.org/10.1093/jpids/piw066
http://www.ncbi.nlm.nih.gov/pubmed/28062553
http://doi.org/10.1056/NEJMoa1803396
http://www.ncbi.nlm.nih.gov/pubmed/31189036
http://doi.org/10.1128/JCM.00794-20
http://www.ncbi.nlm.nih.gov/pubmed/32817087
http://doi.org/10.1093/cid/ciaa1639
http://www.ncbi.nlm.nih.gov/pubmed/33119063
http://doi.org/10.1093/ofid/ofz327
http://doi.org/10.1016/j.clinmicnews.2021.04.003
http://doi.org/10.1093/cid/ciab324
http://doi.org/10.1016/j.chest.2020.11.008


Genes 2022, 13, 1566 24 of 24

181. Schlaberg, R.; Xie, H.; Flygare, S.; Mei, Y.; Matsuzaki, H.; Yandell, M.; Graf, E.H. Detection of Previously Missed Pathogens in
Immunocompromised Children with Pneumonia by a Fully-Validated Next-Generation Sequencing Test. In A27. Bronchiectasis
and Lung Infection; American Thoracic Society: New York, NY, USA, 2017; p. A7561.

182. Mangifesta, M.; Broadbent, K.; Silva, G.; Stinnet, R.C.; Hanson, A.; Kadam, A.; Rossen, J.W.; Lemon, J.K.; Schlaberg, R. Analytical
Performance of a Precision Metagenomics Approach for Pathogen Detection in Urinary Tract Infections. In Proceedings of the
Poster Presentation at ECMIDD 2022, Lisbon, Portugal, 23–26 April 2022. Available online: https://idbydna.com/wp-content/
uploads/2022/04/220412-poster-ECCMID-MMangifesta-v1.pdf (accessed on 12 April 2022).

183. Kozyreva, V.K.; Truong, C.L.; Greninger, A.L.; Crandall, J.; Mukhopadhyay, R.; Chaturvedi, V. Validation and Implementation of
Clinical Laboratory Improvements Act-Compliant Whole-Genome Sequencing in the Public Health Microbiology Laboratory.
J. Clin. Microbiol. 2017, 55, 2502–2520. [CrossRef]

184. Price, T.K.; Realegeno, S.; Mirasol, R.; Tsan, A.; Chandrasekaran, S.; Garner, O.B.; Yang, S. Validation, Implementation, and
Clinical Utility of Whole Genome Sequence-Based Bacterial Identification in the Clinical Microbiology Laboratory. J. Mol. Diagn.
2021, 23, 1468–1477. [CrossRef]

185. Greninger, A.L. The challenge of diagnostic metagenomics. Expert Rev. Mol. Diagn. 2018, 18, 605–615. [CrossRef] [PubMed]
186. Chiu, C.Y.; Miller, S.A. Clinical metagenomics. Nat. Rev. Genet. 2019, 20, 341–355. [CrossRef] [PubMed]
187. Khodadadi, E.; Zeinalzadeh, E.; Taghizadeh, S.; Mehramouz, B.; Kamounah, F.S.; Khodadadi, E.; Ganbarov, K.; Yousefi, B.;

Bastami, M.; Kafil, H.S. Proteomic Applications in Antimicrobial Resistance and Clinical Microbiology Studies. Infect. Drug Resist.
2020, 13, 1785–1806. [CrossRef] [PubMed]

https://idbydna.com/wp-content/uploads/2022/04/220412-poster-ECCMID-MMangifesta-v1.pdf
https://idbydna.com/wp-content/uploads/2022/04/220412-poster-ECCMID-MMangifesta-v1.pdf
http://doi.org/10.1128/JCM.00361-17
http://doi.org/10.1016/j.jmoldx.2021.07.020
http://doi.org/10.1080/14737159.2018.1487292
http://www.ncbi.nlm.nih.gov/pubmed/29898605
http://doi.org/10.1038/s41576-019-0113-7
http://www.ncbi.nlm.nih.gov/pubmed/30918369
http://doi.org/10.2147/IDR.S238446
http://www.ncbi.nlm.nih.gov/pubmed/32606829

	Introduction 
	Evolution of Sequencing Technologies 
	Whole Genome Sequencing of Microorganisms 
	Direct Sample Metagenomics Sequencing 
	Targeted Sequencing 
	Shotgun Metagenomics Sequencing 

	Factors to Consider When Implementing These Technologies 
	Future of NGS in Clinical Microbiology 
	Conclusions 
	References

