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Next-generation sequencing (NGS) technologies have revolutionized multiple areas in the field of infectious diseases, from pathogen 
discovery to characterization of genes mediating drug resistance. Consequently, there is much anticipation that NGS technologies 
may be harnessed in the realm of diagnostic methods to complement or replace current culture-based and molecular microbiologic 
techniques. In this context, much consideration has been given to hypothesis-free, culture-independent tests that can be performed 
directly on primary clinical samples. The closest realizations of such universal diagnostic methods achieved to date are based on 
targeted amplicon and unbiased metagenomic shotgun NGS approaches. Depending on the exact details of implementation and 
analysis, these approaches have the potential to detect viruses, bacteria, fungi, parasites, and archaea, including organisms that were 
previously undiscovered and those that are uncultivatable. Shotgun metagenomics approaches additionally can provide information 
on the presence of virulence and resistance genetic elements. While many limitations to the use of NGS in clinical microbiology 
laboratories are being overcome with decreasing technology costs, expanding curated pathogen sequence databases, and better data 
analysis tools, there remain many challenges to the routine use and implementation of these methods. This review summarizes re-
cent advances in applications of targeted amplicon and shotgun-based metagenomics approaches to infectious disease diagnostic 
methods. Technical and conceptual challenges are considered, along with expectations for future applications of these techniques.
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NEXT-GENERATION SEQUENCING (NGS) IN 
CLINICAL MICROBIOLOGY: A VARIETY OF 
APPLICATIONS

NGS technologies have revolutionized multiple areas in the 
field of infectious diseases, from high-resolution molecular 
epidemiologic studies [1, 2] and pathogen discovery [3] to char-
acterization of genes mediating drug resistance [4, 5]. Routine 
sequencing of DNA in microbiology began, however, long be-
fore the availability of NGS approaches, with techniques devel-
oped by Frederick Sanger and colleagues >4 decades ago. The 
Sanger family of methods are based on template-directed DNA 
synthesis performed by primer extension in the presence of 
dideoxynucleotide chain terminators. Dideoxynucleotide incor-
poration is directed by the nucleotide sequence of the template, 
thereby generating a set of synthesized fragments terminated at 
different lengths that reflect the nucleotide sequence of the tem-
plate. Electrophoretic separation of the synthesized fragments 
by length allows direct readout of the template sequence [6]. 
Automated derivatives of this original Sanger approach are still 
commonly used in clinical microbiology laboratories for the tax-
onomic identification of organisms on the basis of single-gene 

sequencing. Nevertheless, Sanger methods have a number of 
limitations, including an upper limit achievable contiguous 
sequencing length of approximately 1 kilobase (1000 bp), a re-
quirement for a priori knowledge of target sequence content 
for primer design, and an inability to resolve mixed-sequence 
populations in a sample definitively.

Sanger techniques were followed by the development of NGS 
methods at the turn of the century. NGS approaches allow for 
parallel, high-throughput sequencing of large numbers (105–
109) of individual DNA molecules, in contrast to the Sanger 
methods, which produce a single population-averaged se-
quence. The single-molecule discrimination provided by NGS 
permits resolution of heterogeneous genetic populations and 
allows shotgun-based assembly of whole-organism genomes. 
However, the sheer volume of sequence data generated by NGS 
methods and the complexity of analysis require sophisticated 
bioinformatics tools and expertise relative to simpler Sanger 
approaches, as will be explored in this review.

The basic unit of NGS data is the “read,” a short stretch of 
sequence that reflects the order of nucleotides in a given single 
molecule of DNA in the sequencing reaction. Depending on 
the exact NGS approach, a single read will commonly range 
in length between tens of nucleotides to greater than a hun-
dred thousand nucleotides [7]. A  typical sequencing run, in 
turn, generates 105–109 individual reads. Depending on the 
analytic approach, the reads may be individually aligned to a 
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reference database for identification and analysis of their origin, 
or they may be computationally assembled into larger contig-
uous pieces, called “contigs,” representing larger fragments of 
genomes present in the sequenced material.

