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SUMMARY The advent of next-generation sequencing (NGS) technologies has
expanded our ability to detect and analyze microbial genomes and has yielded novel
molecular approaches for infectious disease diagnostics. While several targeted multi-
plex PCR and NGS-based assays have been widely used in public health settings in
recent years, these targeted approaches are limited in that they still rely on a priori
knowledge of a pathogen’s genome, and an untargeted or unknown pathogen will
not be detected. Recent public health crises have emphasized the need to prepare for
a wide and rapid deployment of an agnostic diagnostic assay at the start of an out-
break to ensure an effective response to emerging viral pathogens. Metagenomic
techniques can nonspecifically sequence all detectable nucleic acids in a sample and
therefore do not rely on prior knowledge of a pathogen’s genome. While this technol-
ogy has been reviewed for bacterial diagnostics and adopted in research settings for
the detection and characterization of viruses, viral metagenomics has yet to be widely
deployed as a diagnostic tool in clinical laboratories. In this review, we highlight
recent improvements to the performance of metagenomic viral sequencing, the cur-
rent applications of metagenomic sequencing in clinical laboratories, as well as the
challenges that impede the widespread adoption of this technology.

KEYWORDS viral diagnostics, metagenomic, respiratory viruses, SARS-CoV-2, molecular
epidemiology, diagnostic, next-generation sequencing
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INTRODUCTION

The role of clinical and public health microbiology laboratories is to aid in the diagno-
sis and treatment of microbial pathogens, including bacterial, viral, fungal, and para-

sitic infections (1), to contribute to surveillance and monitoring of infectious agents, and
to play an integral role in the response to emerging infectious diseases. Over the past
few decades, these laboratories have become more reliant on highly sensitive molecular
diagnostic assays to aid in the identification, characterization, and surveillance of
endemic and emerging infectious diseases. The 2003 severe acute respiratory syndrome
(SARS) epidemic was one of the first instances where molecular methods, including
reverse transcription-PCR (RT-PCR) and amplicon sequencing, were widely implemented
for disease control and rapid characterization of an emerging pathogen (2, 3).

The advent of next-generation sequencing (NGS) technologies has led to the slow
but gradual implementation of sequencing into clinical and public health settings. The
2009 H1N1 influenza pandemic was the first public health crisis to occur during the NGS
era. Multiplexed molecular assays and genome sequencing were utilized to characterize
the virus and perform public health surveillance during the pandemic (4–6). The 2014–
2016 Ebola epidemic posed unique challenges in that molecular testing and sequencing
efforts had to be deployed remotely in Western Africa to contain the outbreak. That crisis
saw the deployment of rapid molecular tests and portable next-generation sequencing
for viral detection and genome characterization that required minimal hands-on time
and laboratory training (7), as well as complex phylogenomic analysis to identify out-
break clusters (8).

More recently, the words “PCR” and “rapid antigen test” have become household
vocabulary due to the 2019 coronavirus disease (COVID-19) pandemic, caused by SARS
coronavirus 2 (SARS-CoV-2). The COVID-19 pandemic has brought molecular diagnostic
technologies to the forefront of the fight against emerging infectious diseases. Within
weeks of the emergence of SARS-CoV-2, RT-PCR-based diagnostic tests were devel-
oped and disseminated worldwide (9–11). Genomic surveillance for emerging variants
was also aided by tiled-amplicon sequencing (12, 13) and tools such as NextStrain (14)
and GISAID (15) to track the genetic relationship between sequenced samples in real
time. However, despite recent advancements in molecular diagnostic and sequencing
techniques for emerging pathogens, most techniques are targeted in what they detect,
relying on a priori knowledge of a pathogen’s genome. This makes these methods
unsuitable for the detection of new or emerging pathogens or for detection of multi-
ple agents in patients with coinfections.

The COVID-19 pandemic has emphasized the need for the development, translation,
and deployment of pathogen-agnostic molecular diagnostic techniques for use in clinical
and public health laboratories. Metagenomic next-generation sequencing (mNGS)-based
approaches are distinct in that they nonspecifically detect the nucleic acid composition of
a biospecimen and can enable early detection of emerging, novel, or rare diseases.
Recent research has showcased the utility and feasibility of mNGS in clinical settings for
the diagnosis of bacterial infections of unknown etiology (16–19); this application of
mNGS has been reviewed extensively (20–22). This narrative review will focus on the
advancements in pathogen-agnostic sequencing and sequence data analysis for viral
infections, the current role of mNGS in viral diagnostics and surveillance, as well as the
challenges that have hindered the translation of pathogen-agnostic sequencing to clinical
reference laboratories. We end with an outlook for the future of pathogen-agnostic viral
testing.

MOLECULAR DIAGNOSIS OF VIRAL INFECTIONS
History of Viral Diagnostics

Viral pathogens harness host-derived proteins to replicate. Viral particles may be
enveloped or nonenveloped and contain a single- or double-stranded DNA or RNA ge-
nome. Due to the heterogeneity in viral structure and genome composition, a multi-
tude of techniques have been developed over the past several decades to effectively
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diagnose viral infections. Recently, many of these approaches have relied on molecular
biology techniques to detect viral nucleic acids directly from patient samples.
Traditionally, direct viral detection has been accomplished through cell culturing meth-
ods (23). Despite viral culture showing high sensitivity for some viruses, this method
has a roughly 3- to 5-day lead time from sample collection to diagnosis and relies on
robust sample storage to ensure the integrity of the viral particles (23), rendering the
sensitivity of this method extremely variable for different viruses (24, 25). This complex-
ity, in addition to high costs, are limitations of culturing techniques for virus detection.
Immunological methods, including enzyme-linked immunosorbent assays, have been
developed and extensively adopted for diagnosis of viral infections (26, 27). The 2009
H1N1 influenza pandemic and the COVID-19 pandemic led to widespread deployment
of rapid antigen point-of-care tests (enzyme immunoassays) as a frontline tool for viral
diagnosis; however, these tests have been shown to suffer from variable sensitivity
depending on the brand of test, and sensitivity can decline as a virus’ genome mutates
(28, 29). Improvements in molecular techniques for viral diagnosis have overcome limi-
tations in test performance and assay turnaround time associated with viral culture
and certain immunological methods. This review will briefly summarize the role of mo-
lecular biology techniques, such as nucleic acid amplification tests (NAATs), that have
been adopted for diagnosis and surveillance of viral infections and then focus in more
detail on NGS and mNGS techniques (Fig. 1).

FIG 1 Summary of nonmolecular and traditional methods for molecular diagnosis and characterization of viral pathogens (top panels), along with more
detailed workflows for molecular diagnostic techniques (bottom panels).
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Nucleic Acid Amplification Tests for Viral Diagnostics

The development of PCR by Mullis (30) led to widespread research into the applica-
tions of nucleic acid amplification in diagnostic medicine. Several related techniques,
including RT-PCR, in which RNA is reverse transcribed into cDNA prior to PCR amplifica-
tion, multiplex PCR (mPCR), which includes multiple primer sets in the PCR that target
two or more genomic regions of a single pathogen or multiple pathogens, and real-
time PCR, a quantitative or semiquantitative method for nucleic acid detection in PCR,
have all been developed and adapted to be used in clinical laboratories for viral diag-
nostics (31). More recently, droplet digital PCR has been utilized for viral detection due
to its high sensitivity and specificity, as well as its ability to provide absolute quantifica-
tion of viral nucleic acid in a patient sample. However, automation and cost reduction
are required for the widespread implementation of this method (32). Loop-mediated
isothermal amplification has been adopted for the diagnosis of viral infections to over-
come the shortcomings of PCR, such as the presence of PCR inhibitors in clinical speci-
mens (33). Transcription-mediated amplification is an additional NAAT that has been
used for viral diagnostics (34). However, due to its low cost, reliability, and adaptability,
PCR has been the gold standard for viral diagnostics over the past 2 decades.

Several platforms have been developed in recent years to meet the demands for
NAATs in clinical laboratories. These large-scale multiplex NAATs have been at the fore-
front of COVID-19 diagnostics worldwide due to their low cost and reliability. Several
prominent platforms for mPCR diagnostic testing have emerged in recent years.
Laboratory-developed PCR tests (LDTs) (e.g., the U.S. CDC SARS-CoV-2 assay) and com-
mercial platforms, including but not limited to Cepheid GeneXpert (Cepheid, CA, USA),
Panther Fusion and Aptima assays (Hologic, WI, USA), Abbott m3200 (Abbott, IL, USA),
BioFire respiratory panel (BioFire Diagnostics, UT, USA), and the Roche Cobas platform
(Roche Diagnostics, IN, USA), have provided public health and clinical laboratories with
expanded capacity for routine testing and the ability to respond effectively to emerging
public health threats. Many of these and other platforms received emergency use author-
ization from the U.S. Food and Drug Administration (FDA) and other regulatory agencies
around the world during the COVID-19 pandemic. While assay throughput, accuracy,
turnaround time, and cost vary substantially across the above-mentioned platforms, clini-
cal laboratories often use a multitude of commercial platforms and LDTs to meet testing
needs (11). The expanded testing capacity available to diagnostic laboratories has been
especially helpful in the public health response to COVID-19. Additionally, point-of-care
NAATs, such as the Cepheid Xpert Xpress and Abbott ID NOW have been developed to
provide clinical laboratories with rapid and actionable diagnostic results.

mPCR assays have been extensively validated against each other for multiple respi-
ratory viral pathogens (35–39). Overall, the diagnostic performance of commercial and
laboratory-developed mPCR panels is very high and considered the gold standard for
viral detection. However, differences in positive and negative percent agreement are
common when comparing commercial and LDT mPCR assays (37–42). Similarly, analyti-
cal limits of detection are variable across PCR platforms, with the Roche Cobas platform
having a very low limit of detection for SARS-CoV-2 (35), which has led this platform to
become the primary diagnostic comparator for validation of alternative commercial
mPCR platforms (43). There is also varying concordance in diagnostic performance lev-
els between LDTs, depending on the methodology and chosen primer target, with
some countries’ tests performing better than others (44). Overall, point-of-care tests
appear to exhibit lower diagnostic sensitivity than LDTs or larger commercial platforms
(35, 43, 45), although the Cepheid Xpert Xpress point-of-care test had comparable per-
formance to an LDT for SARS-CoV-2 in one study (46).

Other considerations when evaluating the performance of viral diagnostic assays
include sampling time and matrix (defined as the collection device and associated
media used to collect and store a clinical sample), as well as the selection of primers
within the assay. One study found that, among samples tested with the same assay kit,
there was a difference in SARS-CoV-2 diagnostic performance depending on the PCR
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primer-probe sets that were chosen (47). Additionally, sample matrices can have a
large impact on an assay’s diagnostic performance (48). Finally, consideration must be
given to the timing and anatomical site of sample collection, as a substantial number
of positive cases may be missed if sample collection does not occur at a time or site
where sensitivity is optimal (49). Although PCR-based diagnostic assays have been at
the forefront of viral diagnostics over the past 2 decades, this technique is limited in its
ability to reveal genomic characteristics about a given pathogen that may be useful for
infection treatment and public health surveillance.