Broadly speaking, there are 2 types of NGS technologies: 
short-read and long-read methods [7, 8]. Short-read approaches, 
represented by Illumina and Ion Torrent technologies, pro-
duce reads between 35 and 300 nucleotides in length. Long-
read sequencing technologies fall into a couple different 
groups. Pacific Biosciences (PacBio) single-molecule real-time 
sequencing can produce reads up to 30 000 nucleotides in length 
and of relatively high accuracy [9]. At the extreme in long-
read sequencing, Oxford Nanopore Technologies nanopore 
sequencing instruments routinely produce reads that are 
103 to >105 nucleotides in length, with rare single reads >106 
nucleotides long reported in certain studies [10, 11]. An addi-
tional important feature of nanopore sequencing is speed, with 
individual reads available for analysis within minutes as they are 
produced. This compares with a waiting time of 4–60 hours with 
other approaches, in which reads are available at the end of a 
sequencing run. A significant challenge with current nanopore 
technology is that single sequencing reads demonstrate rela-
tively high error rates as compared to other approaches, and the 
nonrandom nature of the error distribution places limits on cor-
rection with simple consensus averaging. An advantage of long 
reads (both PacBio and Oxford Nanopore) is that they can span 
repetitive elements that cannot be resolved by shorter reads, 
allowing complete contiguous closed assembly of chromosomes 
and plasmids [12, 13]. Additionally, for pathogens that develop 
substantial population variability during the course of infection, 
such as human immunodeficiency virus, long-read technologies 
can permit the phasing of mutations distributed throughout in-
dividual genomes [14]. However, as compared with short-read 
technologies, the long-read approaches currently tend to have 
lower throughput and higher total costs, limiting their widespread 
implementation. For these reasons, short-read technologies are 
more frequently used, with the Illumina platforms being the 
most popular, followed by the group containing Ion Torrent 
(Thermo Fisher) and the now phased-out 454 platform (Roche). 
A  number of excellent reviews describe the different available 
technologies in more detail [7, 15].

Given the aforementioned characteristics, NGS is rapidly 
finding a variety of applications in both clinical and research mi-
crobiology laboratories. Whole-genome sequencing of viral, bac-
terial, and fungal isolates is now used for high-resolution outbreak 
investigations [1, 2, 16, 17], pathogen typing or identification 
of new species [18], and characterization of resistance in slow-
growing organisms, such as Mycobacterium tuberculosis [4, 19]. 
Another application of NGS in the clinical microbiology labora-
tory that is becoming more common is taxonomic identification 
of unusual cultured clinical isolates, as an alternative to biochem-
ical, mass spectrometry–based, or Sanger sequencing–based 

identification. Other potential future applications of NGS in the 
diagnostics laboratory include the genomic characterization of 
the host immune response during infection [20, 21] and diag-
nosis and treatment of disease conditions on the basis of changes 
in the host microbiome [22–24].

The focus of this review will be the application of NGS 
methods to the analysis of uncultured primary clinical 
specimens. There are 2 general classes of NGS approaches that 
can be used for identification of microorganisms in the clin-
ical microbiology laboratory: targeted amplicon sequencing 
and shotgun sequencing. When applied to primary samples, 
these approaches have been referred to as “metagenomics” or 
“mNGS” approaches, although many authors have preferred to 
reserve these terms for shotgun-based NGS techniques. These 2 
approaches are explored individually below.

TARGETED AMPLICON NGS APPROACHES

Targeted amplicon NGS approaches have proven to be a ver-
satile set of methods in both microbiome studies and clinical 
microbiology. These approaches begin with polymerase chain 
reaction (PCR) amplification of a region of interest, using appro-
priate flanking primers. To prepare the product of this reaction 
for batch sequencing, the initial amplicon is usually converted 
into to bar-coded libraries. Targeted amplicon NGS–based 
approaches have been adapted for universal identification and 
taxonomic classification of bacteria and fungi, using conserved 
but information-rich regions in the microbial genome. For bac-
teria, the 16S ribosomal RNA gene is used, and for fungi, the in-
ternal transcribed spacer region in the ribosomal gene cluster or 
the 18S ribosomal RNA gene is ordinarily used, although other 
targets have been shown to have utility, as well. PCR primers 
that hybridize to highly conserved sequences within these re-
gions are used to amplify adjacent variable, information-rich 
segments of sequence that can be used for taxonomic identi-
fication. Following sequencing, reads are clustered into groups 
by sequence similarity, consensus sequences are generated, and 
taxonomic identification is performed by alignment of con-
sensus sequences to an appropriate reference database [25, 26].

A key advantage of targeted amplicon NGS over shotgun 
metagenomics is that significantly lower sequencing depths 
are required, as sequencing is restricted only to the region of 
interest of a single gene. Furthermore, less complex computa-
tional analysis is required owing to the amplification of only 
one genomic region. On the other hand, targeted amplicon 
NGS does not provide other genetic information about the 
pathogen outside the amplified region, such as the presence of 
virulence or resistance genes, unless these regions are specifi-
cally included in the targeted sequencing reaction. In the set-
ting of very low amounts of pathogen genetic material in the 
sample, ultradeep shotgun approaches may improve sensitivity 
over targeted approaches, as the targets may not be present, 
whereas other small fragments of genome are [27, 28]. Targeted 
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approaches may also be prone to PCR amplification bias, in 
which preferential amplification of one or more targets may 
skew the inferred quantitative proportions of taxa identified in 
a specimen [29]. Finally, targeted amplicon NGS requires a hy-
pothesis about which organism group (bacterial or fungal) is 
suspected, to ensure that appropriate amplification targets are 
chosen. Additionally, viruses as a group lack universal ampli-
fication targets analogous to the 16S or internal transcribed 
spacer regions in bacteria and fungi, although some conserved 
regions exist within viral families.

SHOTGUN NGS METAGENOMICS APPROACHES

Shotgun metagenomics approaches have been discussed by 
many authors as a potential universal diagnostic test, capable of 
detecting the presence of a wide range of pathogens, including 
viruses, bacteria, fungi, archaea, and parasites from a patient 
sample, without requiring an a priori hypothesis about what 
is present and with the potential to yield clinically relevant ge-
nomic features and possibly high-resolution epidemiological 
information. While many advances have been achieved to-
ward making this approach a reality, many intrinsic and unique 
challenges remain (Table 1). To define the hurdles involved in 
shotgun metagenomic diagnostic methods, a brief overview of 
the technology is warranted.

Conceptually, this approach involves the extraction and 
sequencing of total DNA (and/or RNA, followed by reverse 
transcription) from the primary specimen. Both host and path-
ogen DNA are sequenced in approximate proportion to their 
abundance in solution, as well as any other potential sources of 
DNA, such as normal microbiome, environmental DNA, and 
DNA present in “sterile” reagents, which can be substantial.

One of the major challenges of shotgun metagenomics is the 
overwhelming amount of host DNA present in primary clin-
ical specimens. This can be understood from the following 
considerations of the origins and proportions of different 
classes of DNA in clinical material. Bacterial cells, with haploid 
genome sizes typically ranging from 1 million to 5 million base 
pairs, contain 1/1000th or less the amount of DNA contained 
in a human cell, whose diploid genome contains on the order 
of 6 billion base pairs. Viruses contain orders of magnitude less 
DNA than bacterial cells. In addition to the fact that human cells 
contain much more DNA than pathogen cells, they are often 
present in greater proportions, particularly in tissue samples. In 
a tuberculous granuloma, for instance, there may be hundreds to 
thousands of histiocytes, lymphocytes, and neutrophils for each 
mycobacterial cell. Given that shotgun sequencing approaches 
produce reads in proportion to the relative concentrations of 
DNA in the sample as noted above, this can result in an ex-
tremely small ratio of microbial to human DNA, with a repre-
sentation of human sequencing reads >99.99% [27, 28]. Several 
methods exist to enrich for microbial DNA in the sample; 
however, each method presents its own challenges [30, 31], 
and while these methods provide incremental enrichment of 
the sample for microbial DNA, host DNA often still represents 
>95% of the total. Furthermore, they can substantially reduce 
the total amount of remaining pathogen DNA before library 
preparation, making intermediate amplification steps necessary 
prior to sequencing, which can lead to biases and additional ex-
ogenous microbial DNA contamination [32].