Next-Generation Sequencing-Based Diagnostic and Surveillance Strategies

The widespread adoption of next-generation sequencing platforms to biomedical
research has opened the door for the translation of these technologies to clinical and
public health laboratories. Not only is detection of viral pathogens possible with NGS,
but sequencing data can also allow users to characterize a pathogen’s genome. The
genomic information contained within NGS data provides useful information to clinical
and public health laboratories, including the ability to call variants and trace outbreaks
through phylogenetic analyses. Mutations in a pathogen’s genome can also be identi-
fied through NGS data that may impact a virus’s pathogenicity, infectiousness, detec-
tion (via changes in primer regions), and response to therapeutics and vaccines.
Methods to sequence viral genomes in a research setting have existed for the past sev-
eral decades since the invention of Sanger sequencing (50) and the early application of
whole viral genome sequencing. However, until recently, this technology has been
largely limited to research activities and sporadic cases where NGS has been used to
diagnose pathogens of unknown etiologic origin that could not be diagnosed using al-
ternative methods (51). Widespread translation of viral sequencing to the clinical labo-
ratory has only occurred in recent years and has been largely driven by the reduction
in the cost of sequencing reagents and platforms, improvements in library preparation
kit ease of use, and the ubiquity of liquid-handling robots in diagnostic laboratories to
drive sample preparation, making these techniques more feasible for use in clinical
and public health settings.

Unlike bacterial pathogen identification, where the highly conserved 16S rRNA
gene can be used to amplify and detect bacterial pathogens directly from clinical
specimens, a universally conserved gene does not exist across all viruses, which is in
part due to the vast diversity of viral genomes. Therefore, methods to effectively
sequence viral genomes have historically relied on designing virus-specific primers to
amplify and sequence each virus’ genome. This labor and cost-intensive process has
precluded whole-genome sequencing of viruses in clinical laboratories beyond several
case reports to diagnose diseases of unknown etiologic origin that were RT-PCR nega-
tive for commonly targeted pathogens (52–55) or for outbreak investigations (56).
Prior to the COVID-19 pandemic, routine sequencing for viral pathogens in the clinical
and public health laboratory was largely limited to influenza virus surveillance (57) or
multiplex PCR sequencing (i.e., amplicon sequencing) using virus-specific primers to
amplify and sequence genomic fragments from known viral agents (58–60). This
method of amplicon sequencing was used for characterization of viral genomes and
outbreak surveillance during the 2014–2016 Ebola epidemic (8, 61), as well as for the
2015 Zika virus epidemic (12). The need to effectively characterize SARS-CoV-2
genomes to identify variants of concern with mutations that may drive transmission or
increase pathogenicity led to the widespread use and optimization of SARS-CoV-2
amplicon sequencing in clinical and public health laboratories. This was performed
using both clinical (62–64) and wastewater samples (65) for viral surveillance. However,
while targeted sequencing methods are a highly scalable and cost-effective method
for detection and characterization of viral pathogens, targeted sequencing methods
are limited in that they rely on a priori knowledge of a pathogen’s genome; untargeted
agents or unknown pathogens will be missed. Therefore, pathogen-agnostic sequenc-
ing approaches are preferred for the detection and characterization of rare or emerg-
ing pathogens, as well as for effective pandemic prevention by public health.
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NEXT-GENERATION SEQUENCING IN THE CLINICAL AND PUBLIC HEALTH
LABORATORY
NGS Platforms: Advantages and Disadvantages

The introduction of 454 pyrosequencing (454 Life Sciences) in 2005 was the first
commercially available, massively parallel (i.e., next-generation) sequencing platform
and opened novel avenues of research with its increased simplicity and lower costs
(66, 67). In 2007, Illumina launched their own NGS platform that has now been widely
adopted in clinical settings for both research and clinical service. Ion Torrent, like
Illumina (Thermo Fisher Scientific), enables massively paralleled short read sequencing
that has been used for whole-genome sequencing for SARS-CoV-2 (68). Both 454 pyro-
sequencing, Illumina, and Ion Torrent are sequencing-by-synthesis platforms, meaning
that they record signals produced by nucleotide incorporation using a polymerase
enzyme. The Illumina platform can also be used for either single-read sequencing or
paired-end sequencing in which both ends of the DNA fragment are sequenced.
Unlike Illumina sequencing, which relies on clonal bridge amplification and sequences
clusters of fragments as a single “read,” or Ion Torrent, which sequences read clusters
associated with individual beads coated with amplified fragments, third-generation
sequencing platforms are characterized by single-molecule sequencing. More recently,
Pacific Biosciences (PacBio) and Oxford Nanopore Technologies (ONT) have launched
their own third-generation sequencing platforms. PacBio sequencing functions by
sequencing adaptor-ligated circular DNA loops by recording light pulses as a polymer-
ase adds nucleotides to the sequenced DNA fragment. Nanopore sequencing records
changes in electrical potential that are produced as a DNA fragment flows through a
protein nanopore, where each nucleotide produces a different electrical potential. One
key difference between early and third-generation sequencing platforms is the ability
of third-generation sequencing platforms to sequence long reads, versus short reads,
that are produced on the Illumina, Ion Torrent, and pyrosequencing platforms. While
PacBio has a read length limit in the range of 104 bp, ONT sequencing can produce
reads up to 106 bp in length (69). The ONT MinION device is uniquely suited to clinical
settings as it is user-friendly, highly portable, and less costly compared to the much
larger Illumina, Ion Torrent, and PacBio sequencing devices. The comparably higher
error rates of ONT sequencing have, until recently, precluded their translation to clini-
cal laboratories (70); however, improvements in ONT chemistry and post-sequencing
base-calling have reduced these error rates (71). Traditionally, Illumina has given the
high accuracy necessary for public health surveillance efforts; however, recently,
PacBio HiFi sequencing has produced comparable accuracy (72). Despite these differ-
ences, each of these platforms has been utilized for viral diagnostics and surveillance.
Detailed comparisons of these platforms have been explored elsewhere (21, 73–75).

Targeted versus Nontargeted Sequencing

There are two key approaches to sequencing a virus’ genome, targeted and untar-
geted (i.e., pathogen-agnostic). While the initial sample collection, processing, and
nucleic acid extraction can be similar for these two approaches, untargeted sequenc-
ing may require more sample volume, or a pretreatment step to reduce host nucleic
acid. Additionally, the library preparation procedures and data analysis workflows can
differ substantially (Fig. 2). Regardless of whether a targeted or untargeted approach is
used, one key consideration when designing or implementing a sequencing-based
diagnostic assay for viral detection is the nature of the virus’ genome. Viral genomes
can be single or double stranded and contain DNA or RNA. While DNA viral genomes
can be directly amplified or sequenced from a biological sample, RNA genomes gener-
ally must be reverse transcribed to cDNA prior to amplification or DNA sequencing.

Pathogen-agnostic sequencing holds several key advantages over targeted sequencing
approaches for viral diagnostics and genome characterization. Untargeted sequencing
approaches do not rely on prior knowledge of a pathogen’s genome and can detect multi-
ple pathogens within a sample. This is especially valuable when sequencing an emerging
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pathogen (where validated tests have not been developed or deployed), rare pathogens,
clinical specimens from infections of unknown etiologic origins, or coinfections. Pathogen-
agnostic approaches allow for both diagnosis of infection and characterization of a virus’
genome (76–78). Clinically actionable information from viral genomes can include informa-
tion about drug resistance and mutations that may confer changes to transmissibility or
pathogenicity. Targeted sequencing on the other hand can allow clinical laboratories to
perform massively parallel sequencing for outbreak investigation and public health surveil-
lance for a single viral agent (61, 63). Cost should also be considered when implementing
untargeted sequencing approaches. Due to the potential for there to be low pathogen abun-
dance in a clinical sample, deeper untargeted sequencing is often required to detect viral
pathogens within a patient sample. In contrast, targeted PCR amplification prior to targeted
sequencing allows for lower-depth sequencing and permits extensive sample multiplexing,
thereby reducing sequencing costs (64). Decreased diagnostic performance of mNGS for viral
pathogens in samples with low viral loads is also a significant concern (76, 78–80). Poor diag-
nostic sensitivity may, in part, be due to the high relative abundance of host nucleic acid
occupying most of the sequencing output. However, there is reason to be optimistic for the
future of pathogen-agnostic untargeted sequencing due to advancements in sample prepa-
ration, library preparation, host nucleic acid depletion, and sequencing technology.

FIG 2 Sample preparation, library preparation, sequencing, and data analysis workflows for both targeted (i.e., amplicon NGS) (A) and untargeted (i.e.,
mNGS) (B) for detection of viral pathogens. The basic workflow for mNGS and amplicon sequencing is often similar until the cDNA synthesis and PCR step,
where amplified mNGS approaches are characterized by random amplification techniques rather than targeted multiplex PCR. mNGS approaches may also
be unbiased, as cDNA is directly sequenced without amplification to avoid amplification bias. Unbiased mNGS is difficult for samples with low abundance
of viral nucleic acid or high abundance of host nucleic acid. mNGS often requires deeper sequencing for detection of viral pathogens. Detection of
coinfections and unknown pathogens is possible with mNGS but not amplicon sequencing.
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NGS in the Clinical and Public Health Laboratory: Success Stories

Although the applications of NGS technologies in clinical and public health labora-
tory settings have been limited until recently, there have been several recent success
stories. Following the 2009 H1N1 influenza pandemic, there was an imperative to
implement sequencing-based influenza surveillance systems to track changes in influ-
enza subtypes and to detect clades which may compromise vaccine or antiviral treat-
ment effectiveness. Early influenza surveillance sequencing efforts were largely driven
by Sanger sequencing (81, 82) or deep sequencing of clinical samples to recover influ-
enza genomes (83). However, due to the presence of resistant variants across many
influenza genes, Sanger sequencing does not have the scaling capacity to effectively
track resistance and emerging variants across the entire genome or over multiple gene
targets (84, 85). NGS-based protocols can overcome some of the limitations of Sanger
sequencing. In recent years, several groups have worked to optimize and implement
NGS-based amplicon sequencing approaches for influenza surveillance (61, 86, 87) and
identification of novel RT-PCR target sites within the influenza genome (88). More
recently, mNGS has also been shown to be highly effective at detection and characteri-
zation of influenza virus genomes (78, 79).

The 2014–2016 Ebola virus epidemic and recent Zika virus outbreaks have pre-
sented novel challenges to molecular epidemiology of viral pathogens. While NGS plat-
forms for viral surveillance had performed well in clinical laboratories of high-income
countries with established molecular testing infrastructure, these public health crises
offered the new challenge of integrating molecular surveillance into regions that did
not already have extensive molecular diagnostic laboratory infrastructure. To effec-
tively respond to outbreaks in these regions, sequencing workflows needed to be
adapted to produce sequence data and analyze viral sequences in real time in regions
with limited resources. RNA sequencing had been effectively used for phylogenetic
linkage of Zika infection clusters (53). However, Quick and colleagues were able to
effectively develop a real-time amplicon sequencing protocol that could be remotely
deployed to difficult to access regions using the portable MinION sequencing device
(ONT) (61). This method was effectively utilized for molecular epidemiology of both
the Zika and Ebola outbreaks (8, 12, 61).

The COVID-19 pandemic led to the rapid deployment of NGS-based surveillance
and diagnostics worldwide. While RT-PCR has led the way for SARS-CoV-2 diagnosis in
clinical laboratories (9), targeted NGS has been a widely used and optimized tool for
phylogenetically tracking mutations in the SARS-CoV-2 genome and detecting emerg-
ing variants of concern (62–64). Recently, wastewater surveillance has played a major
role in SARS-CoV-2 surveillance as widespread clinical testing declines and we
approach a state of endemic COVID-19 in the population (65). Never have rapid
advancements in molecular surveillance and diagnostic technologies been developed
and translated at a rate we have witnessed since March 2020.

Recently, responses to the 2022 Monkeypox (MPOX) outbreak (89) have incorpo-
rated many of the same diagnostic testing technologies developed during the COVID-
19 pandemic. Currently, the gold standard for MPOX diagnosis is either MPOX PCR
alone or orthopoxvirus PCR coupled with downstream MPOX PCR or sequencing to
confirm diagnosis (90, 91). Several PCR assays have been developed to distinguish
MPOX clades (92); however, as mentioned in the section above, one limitation of PCR
is that its ability to detect individual mutations in a virus’ genome is limited without
designing an entirely new assay. There have been several success stories of NGS for di-
agnosis and surveillance of MPOX. The first case of MPOX in Brazil was diagnosed with
a modified, randomly primed metagenomic sequencing technique termed SMART-9N
(93). Additionally, phylogenetic analysis of NGS data from MPOX patients provided evi-
dence to suggest sexual transmission of MPOX in Italy (94), and evidence showing
transmission between humans and dogs was reported (95). Phylogenetic analysis of
MPOX sequence data has also suggested the virus has been circulating outside
endemic regions for quite some time (96). Sequence data provided by these studies
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has allowed public health officials to effectively track its progression and to enact a ro-
bust response to this outbreak.

Although there have been numerous examples of success stories of NGS implemen-
tation in the public health laboratory, many of the applications of NGS have been lim-
ited to targeted approaches. Pathogen-agnostic approaches (mNGS) remain largely
confined to research applications or to specialized clinical diagnostic services at a
select group of Clinical Laboratory Improvement Amendments (CLIA)-certified labora-
tories to identify the cause of infections of unknown etiology (97). Widespread imple-
mentation in clinical service has been limited. However, there are advantages to using
mNGS for routine diagnostics over targeted approaches, including the ability to detect
coinfections, rare pathogens that circulate at low prevalence in the population, or
emerging pathogens where gold standard diagnostic assays have not been developed.
However, there are multiple disadvantages or barriers. Cost considerations, laboratory
logistics, diagnostic performance, and access to user-friendly and robust bioinformatics
pipelines have prevented mNGS from being readily translated from research settings
to clinical and public health service laboratories. Several key recent advancements
have pushed this technology toward more widespread adoption. These key advance-
ments in mNGS include sample preparation, library preparation, host depletion, and
data analysis and are discussed in the following section.

VIRAL METAGENOMIC SEQUENCING AND ANALYSIS TECHNIQUES
Advances in Sample Processing and Library Preparation

The basic workflow for conducting an mNGS experiment includes sample collection,
nucleic acid extraction (RNA, DNA, or whole nucleic acid, depending on the target of
interest), reverse transcription of RNA to cDNA (for RNA viruses), followed by nucleic
acid amplification, sample-specific barcode adaptor ligation, and library quantification
and pooling. While an untargeted amplification step is not always necessary for meta-
genomic sequencing of bacterial pathogens, this step is often required to effectively
sequence viruses due to their small genomes and the comparatively low concentration
of viral nucleic acid in clinical samples. Host nucleic acid depletion or viral enrichment
protocols are frequently utilized to increase diagnostic sensitivity and can be intro-
duced into the workflow (Fig. 3). A summary of recent advancements in these fields is
provided in this section.

While protocols to extract nucleic acids from clinical specimens have existed and
been extensively validated for many years, the COVID-19 pandemic led to a rapid
expansion of workflows to perform massively parallel extractions on clinical samples.
This has been largely driven by an expansion of workflows and platforms that utilize a
walk-away extraction strategy that can be achieved with programmed protocols on
liquid-handling robots (98, 99).

While methods for random amplification of DNA from clinical samples have been
explored extensively, many of the recent advancements in viral mNGS have sur-
rounded the development and optimization of techniques to target RNA viruses. RNA
viruses are of particular importance, as these viruses have been responsible for the ma-
jority of recent pandemics and public health crises (e.g., SARS, influenza, respiratory
syncytial virus, Ebola, Zika, dengue, SARS-CoV-2). Additionally, there is evidence that
DNA viruses may be detected with RNA sequencing (100), as all viruses have an RNA
stage. The low biomass of viral RNA in clinical specimens, along with the need for DNA
as input to many sequencing platforms, requires RNA extracts to be reverse transcribed
and undergo nonspecific PCR amplification prior to sequencing. Several studies investi-
gating the feasibility and utility of mNGS for viral detection and characterization uti-
lized protocols that harnessed random hexamers to randomly prime, reverse tran-
scribe, and amplify cDNA (101, 102). While these approaches have achieved good
performance and demonstrated the feasibility of mNGS for viral detection, several
recent studies have suggested that sequence-independent single-primer amplification
(SISPA) (103) may offer improved diagnostic performance over random hexamers for
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respiratory syncytial virus (104) and SARS-CoV-2 (105). SISPA is a technique that utilizes
random nonamers tagged to a known linker oligonucleotide sequence (primer A) to
randomly prime and reverse transcribe RNA to cDNA in a two-step process. A second
primer complementary to the linker sequence of the first primer (primer B) is then
added to the mix and used to PCR amplify the cDNA product. The feasibility and per-
formance of this technique for detection and characterization of RNA viruses from clinical
samples has been demonstrated for several viruses, including Ebola, Chikungunya (77),
avian RNA viruses (106), dengue (80), influenza (78, 79), and SARS-CoV-2 (76), among others
(76, 78). A related technique, SMART-9N, performs random priming and one-step cDNA syn-
thesis to reduce workflow time (93, 107). Rapid SMART-9N also couples random PCR ampli-
fication to Nanopore library preparation to further reduce workflow time (107, 108). A
modified version of this approach was used to detect the first case of MPOX in Brazil (93).
However, SISPA and SMART-9N can suffer from low sensitivity compared to RT-PCR when
viral abundance is low (68, 70).

Not-so-random primers (109) have been utilized to minimize the reverse transcrip-
tion of host and bacterial transcripts while preserving the random reverse transcription
of RNA viruses. While several variations of this method have been developed (110–
113), in general, they use a pool of pseudorandom hexamers that systematically
exclude hexamers that would bind to human rRNA. Not-so-random primers enrich for
viral pathogens by preventing the amplification of off-target DNA fragments, with
greater than 90% reduction of host rRNA (114). Although not-so-random primers have
shown promise, one drawback to this method is the possibility that certain viral targets
will be missed using the reduced primer pool. More extensive validation of these meth-
ods is necessary on a phylogenetically diverse panel of viruses.

FIG 3 (A) Model of initial upper respiratory specimen collection and processing workflow detailing the nucleic acid composition of many clinical samples.
Viral nucleic acid often represents a very small proportion of the total nucleic acid within a sample. (B) Schematics of approaches for pathogen enrichment
(i to iii) and host depletion (iv and v) that have been utilized in mNGS workflows. Pathogen-enriched primers-probes are highlighted in red. Pathogen
enrichment approaches include the following: (i) not-so-random primers that do not bind to off-target nucleic acid; (ii) metagenomic sequencing with
spiked primer enrichment (MSSPE), in which primers for targeted pathogens are spiked at higher concentrations; and (iii) capture probe enrichment, where
hybridized fragments are enriched following a magnetic bead pulldown. (iv) The host depletion approaches are illustrated. Depletion of abundant
sequences by hybridization (DASH) (iv), and versus ONT’s adaptive sampling (v).
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Several other host depletion or pathogen enrichment approaches have been devel-
oped to improve the diagnostic performance of mNGS. One enrichment approach is
metagenomic sequencing with spiked primer enrichment (MSSPE), a method that
spikes primers targeting a specific virus or panel of viruses in addition to random pri-
mers to detect untargeted viruses (115). This method increases genome coverage by
47% and produced comparable sensitivity to PCR for detection of targeted pathogens.
Capture probe enrichment is a method that uses taxon-specific probes to pull down
targeted viral genome fragments from metagenomic libraries prior to NGS. Several
techniques have been developed and tested using this method, including SeqCap
probes (Roche Diagnostics, Mannheim, Germany) and VirCapSeq-VERT (116). These
methods have shown increased performance and up to 10,000-fold enrichment (116)
of targeted viruses compared to traditional metagenomic sequencing methods, but
notably this approach does not reliably detect viruses excluded from the target panel
(117). As well, lengthy hybridization times for capture probe enrichment may preclude
the translation of these techniques to clinical laboratories due to the delay in receiving
clinically actionable results. While VirCapSeq-VERT was shown to have improved sensi-
tivity over mNGS, this approach can lead to lower coverage for genome termini com-
pared to mNGS (118).

In contrast to enrichment approaches, which attempt to increase the abundance of
target reads in the sequencing output, host depletion approaches attempt to reduce the
abundance of host reads, which are often in high abundance in patient samples. Host
depletion approaches may enable the improvement in assay sensitivity without requir-
ing a target list of pathogens for target enrichment. Several commercial kits have been
developed to deplete host nucleic acid. However, these kits are not used extensively, as
the cost per sample is often quite high. Recently, several promising host depletion
approaches have emerged and are currently being tested. One of the more promising
techniques is depletion of abundant sequences by hybridization (DASH), a Cas9-based
approach that utilizes a pool of single guide RNAs (sgRNAs) that are designed to target
human rRNA (119). When combined with the Cas9 nuclease, this sgRNA-Cas9 complex
cleaves host rRNA into small fragments that are removed from the sequencing library
through a magnetic bead cleanup. Jumpcode Genomics (San Diego, CA, USA) has devel-
oped and commercialized the first CRISPRclean kit based on this approach and has
shown that mNGS combined with Cas9-based rRNA depletion using their kits improves
pathogen genome coverage and yields diagnostic performance comparable to PCR
(120). One final approach that can be applied to the Nanopore sequencing platform is
adaptive sampling (Oxford Nanopore Technologies, Oxford, United Kingdom), a method
to select for and physically eject nucleic acid molecules from the protein nanopores in
real time following alignment of the newly sequenced read against a reference database
(e.g., human rRNA). However, this method is currently only optimal for the depletion of
larger DNA fragments, since the computation required to align new reads to the refer-
ence is considerably slower than the Nanopore sequencing speed (121). Further research
and clinical validation of these enrichment and depletion approaches is necessary to
assess their diagnostic utility. Tradeoffs between diagnostic performance and end-to-
end assay completion time will likely also guide the decision of whether to include
enrichment or depletion approaches in a clinical workflow.

Finally, recent advancements in sequencing technology have driven viral diagnostic
mNGS toward clinical translation. Sequencer throughput has improved across all tech-
nologies, enabling the improved detection of low-abundance sequences by simply
sequencing larger numbers of reads. Sequencing technology has become more com-
pact and affordable, including the release of the Illumina iSeq and ONT MinION, the lat-
ter of which costs less than $1,000 and is slightly larger than a chocolate bar. The
reduction in sequence error rate for the Nanopore sequencing platform is a major
advance. Improved accuracy, in addition to portability and ease of use, will allow for
the expansion of the Nanopore technology into clinical and public health laboratories.
The release of locked-down sequencing devices (e.g., Illumina MiSeqDx and ONT
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GridION Q) will facilitate regulatory approval of mNGS for diagnostic purposes. Overall,
these advances in wet lab techniques for pathogen-agnostic viral sequencing will
improve the translatability and diagnostic potential of mNGS, which will ensure that
pathogen-agnostic assays are available to tackle the next pandemic.