One group of microbial DNA enrichment methods takes 
advantage of the lack of cell wall in human cells for differen-
tial cell lysis: an initial step of chemical lysis of human cells is 
followed by enzymatic removal of suspended DNA and, finally, 

Table 1. Features and Challenges of Clinical Shotgun Metagenomics

Desired feature Challenge(s) Solutions (Reference[s])

Unbiased detection 
of all pathogens 
present in sample

Overwhelming amount of host nucleic acid, con-
taminant nucleic acid, reagent microbiome

Microbial enrichment methods [30, 31, 33], pathogen-specific enrichment 
[34–36], internal and external run controls [37, 38], query uniformity of 
coverage over organism genome [52]

Clinically relevant 
turnaround

Work flow of several days on most platforms Use of nanopore technologies (but with limited read depth and low-accuracy 
reads) [13, 41, 56, 57], preferential use for detection of slow-growing, 
novel or culture-negative pathogens [27]

Clinical laboratory 
implementation

Test validation/standardization, expertise and 
computational resources needed, incidental 
sequencing of human genome

Standardized mixture of organisms for control [37,38], in silico simulation 
[54], user-friendly interface and streamlined work flows, dedicated in-
formed consent [54], confidentiality and data protection safeguards

High accuracy for 
positive calls

Misidentification of reads to similar species, in-
correct cross-assignment of ambiguous reads, 
novel organisms not present in database

Improved microbial genome database curation and completeness [40]

Virulence/resistance 
information

Assignment of genes located in mobile elements 
or plasmids to correct organism, insufficient 
read depth for point mutations, imperfect 
genotype-phenotype correlation

Proximity deconvolution [63–65], development of more extensive genotype-
phenotype databases, application of machine learning techniques

Intuitive result inter-
pretation

Complexity of result data Multidisciplinary, precision medicine team [80], explicative result reports 
[80], end-user (clinician) training

Clinical correlation of 
positive results

Positive test result might not correlate with dis-
ease process

Clinical follow-up, prospective case series
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microbial lysis and DNA extraction [30, 31]. Other methods use 
features present in human DNA to achieve selective depletion. 
For instance, CpG motif methylation can be used as a target 
for antibodies for differential removal of human DNA. A novel 
method referred to as depletion of abundant sequences by hy-
bridization, which uses a modified Cas9 enzyme, has been used 
for removal of highly abundant human sequences [33]. Finally, 
highly multiplexed sequence capture approaches have recently 
been proven to provide substantial enrichment for viral or bac-
terial targets from a highly cellular background by selectively 
amplifying genetic material bound to pathogen-specific probe 
sets prior to sequencing [34–36].

CHALLENGES IN CLINICAL LABORATORY 
IMPLEMENTATION OF SHOTGUN METAGENOMICS

Widespread implementation of shotgun metagenomics in the 
clinical microbiology laboratory poses additional challenges 
in terms of validation and quality control [37, 38]. At present, 
there are no Food and Drug Administration–approved 
shotgun metagenomic diagnostic tests or standardized reg-
ulatory guidelines, and only a small number of centers offer 
limited metagenomic testing under Clinical and Laboratory 
Improvement Amendments certificates in a reference capacity. 
Successful shotgun metagenomic diagnostic approaches in the 
past have used a variety of techniques for DNA or RNA extrac-
tion, library preparation, and sequencing, as well as a number 
of different bioinformatics pipelines for human read subtrac-
tion and phylogenetic assignment, each with advantages and 
disadvantages [25, 27, 28, 39–53].

While it is tempting to develop a test that can be as versatile as 
possible in terms of organism detection, successful standardiza-
tion depends on clearly defining the clinical uses for which the 
testing is intended. The range of clinical samples anticipated, the 
desired turnaround time, and the list of reportable pathogens 
are some factors that influence choice of nucleic acid extraction 
strategy (eg, DNA and/or RNA), method for host DNA deple-
tion, sequencing depth, and analysis pipeline [37]. For instance, 
RNA viruses would not be detected with a strategy limited 
to DNA extraction. Sequencing to greater depths might pro-
vide more-detailed taxonomic resolution but at the expense of 
longer turnaround times, increased computational complexity, 
and greater cost. As sequencing technologies, bioinformatics 
pipelines, and both human and microbial reference sequence 
databases continue to evolve, established mechanisms for ref-
erence database updates and curation are also necessary. The 
complexities of shotgun metagenomics quality control and val-
idation have been reviewed in detail elsewhere [37]. Some key 
aspects will be briefly discussed here.

Assay validation involves a determination of accuracy (agree-
ment with findings verified by other reference methods), pre-
cision (reproducibility and repeatability), analytical sensitivity, 
and specificity [38]. The intrinsic characteristics of shotgun 

metagenomics make validation a challenge: How does one as-
sess the characteristics of a test with such a vast potential range 
and diversity of results? It has been proposed that the accuracy 
evaluation be done with a combination of pathogen-positive 
and pathogen-negative specimens, whole-organism or purified 
nucleic acid, and in silico simulation [37]. As it is not feasible 
for a validation sample set to contain all classes of pathogens 
that are theoretically detectable by shotgun metagenomics, 
positive controls containing subsets of organisms belonging to 
major classes (eg, RNA and DNA viruses, gram-positive and 
gram-negative organisms, yeasts, and molds) have been used 
to provide standardized and reproducible input material for 
benchmarking given tests. Proficiency testing of bioinformatics 
pipelines by using sequence sets that have been “mutagenized” 
in silico to reflect naturally occurring error profiles and se-
quence variation might emerge as a complementary approach 
for validation of computational components of testing [54]. 
Assay sensitivity depends on multiple factors, including the 
relative representation of host and pathogen in the sample, 
the pathogen genome size and cell wall composition, and the 
test design. A  practical approach to mitigate these multiple 
confounding factors is the use of a quantitative internal con-
trol that is added at a defined concentration into all specimens 
analyzed, which can give measures of absolute and relative 
sensitivity. A final consideration is the unavoidable incidental 
sequencing of human genetic information as part of the test. 
This raises additional ethical and logistic considerations, such as 
the need for additional confidentiality safeguards, information 
security infrastructure, review of testing plan by institutional 
review boards, and in many cases, patient informed consent.

SHOTGUN METAGENOMICS: MANAGING CLINICAL 
EXPECTATIONS

It is important to keep in mind that diagnostic shotgun 
metagenomics involves time- and resource-intensive, multistep 
testing procedures, as compared to traditional testing in the 
clinical microbiology laboratory. A  misconception among 
some clinicians is that shotgun metagenomic testing is faster 
than currently available microbiologic diagnostic methods. The 
time to results for shotgun metagenomics is the sum of sample 
preparation time (DNA extraction plus library preparation), 
sequencing, and data analysis. The most common procedures 
have used Illumina technology, for which generating the 
sequencing data alone can take from 20 to 60 hours. The va-
riety of bioinformatics pipelines available also vary in their 
computation times, which will depend, in turn, on the compu-
tational infrastructure that is available. For these reasons, many 
published diagnostic applications of shotgun metagenomics re-
port turnaround times of 2–7 days from sample collection to 
results [55]. Nanopore sequencing technology offers real-time 
availability of sequence data and holds promise to revolutionize 
certain types of NGS diagnostic assays, particularly sequencing 
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of clinical isolates and resistance gene detection [13, 56]. 
However, nanopore sequencing approaches are still not ideally 
suited for shotgun metagenomics in primary specimens owing 
to their relatively low-depth sequencing at higher cost and to 
their high per-read error rates. That said, certain groups have 
successfully implemented shotgun metagenomics strategies on 
the nanopore sequencing platform, and reportable results have 
been obtained in as little as 6 hours [41, 57].