Advances in Data Analysis

In parallel to advancements in laboratory protocols, important strides in bioinformatic
analysis of mNGS data have been made, which will further encourage mNGS technology
transfer. Bioinformatic analysis of metagenomic data has traditionally been computation-
ally challenging, requiring extensive computing resources and a highly trained bioinfor-
matics workforce. Tools to taxonomically classify metagenomic sequencing reads, such
as Kraken2 (122) and Centrifuge (123), while powerful, are difficult for users without a
computational background to run. In 2014, Naccache and colleagues described
SURPI, a clinically oriented rapid pathogen identification pipeline that was cloud
compatible (124). Since then, the SURPI pipeline has been utilized in clinical settings
to provide actionable diagnoses (18, 51, 125) and has been upgraded to SURPI1 to
enable the software to be used for locked-down mNGS assays (97). More recently,
Chan Zuckerberg ID (formerly IDSeq) was released as an open-source, cloud-based
platform for pathogen identification and global pathogen surveillance (126). This
method has since been used to detect coinfections among confirmed SARS-CoV-2
cases (127). BugSeq is another recently deployed cloud-based metagenomic classifi-
cation pipeline with support for long-read sequencing platforms that provides classi-
fication based on read alignment (128), as well as contigs (129). This pipeline has
been validated for clinical samples for detection of SARS-CoV-2 (76) and novel viruses
(129) present in metagenomic data.

Along with analytic advances, there has been emphasis on the curation and valida-
tion of reference databases for clinical metagenomics; however, much of this focus has
been on bacterial metagenomics, omitting some critical issues for viral detection.
Recently, the FDA has released the FDA-ARGOS database (130), which aims to provide
high-quality genomes for diagnostic assays. Notably, FDA-ARGOS omits many respira-
tory viruses (e.g., influenza viruses A and B and respiratory syncytial virus, as of
October 2022) and should therefore not be used for viral detection in its current state.
Others (122, 123) have built databases based on NCBI RefSeq, the curated and higher-
quality section of GenBank, or NCBI nt, which includes greater diversity in albeit lower-
quality sequences from public repositories. Progress toward creating translatable and
clinically actionable bioinformatics pipelines and comprehensive and high-quality ge-
nome reference databases will drive the development and validation of accurate,
agnostic, and deployable mNGS assays for detection of viral pathogens.

VIRAL METAGENOMICS: CHALLENGES TOWIDESPREAD ADOPTION
Concerns Regarding Test Performance

While recent advancements in wet lab technique and sequencing technology have
increased the focus on the unique benefits of mNGS for viral diagnostics, several stud-
ies have highlighted a disparity in diagnostic performance between mNGS and gold
standard PCR assays (76, 78). As outlined in the recent advancements section above,
many related but distinct sample preparation approaches have been developed, but
emerging evidence suggests that these approaches are not all equal in terms of their
diagnostic performance (104, 105, 131). There are a diverse range of extraction techni-
ques, both in-house within clinical laboratories as well as among purchased kits and
analysis platforms from commercial suppliers. Moreover, priming and amplification
methods differ. Finally, the choice of sequencing platform can influence the output
quantity (i.e., number of reads per sample), as well as the quality (i.e., read length and
error rate). Downstream analysis pipelines may perform differently depending on
which sequencing platform is used. There is a gap in the literature of studies systemati-
cally evaluating diagnostic performance across these diverse methodologies (Table 1).

Diagnostic sensitivity for weakly positive specimens remains somewhat low, which
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may in part be due to the abundance of off-target host nucleic acid in clinical samples;
in one review, there was a median relative abundance of host sequences of 91% across a
range of sample matrices (132). While pathogen enrichment and host depletion
approaches show promise in improving diagnostic performance of agnostic sequencing,
robust validation studies of these methods in clinical settings are lacking. Indeed, a
recent systematic review of the accuracy of mNGS for diagnosis of infectious diseases
highlighted comparatively low sensitivity for mNGS compared to PCR and variable sensi-
tivity across sample matrices (132). The sensitivity of different diagnostic techniques can
vary by matrix type (48, 133, 134), perhaps due to a combination of variable viral loads in
different collection sites and tissues, as well as a difference in abundance of host nucleic
acids among specimen types. Sampling matrix remains a key consideration when
designing validation studies and drafting intended use statements for diagnostic assays.

Not only should sampling matrix be considered when evaluating the diagnostic
performance of a molecular assay, but also the time point of sample collection should
be considered. Incubation time, the period between infection and symptom onset, can
vary substantially between viral pathogens (135). These pathogen-specific characteris-
tics can impact the expected viral load in a specimen at the time of sampling and can
subsequently influence the performance of a diagnostic assay. Indeed, the timing of
sample collection from symptom onset was shown to influence the diagnostic sensitiv-
ity for SARS-CoV-2 detection (136). Therefore, consideration must be given to the
expected viral load in tissues based on patient exposure history. As mNGS technology
improves, this information will help to define the potential assay utility. mNGS may
also lead to a better understanding of the pathogen-specific spectrum of clinical dis-
ease, as mNGS data can also enable public health laboratories to characterize a patho-
gen’s genome. This may enable more effective diagnostic and treatment approaches
across an array of pathogens.

Sensitivity is an obvious consideration when evaluating mNGS assays, but specificity
in assay performance is also critical due to the need to detect small amounts of viral
nucleic acid from clinical specimens. Robust process controls are necessary to ensure
positive results are not due to reagent or carryover contamination that can be

TABLE 1 Challenges to translation of agnostic sequencing for routine viral diagnosis and potential
solutions to each challenge
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amplified during PCR or introduced during other steps in the wet lab workflow.
Barcode cross talk, the misclassification of sequence reads to different indices due to
sequencing error, or ligation errors during barcode attachment, can also influence the
results of an mNGS assay. Adjustment for this error must be made, taking into consid-
eration the error rate of the sequencing platform being used to inform the adjustment
threshold and results (137). A related and very challenging issue is determining a thresh-
old for target sequence read abundance within a sample to define sample positivity.
High sensitivity and data throughput produced by NGS platforms means the decision
surrounding the choice of sequence read abundance threshold to yield a positive diag-
nosis needs to be defined carefully and be informed by both the specifications of the
sequencing platform as well as the method of library preparation. Robust controls,
including negative (blank) controls to account for contamination during wet lab proc-
esses, positive controls containing known pathogens, and spike-in process controls to
ensure nontarget analytes do not impact sensitivity, will aid in the validation of mNGS
assays. Further guidance from regulatory agencies in this regard will guide research
groups in designing validation studies for new mNGS assays.

Cost Considerations and Laboratory Workflow

Perhaps two of the largest considerations with which clinical laboratories are faced
when choosing to integrate mNGS into their service workflow are cost, time to result,
and ease of use. While the cost of sequencing has been rapidly declining, metagenomic
sequencing remains costly (between $130 and $685 per sample, depending on the
approach used) (132) compared to lower-cost PCR or amplicon sequencing approaches
(;$12 per sample for reagent costs [62]). The issue of cost is especially important for lab-
oratories considering implementing mNGS as a first-line diagnostic tool, as the decision
to conduct these costly tests may need to be justified to insurance providers. The high
cost is partially due to the depth of mNGS sequencing required to detect low-abundance
viruses compared to targeted NGS approaches. Even when samples contain pathogens
at high viral loads, users of commercially produced library preparation kits are limited in
their ability to multiplex many samples in parallel by the number of sample indices pro-
vided by the sequencing platform manufacturer, although some sequencing platforms
provide more multiplexing options than others. Enhanced dialog between clinical users
and commercial manufacturers of extraction and library preparation kits and sequencing
platforms is necessary to bridge these significant cost differentials before this technology
can be translated.

Much of the work that has led to advancements in this field has been performed by
specialized clinical research laboratories that employ highly qualified personnel to exe-
cute mNGS workflows. Currently published protocols for agnostic sequencing of viruses
are labor-intensive and lengthy, making them unsuitable for use in high-volume clinical
laboratories where staff are often overworked and have varied degrees of molecular biol-
ogy expertise. This workflow is further complicated if host depletion or pathogen enrich-
ment methodologies are integrated into the protocol. Additionally, mNGS protocols
necessitate strong process controls and unidirectional workflows to reduce the risk of
contamination. Clinical laboratories, perpetually lacking in resources, will find mNGS
workflow implementation challenging. Automating the workflow reduces the hands-on
time and risk of contamination and improves the clinical usefulness of the results as au-
tomation can accelerate testing time frames. Partial or complete end-to-end assay auto-
mation on liquid-handling robots or miniature microfluidic devices may be required to
handle sample testing volume and quality control, as well as reduce per sample costs,
but this introduces another barrier to routine pathogen-agnostic sequencing implemen-
tation in clinical service laboratories. Additionally, while many clinical laboratories now
have staff trained to execute molecular diagnostic assays, many of these staff have little
to no experience handling NGS data. User-friendly computing interfaces for data upload
and reporting are necessary to improve the translatability of mNGS into settings where
bioinformatics expertise is limited. Further challenges to translating bioinformatic work-
flows for mNGS data are described in the section below. Funding, automation and
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sequencing infrastructure, and personnel training and support for clinical and public
health laboratories stemming from the COVID-19 pandemic may be leveraged to make
the integration of automated mNGS workflows into clinical laboratories feasible.

Data Analysis and Privacy

Advancements in bioinformatics have improved translatability; however, advances in
several other areas are still required to integrate mNGS workflows into clinical laboratories.
While there are some bioinformatics pipelines that provide clinically interpretable results
reporting, many recently published viral metagenomic classification pipelines (138–143),
while promising in terms of their analysis performance, do not contain a graphical user
interface, nor were they designed with clinical users’ needs in mind. Pipeline performance
evaluation prior to selection is also needed, as pipelines vary in quality and function (144).
Not only should pipeline performance be considered, but also the output format of testing
results can also determine the clinical utility and application of the assay. For example,
mNGS diagnostic results can be reported in a qualitative (e.g., presence or absence), semi-
quantitative (e.g., relative abundance), or quantitative manner. Certain viruses, such as
Epstein-Barr virus or cytomegalovirus in the post-transplant setting, may require accurate
quantitation to guide clinical management, such as antiviral therapy and immunosuppres-
sion; until further methods enabling accurate quantification from mNGS are available, these
applications will continue to require alternative assays. Implementation of data analysis
workflows that are characterized by expert back-end management with user-oriented
front-end interfaces will improve the user experience and reduce the delay of actionable
results from mNGS. The size and complexity of mNGS data often preclude analysis of these
data on standard computers; cloud computing enables cost-effective and often better-
maintained computational infrastructure. Not only does cloud computing enable scalable
computing, hardware acceleration on graphical processing units and dedicated servers can
enable faster, more cost-efficient data analysis.