In comparison to shotgun metagenomics approaches, the 
work flow from sample collection to identification of common 
pathogens in the microbiology laboratory can take from a few 
hours (for nucleic acid amplification tests) to 1–3 days for bac-
teria that can be cultured on routine media. Antimicrobial sus-
ceptibility testing may add an additional 1–2 days. Thus, while 
shotgun metagenomics may indeed shorten the time to diag-
nosis in select cases, the greatest potential diagnostic advantages 
lie in the ability to detect unsuspected, uncharacterized, 
uncultivatable, or very slow-growing organisms, which pro-
duce negative results with standard assays. Rather than a re-
placement for current testing, shotgun metagenomics is most 
suited to be used in conjunction with traditional methods. 
This implies that implementing shotgun metagenomic diag-
nostic methods in the clinical microbiology laboratory may 
incur significant costs with little offset from discontinuation 
of other microbiologic tests. This stands in contrast to many 
other recent technologies, such as the replacement of auto-
mated biochemical approaches for isolate identification with 
matrix-assisted laser desorption/ionization time of flight mass 
spectrometry.

INTERPRETIVE CHALLENGES POSED BY THE 
UBIQUITY OF MICROBIAL DNA CONTAMINATION

With the increasing use of deep-sequencing approaches, it 
has become apparent that microbial DNA is ubiquitous, not 
only as cutaneous or other microbiota introduced into biolog-
ical samples during diagnostic procedures, but also as present 
on plastics and in many laboratory reagents considered to be 
sterile and used for the preparation of the sequencing reac-
tion [46, 58–60]. Different measures can be deployed to help 
with this challenge. Running parallel negative control samples 
with known DNA composition is often necessary to define 
the microbial nucleic acid background expected. An a priori 
knowledge of common reagent contaminants (both reported 
in the published literature and specific to each laboratory) can 
be used to generate a list of likely contaminants. This can be 
supplemented with sequences of actual contaminants identified 
in parallel negative samples, which can then be computation-
ally subtracted from sequencing results or subjected to higher 
reporting thresholds, using a variety of methods. Finally, the 
distribution of sequencing reads over a reference genome can 
be used to identify likely contaminant DNA. If intact organisms 
are present, reads are more likely to cover the full genome, while 

if only genomic fragments of a contaminant are present (for in-
stance, fragments that remain after sterilization procedures), 
reads may represent a small percentage of the genome. Measures 
of the standard distribution of read coverage have thus been 
used for this purpose [52]. However, contaminating DNA in 
reagents may be present as full genomes, and true pathogens 
may be present only in fragments, so this approach does not 
guarantee contaminant separation.

BIOINFORMATICS: METHODS AND RESOURCES

In contrast to other clinical microbiology tests more amenable to 
automation and less resource intensive, shotgun metagenomics 
requires bioinformatics expertise for results interpretation. 
The raw data generated can be processed through several dif-
ferent analysis tools or pipelines, which commonly subtract 
reads mapped to the human genome as a first step, followed 
by taxonomic assignment of the remaining reads to the appro-
priate phylogenetic group by comparing them to a genomic 
database. Different pipelines use different microbial databases, 
which in turn have different degrees of curation, accuracy, and 
completeness, resulting in varying sensitivity and specificity 
at this level. Use of an improperly curated or configured data-
base can lead to inaccurate results due to assignment of reads 
to taxonomically misidentified microbial species, incorrect 
cross-assignment of reads that map ambiguously to shared re-
gions of genomes of similar organisms (eg, Staphylococcus au-
reus vs other coagulase-negative staphylococci), or assignment 
of unfiltered human sequences or low-complexity sequences to 
microbial genomes. On the other hand, incomplete databases 
can result in false-negative results for organisms not included 
within them. As serious interpretive errors can occur with lack 
of full understanding of database composition, it is imperative 
that those implementing laboratory-developed shotgun NGS 
testing use standardized database resources or use expertise and 
caution in curation.