Privacy and data security concerns have slowed or prevented regulatory approval
and clinical integration of mNGS. These concerns are two-pronged. First, due to the
considerable abundance of host nucleic acid in clinical samples, there is a need to ei-
ther remove these reads from metagenomic data sets in advance of data upload for
analysis or filter and discard these host reads immediately after uploading data to a
secure analysis server. Second, the location and relative security of analysis servers
remain a concern. Many regulatory agencies require data to be hosted on a server
within the borders of their jurisdiction for data security purposes. Choosing a bioinfor-
matics pipeline and a location to host data storage and analysis requires careful con-
sideration. Data storage for metagenomic assays will be another challenge, and how
long, in what format, and where to store data are currently unresolved questions.
Clinical laboratories should store final assay reports to comply with regulation, and
many will also choose to store raw or intermediary files for more granular analysis of
results, bioinformatic validation, and research use. Barriers to and recommendations
for clinical deployment of analysis workflows have been reviewed in more depth else-
where (145).

Regulatory Approval

Regulatory approval is another challenge presented to clinical laboratories looking
to adopt pathogen-agnostic workflows for their diagnostic and public health services.
Approval has been hindered by a lack of recent FDA guidance (146). Several recent
studies have been published that validated mNGS for viral pathogen detection in clini-
cal specimens (97, 147, 148). While there are numerous resources available for design-
ing these validation studies for diagnostic assays and devices (149–151), the unique
agnostic nature of mNGS presents several challenges to obtaining regulatory approval
over standard diagnostic approaches. As these assays can, in theory, detect any known
organism from a clinical specimen, validation of the diagnostic performance for every
viral pathogen would be an impossible task. One potential solution is to perform vigor-
ous clinical validation of the assay based solely on a panel of viral pathogens that
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occurs at higher incidence in the population. Validation of positive diagnostic results
by mNGS on nonvalidated, rare pathogens would be followed by a second, confirma-
tory RT-PCR test. Extensive wet lab recommendations for the implementation of mNGS
in clinical settings have recently been published and may further aid in the design of
validation studies (152). While we believe these validation approaches may be suffi-
cient for regulatory approval, there is no consensus regarding what constitutes a gold
standard for an agnostic mNGS viral assay. We believe that an mNGS assay gold stand-
ard would be a highly sensitive and specific diagnostic assay that could confirm or
refute the findings of mNGS results, based on the presence or absence of pathogen
nucleic acid in a sample (i.e., a molecular diagnostic test). Regulatory guidance on gold
standards for mNGS assay validation will guide this process.

While the rapid evolution of sequencing platforms and chemistries have yielded
enormous improvements in sequencing accuracy and throughput, these advance-
ments ironically make validation testing and regulatory approval of a “final” or locked-
down version of these assays hard to do. Overall, updated guidance from regulatory
agencies regarding the pathway to approval for agnostic sequencing assays for diag-
nosis of viral infections is integral to the future implementation of these technologies.
While several research groups have obtained approval for clinical use of mNGS for bac-
terial pathogens in a select set of circumstances (97), widespread regulatory approval
for routine viral diagnosis is lacking. Adequately addressing the barriers outlined in this
review, particularly regarding patient data security, will help push research groups and
commercial ventures toward the successful approval of pathogen-agnostic sequencing
assays for viral infection diagnosis.

PATHOGEN-AGNOSTIC DIAGNOSTICS: FUTURE OUTLOOK

Recent public health emergencies have emphasized the need to respond rapidly to
new and emerging pathogens. Current multiplex RT-PCR and targeted NGS approaches
for viral diagnosis and characterization of viral genomes are limited in that they rely on
prior knowledge of a pathogen’s genome. This limitation precludes the ability of public
health and clinical laboratories to both effectively respond to emerging pathogens in
which a validated molecular diagnostic test does not already exist or provide a clinically
actionable diagnosis of a rare viral pathogen that is not included on existing viral diag-
nostic panels. Metagenomic sequencing for viral diagnosis can overcome the limitations
of targeted approaches, potentially providing time-sensitive diagnostic results and ena-
bling a robust response to public health crises. Rapid decreases in the cost of whole-
genome sequencing using NGS technologies over recent years (153) have led to the
expansion and increased translation of NGS into clinical settings. This review has high-
lighted many success stories of the implementation of NGS for viral diagnostics and mo-
lecular epidemiology for viral outbreaks. Metagenomic approaches have been utilized
for characterization and detection of influenza (78), SARS-CoV-2 (76), Ebola, hepatitis C,
and Chikungunya virus (77), as well as for diagnosis of astrovirus encephalitis, which was
not captured on standard viral diagnostic panels (154). Several commercial platforms
have been developed for viral detection by mNGS, including Galileo ONE (Arc Bio, Scotts
Valley, CA, USA) for wet lab sample preparation, as well as DRAGEN and IDbyDNA Explify
(Illumina, San Diego, CA, USA) for bioinformatic analysis of pathogens in mNGS sequence
data. However, these platforms are currently limited to research-use-only applications.
The implementation of mNGS in clinical settings has so far been limited to a select group
of CLIA-certified laboratories, and no commercially produced, clinically validated, and
regulatory approved assay for agnostic detection of viral pathogens currently exists.

Recent advancements in sequencing technology, including third-generation and
portable sequencing platforms, improvements in sequencing throughput and error
rate, and reductions in time to result and cost, have all worked to overcome limitations
to the translation of mNGS methods to clinical and public health settings. Additionally,
advancements in sample preparation and pathogen enrichment and host nucleic acid
depletion have driven improved diagnostic sensitivity of mNGS workflows. Finally, the
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development of several user-friendly and robust bioinformatics pipelines for metage-
nomic classification of mNGS data may provide clinical laboratories with timely and
medically actionable results that would significantly boost the uptake of mNGS into
service laboratories.

Several barriers remain to obtaining regulatory approval and supporting wide-
spread adoption of agnostic sequencing for viral diagnostics. Relatively low diagnostic
sensitivity on specimens with low viral load compared to RT-PCR and amplicon
sequencing (76, 78, 80) remains an issue precluding regulatory approval of this tech-
nology for routine diagnostics. While advancements in sample preparation and host
depletion or pathogen enrichment may help increase diagnostic performance, these
methods have been somewhat limited to research settings and have not undergone
vigorous clinical validation. Cost and workflow considerations also limit the adoption
of mNGS-based diagnostics as current library preparation methods remain expensive,
lack validated liquid-handling robot automation protocols, are prone to contamination,
and are technically challenging. This complicates their use by laboratory technicians in
service laboratories. NGS data analysis has historically been plagued by non-user-
friendly programs and challenges to translating sequencing results into clinically inter-
pretable and actionable information. While advancements have been made on this
front, standardized and secure analysis pipelines and reference databases are needed
for the translation of mNGS results. Enhanced regulatory guidance and subsequent ap-
proval of mNGS assays for diagnostic uses comprise perhaps the most important chal-
lenge to overcome for mNGS technology translation.

We remain optimistic that mNGS will play an integral role in future infectious disease
diagnostics and public health surveillance. We anticipate that in the next few years, sev-
eral clinically validated assays will be subject to regulatory approval. Although RT-PCR
will likely remain the gold standard diagnostic technology for viral infections for quite
some time, reductions in sequencing cost and workflow length will likely lead mNGS to
gradually replace some existing diagnostic assays. We believe that as sequencing costs
continue to decline and laboratory workflows become more streamlined, the per-sample
cost of mNGS will draw closer to that of NAATs, such that the transition of mNGS to first-
line diagnostics will become more cost-effective. Fully automated laboratory workflows
(going from raw sample to result) using liquid-handling robots or miniaturized microflui-
dics will be developed and validated to reduce the chance of nucleic acid contamination,
reduce end-to-end assay completion time, and eliminate skill barriers to mNGS execu-
tion. One such example where mNGS use may become more widespread is for diagnosis
of central nervous system (CNS) infections. Diagnosis of CNS infections can be a signifi-
cant financial and resource burden on hospitals, as many tests may be necessary for di-
agnosis of these infections. mNGS may speed up the time to pathogen detection and
reduce the time needed for patients to occupy intensive care unit beds, as well as the
cost of conducting many diagnostic assays. Another application where we believe mNGS
will undergo rapid expansion is for public health surveillance and molecular epidemiol-
ogy of viral outbreaks, as these applications are already well under way. One universal
pathogen-agnostic assay to surveil all endemic viral pathogens is a far more cost-effec-
tive and comprehensive surveillance approach. Although it is challenging to predict how
innovation in viral diagnostics will evolve over the next 10 years, we expect metage-
nomic sequencing to become as cost-competitive as NAATs for the quantity and quality
of actionable information generated, and mNGS may replace NAATs as a primary tool for
viral detection.

In this review, we have attempted to convey the recent technical advancements of
metagenomic sequencing for diagnosis of viral infections. While these advancements
give cause for optimism for the technological translation of mNGS into clinical and pub-
lic health settings, several key technical, analytical, and regulatory challenges remain.
Nevertheless, recent success stories of NGS and mNGS in these settings, coupled with
the urgent need for nations to establish more robust pandemic preparedness strategies,
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are pushing many to collaborate to overcome these obstacles in the pursuit of a univer-
sal viral diagnostic assay.

ACKNOWLEDGMENTS
This project has been funded in whole or in part with Federal funds from the

Department of Health and Human Services; Administration for Strategic Preparedness
and Response; Biomedical Advanced Research and Development Authority, under
Contract No. 75A50122C00027. We would also like to acknowledge the UBC four-year
fellowship program for providing support to N.P.G.G. The funders had no role in the
design or conduct of this review. We have read the journal’s policy and the authors of
this manuscript have the following competing interests: S.D.C. holds equity in BugSeq
Bioinformatics Inc. This does not alter our adherence to Clinical Microbiology Review’s
editorial policies on competing interests.

REFERENCES
1. Fournier PE, Drancourt M, Colson P, Rolain JM, la Scola B, Raoult D. 2013.

Modern clinical microbiology: new challenges and solutions. Nat Rev
Microbiol 11:574–585. https://doi.org/10.1038/nrmicro3068.

2. Poutanen SM, Low DE, Henry B, Finkelstein S, Rose D, Green K, Tellier R,
Draker R, Adachi D, Ayers M, Chan AK, Skowronski DM, Salit I, Simor AE,
Slutsky AS, Doyle PW, Krajden M, Petric M, Brunham RC, Mcgeer AJ. 2003.
Identification of severe acute respiratory syndrome in Canada. N Engl J
Med 348:1995–2005. https://doi.org/10.1056/NEJMoa030634.

3. Rota PA, Oberste MS, Monroe SS, Nix WA, Campagnoli R, Icenogle JP,
Peñaranda S, Bankamp B, Maher K, Chen M, Tong S, Tamin A, Lowe L, Frace
M, DeRisi JL, Chen Q, Wang D, Erdman DD, Peret TCT, Burns C, Ksiazek TG,
Rollin PE, Sanchez A, Liffick S, Holloway B, Limor J, McCaustland K, Olsen-
Rasmussen M, Fouchier R, Günther S, Osterhaus ADHE, Drosten C, Pallansch
MA, Anderson LJ, Bellini WJ. 2003. Characterization of a novel coronavirus
associated with severe acute respiratory syndrome. Science 300:1394–1399.
https://doi.org/10.1126/science.1085952.

4. Poon LLM, Chan KH, Smith GJ, Leung CSW, Guan Y, Yuen KY, Peiris JSM,
Poon LM. 2009. Molecular detection of a novel human influenza (H1N1)
of pandemic potential by conventional and real-time quantitative RT-
PCR assays. Clin Chem 55:1555–1558. https://doi.org/10.1373/clinchem
.2009.130229.

5. Kumar S, Henrickson KJ. 2012. Update on influenza diagnostics: lessons
from the novel H1N1 influenza A pandemic. Clin Microbiol Rev 25:
344–361. https://doi.org/10.1128/CMR.05016-11.

6. Nowak JA, Kaul KL. 2009. The role of community molecular diagnostics
laboratories in the H1N1 pandemic. J Mol Diagn 11:369–370. https://doi
.org/10.2353/jmoldx.2009.090132.

7. Nouvellet P, Garske T, Mills HL, Nedjati-Gilani G, Hinsley W, Blake IM, van
Kerkhove MD, Cori A, Dorigatti I, Jombart T, Riley S, Fraser C, Donnelly
CA, Ferguson NM. 2015. The role of rapid diagnostics in managing Ebola
epidemics. Nature 528:S109–S116. https://doi.org/10.1038/nature16041.

8. Carroll MW, Matthews DA, Hiscox JA, Elmore MJ, Pollakis G, Rambaut A,
Hewson R, García-Dorival I, Bore JA, Koundouno R, Abdellati S, Afrough
B, Aiyepada J, Akhilomen P, Asogun D, Atkinson B, Badusche M, Bah A,
Bate S, Baumann J, Becker D, Becker-Ziaja B, Bocquin A, Borremans B,
Bosworth A, Boettcher JP, Cannas A, Carletti F, Castilletti C, Clark S,
Colavita F, Diederich S, Donatus A, Duraffour S, Ehichioya D, Ellerbrok H,
Fernandez-Garcia MD, Fizet A, Fleischmann E, Gryseels S, Hermelink A,
Hinzmann J, Hopf-Guevara U, Ighodalo Y, Jameson L, Kelterbaum A, Kis
Z, Kloth S, Kohl C, Korva M, et al. 2015. Temporal and spatial analysis of
the 2014–2015 Ebola virus outbreak in West Africa. Nature 524:97–101.
https://doi.org/10.1038/nature14594.

9. Corman VM, Landt O, Kaiser M, Molenkamp R, Meijer A, Chu DKW,
Bleicker T, Brünink S, Schneider J, Schmidt ML, Mulders DGJC, Haagmans
BL, van der Veer B, van den Brink S, Wijsman L, Goderski G, Romette J-L,
Ellis J, Zambon M, Peiris M, Goossens H, Reusken C, Koopmans MPG,
Drosten C. 2020. Detection of 2019 novel coronavirus (2019-nCoV) by
real-time RT-PCR. Euro Surveill 25:2000045. https://doi.org/10.2807/1560
-7917.ES.2020.25.3.2000045.

10. Chu DKW, Pan Y, Cheng SMS, Hui KPY, Krishnan P, Liu Y, Ng DYM, Wan
CKC, Yang P, Wang Q, Peiris M, Poon LLM. 2020. Molecular diagnosis of a
novel coronavirus (2019-nCoV) causing an outbreak of pneumonia. Clin
Chem 66:549–555. https://doi.org/10.1093/clinchem/hvaa029.

11. LeBlanc JJ, Gubbay JB, Li Y, Needle R, Arneson SR, Marcino D, Charest H,
Desnoyers G, Dust K, Fattouh R, Garceau R, German G, Hatchette TF,
Kozak RA, Krajden M, Kuschak T, Lang ALS, Levett P, Mazzulli T,
McDonald R, Mubareka S, Prystajecky N, Rutherford C, Smieja M, Yu Y,
Zahariadis G, Zelyas N, Bastien N. COVID-19 Pandemic Diagnostics Inves-
tigation Team of the Canadian Public Health Laboratory Network
(CPHLN) Respiratory Virus Working Group. 2020. Real-time PCR-based
SARS-CoV-2 detection in Canadian laboratories. J Clin Virol 128:104433.
https://doi.org/10.1016/j.jcv.2020.104433.

12. Quick J, Grubaugh ND, Pullan ST, Claro IM, Smith AD, Gangavarapu K,
Oliveira G, Robles-Sikisaka R, Rogers TF, Beutler NA, Burton DR, Lewis-
Ximenez LL, de Jesus JG, Giovanetti M, Hill SC, Black A, Bedford T, Carroll
MW, Nunes M, Alcantara LC, Sabino EC, Baylis SA, Faria NR, Loose M,
Simpson JT, Pybus OG, Andersen KG, Loman NJ. 2017. Multiplex PCR
method for MinION and Illumina sequencing of Zika and other virus
genomes directly from clinical samples. Nat Protoc 12:1261–1276.
https://doi.org/10.1038/nprot.2017.066.

13. Chiara M, D’Erchia AM, Gissi C, Manzari C, Parisi A, Resta N, Zambelli F,
Picardi E, Pavesi G, Horner DS, Pesole G. 2021. Next generation sequenc-
ing of SARS-CoV-2 genomes: challenges, applications and opportunities.
Brief Bioinform 22:616–630. https://doi.org/10.1093/bib/bbaa297.

14. Hadfield J, Megill C, Bell SM, Huddleston J, Potter B, Callender C,
Sagulenko P, Bedford T, Neher RA. 2018. NextStrain: real-time tracking of
pathogen evolution. Bioinformatics 34:4121–4123. https://doi.org/10
.1093/bioinformatics/bty407.

15. Shu Y, McCauley J. 2017. GISAID: global initiative on sharing all influenza
data: from vision to reality. Eurosurveillance 22. https://doi.org/10.2807/
1560-7917.ES.2017.22.13.30494.

16. Shi CL, Han P, Tang PJ, Chen MM, Ye ZJ, Wu MY, Shen J, Wu HY, Tan ZQ,
Yu X, Rao GH, Zhang JP. 2020. Clinical metagenomic sequencing for di-
agnosis of pulmonary tuberculosis. J Infect 81:567–574. https://doi.org/
10.1016/j.jinf.2020.08.004.

17. Wilson MR, Naccache SN, Samayoa E, Biagtan M, Bashir H, Yu G, Salamat
SM, Somasekar S, Federman S, Miller S, Sokolic R, Garabedian E, Candotti
F, Buckley RH, Reed KD, Meyer TL, Seroogy CM, Galloway R, Henderson
SL, Gern JE, DeRisi JL, Chiu CY. 2014. Actionable diagnosis of neurolepto-
spirosis by next-generation sequencing. N Engl J Med 370:2408–2417.
https://doi.org/10.1056/NEJMoa1401268.

18. Wilson MR, Sample HA, Zorn KC, Arevalo S, Yu G, Neuhaus J, Federman S,
Stryke D, Briggs B, Langelier C, Berger A, Douglas V, Josephson SA, Chow
FC, Fulton BD, DeRisi JL, Gelfand JM, Naccache SN, Bender J, Dien Bard J,
Murkey J, Carlson M, Vespa PM, Vijayan T, Allyn PR, Campeau S, Humphries
RM, Klausner JD, Ganzon CD, Memar F, Ocampo NA, Zimmermann LL,
Cohen SH, Polage CR, DeBiasi RL, Haller B, Dallas R, Maron G, Hayden R,
Messacar K, Dominguez SR, Miller S, Chiu CY. 2019. Clinical metagenomic
sequencing for diagnosis of meningitis and encephalitis. N Engl J Med 380:
2327–2340. https://doi.org/10.1056/NEJMoa1803396.

19. Gu W, Deng X, Lee M, Sucu YD, Arevalo S, Stryke D, Federman S, Gopez
A, Reyes K, Zorn K, Sample H, Yu G, Ishpuniani G, Briggs B, Chow ED,
Berger A, Wilson MR, Wang C, Hsu E, Miller S, DeRisi JL, Chiu CY. 2021.
Rapid pathogen detection by metagenomic next-generation sequenc-
ing of infected body fluids. Nat Med 27:115–124. https://doi.org/10
.1038/s41591-020-1105-z.

Agnostic Viral Detection Clinical Microbiology Reviews

March 2023 Volume 36 Issue 1 10.1128/cmr.00119-22 18

https://doi.org/10.1038/nrmicro3068
https://doi.org/10.1056/NEJMoa030634
https://doi.org/10.1126/science.1085952
https://doi.org/10.1373/clinchem.2009.130229
https://doi.org/10.1373/clinchem.2009.130229
https://doi.org/10.1128/CMR.05016-11
https://doi.org/10.2353/jmoldx.2009.090132
https://doi.org/10.2353/jmoldx.2009.090132
https://doi.org/10.1038/nature16041
https://doi.org/10.1038/nature14594
https://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
https://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
https://doi.org/10.1093/clinchem/hvaa029
https://doi.org/10.1016/j.jcv.2020.104433
https://doi.org/10.1038/nprot.2017.066
https://doi.org/10.1093/bib/bbaa297
https://doi.org/10.1093/bioinformatics/bty407
https://doi.org/10.1093/bioinformatics/bty407
https://doi.org/10.2807/1560-7917.ES.2017.22.13.30494
https://doi.org/10.2807/1560-7917.ES.2017.22.13.30494
https://doi.org/10.1016/j.jinf.2020.08.004
https://doi.org/10.1016/j.jinf.2020.08.004
https://doi.org/10.1056/NEJMoa1401268
https://doi.org/10.1056/NEJMoa1803396
https://doi.org/10.1038/s41591-020-1105-z
https://doi.org/10.1038/s41591-020-1105-z
https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00119-22


20. Miller RR, Montoya V, Gardy JL, Patrick DM, Tang P. 2013. Metagenomics
for pathogen detection in public health. Genome Med 5:81. https://doi
.org/10.1186/gm485.

21. Chiu CY, Miller SA. 2019. Clinical metagenomics. Nat Rev Genet 20:341–355.
https://doi.org/10.1038/s41576-019-0113-7.

22. Greninger AL. 2018. The challenge of diagnostic metagenomics. Expert Rev
Mol Diagn 18:605–615. https://doi.org/10.1080/14737159.2018.1487292.

23. Keipp TH, Falsey AR. 2010. The diagnosis of viral respiratory disease in
older adults. Clin Infect Dis 50:747–751. https://doi.org/10.1086/650486.

24. Falsey AR, Formica MA, Walsh EE. 2002. Diagnosis of respiratory syncytial
virus infection: comparison of reverse transcription-PCR to viral culture
and serology in adults with respiratory illness. J Clin Microbiol 40:
817–820. https://doi.org/10.1128/JCM.40.3.817-820.2002.

25. de Vries JJC, van der Eijk AA, Wolthers KC, Rusman LG, Pas SD,
Molenkamp R, Claas EC, Kroes ACM, Vossen ACTM. 2012. Real-time PCR
versus viral culture on urine as a gold standard in the diagnosis of con-
genital cytomegalovirus infection. J Clin Virol 53:167–170. https://doi
.org/10.1016/j.jcv.2011.11.006.

26. Grandien M, Pettersson CA, Gardner PS, Linde A, Stanton A. 1985. Rapid
viral diagnosis of acute respiratory infections: comparison of enzyme-
linked immunosorbent assay and the immunofluorescence technique
for detection of viral antigens in nasopharyngeal secretions. J Clin Micro-
biol 22:757–760. https://doi.org/10.1128/jcm.22.5.757-760.1985.

27. Lee KH, Zeng H. 2017. Aptamer-based ELISA assay for highly specific and
sensitive detection of Zika NS1 protein. Anal Chem 89:12743–12748.
https://doi.org/10.1021/acs.analchem.7b02862.

28. Vasoo S, Stevens J, Singh K. 2009. Rapid antigen tests for diagnosis of pan-
demic (Swine) influenza A/H1N1. Clin Infect Dis 49:1090–1093. https://doi
.org/10.1086/644743.