CHALLENGES IN CLINICAL INTERPRETATION OF 
RESULTS

Owing to their high cost and longer turnaround times, shotgun 
metagenomics tests are currently invoked as diagnostic 
approaches of last resort, used to solve puzzling cases with 
fastidious or obscure etiologies, when standard culture and/
or molecular testing have failed to find an answer. In view of 
this, we must consider the unique difficulties of interpretation 
and independent validation of results from such testing, par-
ticularly when results of all other assays are negative [61]. In 
the case of shotgun metagenomics, where multiple otherwise 
undetected pathogens might be reported, it becomes critical to 
develop a clinical correlation for an isolated positive test result 
and the need for intervention. While these questions are ide-
ally evaluated by randomized clinical trials, such trials might 
not be feasible for practical or ethical reasons. In such cases, 
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longitudinal follow-up and clinical correlation are required to 
define the clinical nature of diagnoses made solely on the basis 
of shotgun metagenomics findings [62].

For the above reasons, the complexity of results from shotgun 
metagenomics demands careful technical interpretation by 
the clinical microbiology laboratory directors before reaching 
clinicians and the medical record. It is likely that, in addition to 
information about the pathogens that are present, test reports 
will need to include other ancillary information, to aid inter-
pretation by treating clinicians. In a similar fashion to inter-
pretation of computed tomography results by end-user treating 
clinicians, infectious disease physicians with routine exposure 
to genomic testing might require some degree of specialized 
training to interpret the results.

MAKING USE OF SHOTGUN METAGENOMICS 
BEYOND PATHOGEN IDENTIFICATION: VIRULENCE 
AND RESISTANCE GENE DETECTION

As described above, a potential advantage of shotgun 
metagenomics over targeted (eg, 16S, 18S, or internal 
transcribed spacer) approaches lies in the ability to obtain 
sequencing information from other genomic regions, such as 
the presence or absence of antimicrobial resistance genes or 
virulence factors. To do this, a few challenges need to be over-
come. First, in the case of bacterial pathogens, genes located 
on mobile plasmids are usually difficult to assign to a spe-
cific organism among of the possibly many detected in given 
sample, without the use of dedicated techniques. Approaches 
have been developed to help determine the organism of origin 
for a given plasmid-associated gene, but not without substan-
tially increasing the complexity and cost of the overall process. 
One class of methods is based on proximity-ligation approaches 
[63, 64]. These rely on formaldehyde-induced cross-linking of 
DNA fragments (chromosome and plasmid) in close physical 
proximity in the intact cell, followed by ligation of cross-linked 
molecules, prior to sequencing [65].

A second challenge for resistance profile prediction lies in 
the often-inconsistent genotype-phenotype correlation that 
exists between the presence or absence of a given resistance 
element and (1) the measured in vitro minimum inhibitory 
concentration for the whole organism grown in the presence 
of a given antimicrobial or, more importantly, (2) the success 
or failure of clinical treatment. The presence of certain genes, 
such as those encoding carbapenemases, has been shown to 
correlate fairly well with in vitro resistance [66]. However, for 
other resistance genes, such as aminoglycoside-modifying 
enzymes, the degree of resistance to a given aminoglycoside 
often cannot easily be inferred solely from the presence of 
single genes. Last, overexpression of certain resistance genes 
as a consequence of intergenic promoter mutations can result 
in significantly different resistance phenotypes that may be 
difficult to infer from the genomic sequence alone. Shotgun 

methods based on RNA sequencing may be used to charac-
terize gene expression [67].

On the other hand, while it would seem that susceptibility 
to a given antimicrobial might be easily inferred from the ab-
sence of any detected known resistance mechanism, matters are 
often not straightforward. Evidence points to the existence of a 
large number of resistance mechanisms that have not been ge-
netically characterized, in particular for newer antimicrobials 
and those in uncommon pathogens. In addition, a certain min-
imum amount of sequencing coverage is required to declare the 
absence of a given gene. In cases in which there is low genomic 
coverage of a particular pathogen, it is possible that a resistance 
element might be present but simply not sequenced. This is es-
pecially true for point mutation–driven resistance, in which 
coverage must be sufficient for single-nucleotide variants to be 
determined with confidence.