29. Khalid MF, Selvam K, Jeffry AJN, Salmi MF, Najib MA, Norhayati MN,
Aziah I. 2022. Performance of rapid antigen tests for COVID-19 diagnosis:
a systematic review and meta-analysis. Diagnostics 12:110. https://doi
.org/10.3390/diagnostics12010110.

30. Mullis K, Faloona F, Scharf S, Saiki R, Horn G, Erlich H. 1986. Specific enzy-
matic amplification of DNA in vitro: the polymerase chain reaction. Cold
Spring Harbor Symp Quant Biol 51:263–273. https://doi.org/10.1101/
SQB.1986.051.01.032.

31. Mustafa MA, Al-Samarraie MQ, Ahmed MT. 2020. Molecular techniques of
viral diagnosis. Sci Arch 1:98–101. https://doi.org/10.47587/SA.2020.1304.

32. Kojabad AA, Farzanehpour M, Galeh HEG, Dorostkar R, Jafarpour A,
Bolandian M, Nodooshan MM. 2021. Droplet digital PCR of viral DNA/
RNA, current progress, challenges, and future perspectives. J Med Virol
93. https://doi.org/10.1002/jmv.26846.

33. Moehling TJ, Choi G, Dugan LC, Salit M, Meagher RJ. 2021. LAMP diag-
nostics at the point-of-care: emerging trends and perspectives for the
developer community. Expert Rev Mol Diagn 21:43–61. https://doi.org/
10.1080/14737159.2021.1873769.

34. Gorzalski AJ, Tian H, Laverdure C, Morzunov S, Verma SC, VanHooser S,
Pandori MW. 2020. High-throughput transcription-mediated amplification
on the Hologic Panther is a highly sensitive method of detection for SARS-
CoV-2. J Clin Virol 129:104501. https://doi.org/10.1016/j.jcv.2020.104501.

35. Fung B, Gopez A, Servellita V, Arevalo S, Ho C, Deucher A, Thornborrow
E, Chiu C, Miller S. 2020. Direct comparison of SARS-CoV-2 analytical lim-
its of detection across seven molecular assays. J Clin Microbiol 58.
https://doi.org/10.1128/JCM.01535-20.

36. Huang HS, Tsai CL, Chang J, Hsu TC, Lin S, Lee CC. 2018. Multiplex PCR
system for the rapid diagnosis of respiratory virus infection: systematic
review and meta-analysis. Clin Microbiol Infect 24:1055–1063. https://doi
.org/10.1016/j.cmi.2017.11.018.

37. Voermans JJC, Mulders DGJC, Pas SD, Koopmans MPG, van der Eijk AA,
Molenkamp R. 2020. Performance evaluation of the Panther Fusion re-
spiratory tract panel. J Clin Virol 123:104232. https://doi.org/10.1016/j
.jcv.2019.104232.

38. Cordes AK, Rehrauer WM, Accola MA, Wölk B, Hilfrich B, Heim A. 2021.
Fully automated detection and differentiation of pandemic and endemic
coronaviruses (NL63, 229E, HKU1, OC43 and SARS-CoV-2) on the Hologic
Panther Fusion. J Med Virol 93:4438–4445. https://doi.org/10.1002/jmv
.26749.

39. Salez N, Nougairede A, Ninove L, Zandotti C, de Lamballerie X, Charrel
RN. 2015. Prospective and retrospective evaluation of the Cepheid Xpert
Flu/RSV XC assay for rapid detection of influenza A, influenza B, and re-
spiratory syncytial virus. Diagn Microbiol Infect Dis 81:256–258. https://
doi.org/10.1016/j.diagmicrobio.2015.01.008.

40. Hogan CA, Sahoo MK, Huang CH, Garamani N, Stevens B, Zehnder J,
Pinsky BA. 2020. Comparison of the Panther Fusion and a laboratory-
developed test targeting the envelope gene for detection of SARS-CoV-
2. J Clin Virol 127:104383. https://doi.org/10.1016/j.jcv.2020.104383.

41. Pujadas E, Ibeh N, Hernandez MM, Waluszko A, Sidorenko T, Flores V,
Shiffrin B, Chiu N, Young-Francois A, Nowak MD, Paniz-Mondolfi AE,
Sordillo EM, Cordon-Cardo C, Houldsworth J, Gitman MR. 2020. Compari-
son of SARS-CoV-2 detection from nasopharyngeal swab samples by the
Roche COBAS 6800 SARS-CoV-2 test and a laboratory-developed real-
time RT-PCR test. J Med Virol 92:1695–1698. https://doi.org/10.1002/jmv
.25988.

42. Uhteg K, Jarrett J, Richards M, Howard C, Morehead E, Geahr M, Gluck L,
Hanlon A, Ellis B, Kaur H, Simner P, Carroll KC, Mostafa HH. 2020. Compar-
ing the analytical performance of three SARS-CoV-2 molecular diagnos-
tic assays. J Clin Virol 127:104384. https://doi.org/10.1016/j.jcv.2020
.104384.

43. Smithgall MC, Scherberkova I, Whittier S, Green DA. 2020. Comparison of
Cepheid Xpert Xpress and Abbott ID Now to Roche COBAS for the rapid
detection of SARS-CoV-2. J Clin Virol 128:104428. https://doi.org/10
.1016/j.jcv.2020.104428.

44. Etievant S, Bal A, Escuret V, Brengel-Pesce K, Bouscambert M, Cheynet V,
Generenaz L, Oriol G, Destras G, Billaud G, Josset L, Frobert E, Morfin F,
Gaymard A. 2020. Performance assessment of SARS-CoV-2 PCR assays
developed by WHO referral laboratories. J Clin Med 9:1871. https://doi
.org/10.3390/jcm9061871.

45. Thwe PM, Maiyo E, Ren P. 2021. Abbott ID Now COVID-19 assay perform-
ance: a year in review. Diagn Microbiol Infect Dis 101:115536. https://doi
.org/10.1016/j.diagmicrobio.2021.115536.

46. Wolters F, van de Bovenkamp J, van den Bosch B, van den Brink S,
Broeders M, Chung NH, Favié B, Goderski G, Kuijpers J, Overdevest I,
Rahamat-Langedoen J, Wijsman L, Melchers WJ, Meijer A. 2020. Multi-
center evaluation of cepheid xpert xpress SARS-CoV-2 point-of-care test
during the SARS-CoV-2 pandemic. J Clin Virol 128:104426. https://doi
.org/10.1016/j.jcv.2020.104426.

47. Nalla AK, Casto AM, Huang M-LW, Perchetti GA, Sampoleo R, Shrestha L,
Wei Y, Zhu H, Jerome KR, Greninger AL. 2020. Comparative performance of
SARS-CoV-2 detection assays using seven different primer-probe sets and
one assay kit. J ClinMicrobiol 58. https://doi.org/10.1128/JCM.00557-20.

48. Tsang NNY, So HC, Ng KY, Cowling BJ, Leung GM, Ip DKM. 2021. Diagnos-
tic performance of different sampling approaches for SARS-CoV-2 RT-
PCR testing: a systematic review and meta-analysis. Lancet Infect Dis 21:
1233–1245. https://doi.org/10.1016/S1473-3099(21)00146-8.

49. Zhang Z, Bi Q, Fang S, Wei L, Wang X, He J, Wu Y, Liu X, Gao W, Zhang R,
Gong W, Su Q, Azman AS, Lessler J, Zou X. 2021. Insight into the practical
performance of RT-PCR testing for SARS-CoV-2 using serological data: a
cohort study. Lancet Microbe 2:e79–e87. https://doi.org/10.1016/S2666
-5247(20)30200-7.

50. Sanger F, Nicklen S, Coulson AR. 1977. DNA sequencing with chain-ter-
minating inhibitors. Proc Natl Acad Sci U S A 74:5463–5467. https://doi
.org/10.1073/pnas.74.12.5463.

51. Naccache SN, Peggs KS, Mattes FM, Phadke R, Garson JA, Grant P,
Samayoa E, Federman S, Miller S, Lunn MP, Gant V, Chiu CY. 2015. Diag-
nosis of neuroinvasive astrovirus infection in an immunocompromised
adult with encephalitis by unbiased next-generation sequencing. Clin
Infect Dis 60:919–923. https://doi.org/10.1093/cid/ciu912.

52. Frémond ML, Pérot P, Muth E, Cros G, Dumarest M, Mahlaoui N, Seilhean
D, Desguerre I, Hébert C, Corre-Catelin N, Neven B, Lecuit M, Blanche S,
Picard C, Eloit M. 2015. Next-generation sequencing for diagnosis and
tailored therapy: a case report of astrovirus-associated progressive en-
cephalitis. J Pediatric Infect Dis Soc 4:e53–e57. https://doi.org/10.1093/
jpids/piv040.

53. Barjas-Castro ML, Angerami RN, Cunha MS, Suzuki A, Nogueira JS, Rocco
IM, Maeda AY, Vasami FGS, Katz G, Boin IFSF, Stucchi RSB, Resende MR,
Esposito DLA, de Souza RP, da Fonseca BA, Addas-Carvalho M. 2016.
Probable transfusion-transmitted Zika virus in Brazil. Transfusion 56:
1684–1688. https://doi.org/10.1111/trf.13681.

54. Morfopoulou S, Brown JR, Davies EG, Anderson G, Virasami A, Qasim W,
Chong WK, Hubank M, Plagnol V, Desforges M, Jacques TS, Talbot PJ,
Breuer J. 2016. Human coronavirus OC43 associated with fatal encephali-
tis. N Engl J Med 375:497–498. https://doi.org/10.1056/NEJMc1509458.