ENTERING THE CLINICAL GROUNDS: SUCCESS 
STORIES AND ATTEMPTS AT IMPLEMENTATION

In recent years, a growing number of case reports and case series 
have emerged in the literature that demonstrate the power of 
shotgun metagenomic diagnostic methods. While by no means 
a comprehensive list, we describe below a representative set of 
reports. A  large number of shotgun metagenomic diagnostic 
reports have studied central nervous system infection, likely 
in part because of the diagnostic challenges posed by cases of 
unexplained encephalitis, as well as because of the favorable 
characteristics of cerebrospinal fluid, particularly its low cel-
lularity. Two of the earliest reports, by Quan et  al [68] and 
Wilson et al [27], described the use of shotgun metagenomics 
in cerebrospinal fluid for the diagnosis of a novel astrovirus 
and a case of neuroleptospirosis, respectively. Since then, 
many other diagnoses have been made, including Balamuthia 
mandrillaris primary amoebic meningoencephalitis [40]; 
astrovirus progressive encephalitis [48]; infections caused by 
Taenia solium, Aspergillus oryzae, Cryptococcus neoformans, 
and Candida dubliniensis [53]; and neurobrucellosis [28]. 
Novel pathogens have been described as well, including var-
iegated squirrel bornavirus causing fatal infection in a group 
of German squirrel fanciers [42] and Cache Valley virus [69], 
among others [49].

Successful approaches have also been reported from blood 
[50, 70–72], vitreal fluid [73], corneal tissue [74, 75], bile 
[55], and respiratory [45, 57] samples. A  large collection of 
prosthetic joint fluids and explanted prosthetic joint son-
icate material were analyzed by shotgun metagenomics in a 
series of detailed studies by Thoendel et al and Ivy et al [43, 
51, 52], who reported that, compared with paired culture, 
shotgun metagenomics identified additional organisms in 
8% of culture-positive cases and found organisms in 31% of 
culture-negative cases, including a novel joint infection agent, 
Mycoplasma salivarium.
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SHOTGUN METAGENOMICS DIAGNOSTIC 
METHODS: PRESENT ROLE AND FUTURE OUTLOOK

With decreasing sequencing costs, the ever-growing number 
and diversity of pathogen sequences available, more-accurately 
curated databases, and more–user-friendly bioinformatics tools, 
the future looks bright in the terrain of shotgun metagenomics 
applications. Much work is being done to standardize shotgun 
metagenomics [37, 46, 76], and when achieved, it is likely that 
the barriers to a more extensive implementation in clinical 
laboratories will decrease.

What exactly the future clinical niche of shotgun 
metagenomics will be, however, remains to be seen. The cur-
rent main competitors are commercial rapid multiplex PCR 
“syndromic” panels, in use in a large number of hospitals 
[77–79]. These panels have turnaround times of <2 hours, re-
quire little training and expertise to operate and interpret, and 
have significantly lower costs than current shotgun sequencing 
testing. While current multiplex PCR panels detect defined 
sets of 10–25 syndrome- or source-specific pathogens, they 
usually represent the most commonly encountered clinically 
relevant pathogens. These reasons make it unlikely for shotgun 
metagenomics to find a place in the arena of syndromic diag-
nostic methods. At the time of this writing, the roles that in-
fectious diseases clinicians seek from shotgun metagenomics 
lie primarily in diagnosing cases in which an infectious eti-
ology is strongly suspected but other available tests fail to 
identify a specific pathogen [47, 52]. The most-valuable results 
would identify treatable pathogens not easily covered empiri-
cally, resulting in patient management changes and improving 
outcomes.

As we have attempted to illustrate in this review, there is both 
excitement and challenge on the horizon for routine adoption of 
NGS metagenomics as a diagnostic approach in the infectious 
disease field. With the increasing presence of these methods in 
clinical practice, it will become progressively more important 
for physicians to be aware of the characteristics and potential 
uses of NGS metagenomics, as well as challenges in results in-
terpretation, particularly as physicians begin to incorporate 
results of these tests into their approach to diagnostic workup.
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