55. Perlejewski K, Popiel M, Laskus T, Nakamura S, Motooka D, Stokowy T,
Lipowski D, Pollak A, Lechowicz U, Caraballo Cortés K, Stępie�n A,
Radkowski M, Bukowska-O�sko I. 2015. Next-generation sequencing
(NGS) in the identification of encephalitis-causing viruses: unexpected

Agnostic Viral Detection Clinical Microbiology Reviews

March 2023 Volume 36 Issue 1 10.1128/cmr.00119-22 19

https://doi.org/10.1186/gm485
https://doi.org/10.1186/gm485
https://doi.org/10.1038/s41576-019-0113-7
https://doi.org/10.1080/14737159.2018.1487292
https://doi.org/10.1086/650486
https://doi.org/10.1128/JCM.40.3.817-820.2002
https://doi.org/10.1016/j.jcv.2011.11.006
https://doi.org/10.1016/j.jcv.2011.11.006
https://doi.org/10.1128/jcm.22.5.757-760.1985
https://doi.org/10.1021/acs.analchem.7b02862
https://doi.org/10.1086/644743
https://doi.org/10.1086/644743
https://doi.org/10.3390/diagnostics12010110
https://doi.org/10.3390/diagnostics12010110
https://doi.org/10.1101/SQB.1986.051.01.032
https://doi.org/10.1101/SQB.1986.051.01.032
https://doi.org/10.47587/SA.2020.1304
https://doi.org/10.1002/jmv.26846
https://doi.org/10.1080/14737159.2021.1873769
https://doi.org/10.1080/14737159.2021.1873769
https://doi.org/10.1016/j.jcv.2020.104501
https://doi.org/10.1128/JCM.01535-20
https://doi.org/10.1016/j.cmi.2017.11.018
https://doi.org/10.1016/j.cmi.2017.11.018
https://doi.org/10.1016/j.jcv.2019.104232
https://doi.org/10.1016/j.jcv.2019.104232
https://doi.org/10.1002/jmv.26749
https://doi.org/10.1002/jmv.26749
https://doi.org/10.1016/j.diagmicrobio.2015.01.008
https://doi.org/10.1016/j.diagmicrobio.2015.01.008
https://doi.org/10.1016/j.jcv.2020.104383
https://doi.org/10.1002/jmv.25988
https://doi.org/10.1002/jmv.25988
https://doi.org/10.1016/j.jcv.2020.104384
https://doi.org/10.1016/j.jcv.2020.104384
https://doi.org/10.1016/j.jcv.2020.104428
https://doi.org/10.1016/j.jcv.2020.104428
https://doi.org/10.3390/jcm9061871
https://doi.org/10.3390/jcm9061871
https://doi.org/10.1016/j.diagmicrobio.2021.115536
https://doi.org/10.1016/j.diagmicrobio.2021.115536
https://doi.org/10.1016/j.jcv.2020.104426
https://doi.org/10.1016/j.jcv.2020.104426
https://doi.org/10.1128/JCM.00557-20
https://doi.org/10.1016/S1473-3099(21)00146-8
https://doi.org/10.1016/S2666-5247(20)30200-7
https://doi.org/10.1016/S2666-5247(20)30200-7
https://doi.org/10.1073/pnas.74.12.5463
https://doi.org/10.1073/pnas.74.12.5463
https://doi.org/10.1093/cid/ciu912
https://doi.org/10.1093/jpids/piv040
https://doi.org/10.1093/jpids/piv040
https://doi.org/10.1111/trf.13681
https://doi.org/10.1056/NEJMc1509458
https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00119-22


detection of human herpesvirus 1 while searching for RNA pathogens. J
Virol Methods 226:1–6. https://doi.org/10.1016/j.jviromet.2015.09.010.

56. Huang W, Wang G, Zhuge J, Nolan SM, Dimitrova N, Fallon JT. 2015.
Whole-genome sequence analysis reveals the enterovirus D68 isolates
during the United States 2014 outbreak mainly belong to a novel clade.
Sci Rep 5:15223. https://doi.org/10.1038/srep15223.

57. Vemula SV, Zhao J, Liu J, Xue XW, Biswas S, Hewlett I. 2016. Current
approaches for diagnosis of influenza virus infections in humans. Viruses
8:96. https://doi.org/10.3390/v8040096.

58. Levine M, Sheu TG, Gubareva L, Mishin VP. 2011. Detection of hemagglu-
tinin variants of the pandemic influenza a (H1N1) 2009 virus by pyrose-
quencing. J Clin Microbiol 49:1307–1312. https://doi.org/10.1128/JCM
.02424-10.

59. Höper D, Hoffmann B, Beer M. 2011. A comprehensive deep sequencing
strategy for full-length genomes of influenza A. PLoS One 6:e19075.
https://doi.org/10.1371/journal.pone.0019075.

60. McGinnis J, Laplante J, Shudt M, George KS. 2016. Next generation
sequencing for whole genome analysis and surveillance of influenza A
viruses. J Clin Virol 79:44–50. https://doi.org/10.1016/j.jcv.2016.03.005.

61. Quick J, Loman NJ, Duraffour S, Simpson JT, Severi E, Cowley L, Bore JA,
Koundouno R, Dudas G, Mikhail A, Ouédraogo N, Afrough B, Bah A,
Baum JHJ, Becker-Ziaja B, Boettcher JP, Cabeza-Cabrerizo M, Camino-
Sánchez Á, Carter LL, Doerrbecker J, Enkirch T, Garciá-Dorival I, Hetzelt N,
Hinzmann J, Holm T, Kafetzopoulou LE, Koropogui M, Kosgey A, Kuisma
E, Logue CH, Mazzarelli A, Meisel S, Mertens M, Michel J, Ngabo D,
Nitzsche K, Pallasch E, Patrono LV, Portmann J, Repits JG, Rickett NY,
Sachse A, Singethan K, Vitoriano I, Yemanaberhan RL, Zekeng EG, Racine
T, Bello A, Sall AA, Faye O, et al. 2016. Real-time, portable genome
sequencing for Ebola surveillance. Nature 530:228–232. https://doi.org/
10.1038/nature16996.

62. Tyson JR, James P, Stoddart D, Sparks N, Wickenhagen A, Hall G, Choi JH,
Lapointe H, Kamelian K, Smith AD, Prystajecky N, Goodfellow I, Wilson
SJ, Harrigan R, Snutch TP, Loman NJ, Quick J. 2020. Improvements to the
ARTIC multiplex PCR method for SARS-CoV-2 genome sequencing using
nanopore. bioRxiv. https://doi.org/10.1101/2020.09.04.283077.

63. McNamara RP, Caro-Vegas C, Landis JT, Moorad R, Pluta LJ, Eason AB,
Thompson C, Bailey A, Villamor FCS, Lange PT, Wong JP, Seltzer T, Seltzer
J, Zhou Y, Vahrson W, Juarez A, Meyo JO, Calabre T, Broussard G, Rivera-
Soto R, Chappell DL, Baric RS, Damania B, Miller MB, Dittmer DP. 2020.
High-density amplicon sequencing identifies community spread and
ongoing evolution of SARS-CoV-2 in the southern United States. Cell Rep
33:108352. https://doi.org/10.1016/j.celrep.2020.108352.

64. Gohl DM, Garbe J, Grady P, Daniel J, Watson RHB, Auch B, Nelson A, Yohe
S, Beckman KB. 2020. A rapid, cost-effective tailed amplicon method for
sequencing SARS-CoV-2. BMC Genomics 21:863. https://doi.org/10.1186/
s12864-020-07283-6.

65. Smyth DS, Trujillo M, Gregory DA, Cheung K, Gao A, Graham M, Guan Y,
Guldenpfennig C, Hoxie I, Kannoly S, Kubota N, Lyddon TD, Markman M,
Rushford C, San KM, Sompanya G, Spagnolo F, Suarez R, Teixeiro E,
Daniels M, Johnson MC, Dennehy JJ. 2022. Tracking cryptic SARS-CoV-2
lineages detected in NYC wastewater. Nat Commun 13. https://doi.org/
10.1038/s41467-022-29573-1.

66. Rothberg JM, Leamon JH. 2008. The development and impact of 454
sequencing. Nat Biotechnol 26:1117–1124. https://doi.org/10.1038/nbt1485.

67. Cheval J, Sauvage V, Frangeul L, Dacheux L, Guigon G, Dumey N, Pariente K,
Rousseaux C, Dorange F, Berthet N, Brisse S, Moszer I, Bourhy H,
Manuguerra CJ, Lecuit M, Burguiere A, Caro V, Eloit M. 2011. Evaluation of
high-throughput sequencing for identifying known and unknown viruses
in biological samples. J Clin Microbiol 49:3268–3275. https://doi.org/10
.1128/JCM.00850-11.

68. Plitnick J, Griesemer S, Lasek-Nesselquist E, Singh N, Lamson DM, George
KS. 2021. Whole-genome sequencing of SARS-CoV-2: assessment of the Ion
Torrent ampliseq panel and comparison with the Illumina Miseq Artic pro-
tocol. J Clin Microbiol 59. https://doi.org/10.1128/JCM.00649-21.

69. Jain M, Koren S, Miga KH, Quick J, Rand AC, Sasani TA, Tyson JR, Beggs
AD, Dilthey AT, Fiddes IT, Malla S, Marriott H, Nieto T, O'Grady J, Olsen
HE, Pedersen BS, Rhie A, Richardson H, Quinlan AR, Snutch TP, Tee L,
Paten B, Phillippy AM, Simpson JT, Loman NJ, Loose M. 2018. Nanopore
sequencing and assembly of a human genome with ultra-long reads.
Nat Biotechnol 36:338–345. https://doi.org/10.1038/nbt.4060.

70. Mikheenko A, Prjibelski AD, Joglekar A, Tilgner HU. 2022. Sequencing of
individual barcoded cDNAs using Pacific Biosciences and Oxford Nano-
pore Technologies reveals platform-specific error patterns. Genome Res
32:726–737. https://doi.org/10.1101/gr.276405.121.

71. Sereika M, Kirkegaard RH, Karst SM, Michaelsen TY, Sørensen EA,
Wollenberg RD, Albertsen M. 2022. Oxford Nanopore R10.4 long-read
sequencing enables the generation of near-finished bacterial genomes
from pure cultures and metagenomes without short-read or reference
polishing. Nat Methods 19:823–826. https://doi.org/10.1038/s41592-022
-01539-7.

72. Wenger AM, Peluso P, Rowell WJ, Chang PC, Hall RJ, Concepcion GT,
Ebler J, Fungtammasan A, Kolesnikov A, Olson ND, Töpfer A, Alonge M,
Mahmoud M, Qian Y, Chin CS, Phillippy AM, Schatz MC, Myers G,
DePristo MA, Ruan J, Marschall T, Sedlazeck FJ, Zook JM, Li H, Koren S,
Carroll A, Rank DR, Hunkapiller MW. 2019. Accurate circular consensus
long-read sequencing improves variant detection and assembly of a
human genome. Nat Biotechnol 37:1155–1162. https://doi.org/10.1038/
s41587-019-0217-9.

73. Petersen LM, Martin IW, Moschetti WE, Kershaw CM, Tsongalis GJ. 2019.
Third-generation sequencing in the clinical laboratory: exploring the
advantages and challenges of Nanopore sequencing. J Clin Microbiol 58.
https://doi.org/10.1128/JCM.01315-19.

74. Sevim V, Lee J, Egan R, Clum A, Hundley H, Lee J, Everroad RC, Detweiler
AM, Bebout BM, Pett-Ridge J, Göker M, Murray AE, Lindemann SR, Klenk
HP, O’Malley R, Zane M, Cheng JF, Copeland A, Daum C, Singer E, Woyke
T. 2019. Shotgun metagenome data of a defined mock community using
Oxford Nanopore, PacBio and Illumina technologies. Sci Data 6:1–9.
https://doi.org/10.1038/s41597-019-0287-z.

75. Horiba K, Torii Y, Aizawa Y, Yamaguchi M, Haruta K, Okumura T, Suzuki T,
Kawano Y, Kawada J, Hara S, Saitoh A, Giske CG, Ogi T, Ito Y. 2022. Per-
formance of Nanopore and Illumina metagenomic sequencing for
pathogen detection and transcriptome analysis in infantile central nerv-
ous system infections. Open Forum Infect Dis 9:ofac504. https://doi.org/
10.1093/OFID/OFAC504.

76. Gauthier NPG, Nelson C, Bonsall MB, Locher K, Charles M, MacDonald C,
Krajden M, Chorlton SD, Manges AR. 2021. Nanopore metagenomic
sequencing for detection and characterization of SARS-CoV-2 in clinical
samples. PLoS One 16:e0259712. https://doi.org/10.1371/journal.pone
.0259712.

77. Greninger AL, Naccache SN, Federman S, Yu G, Mbala P, Bres V, Stryke D,
Bouquet J, Somasekar S, Linnen JM, Dodd R, Mulembakani P, Schneider
BS, Muyembe-Tamfum JJ, Stramer SL, Chiu CY. 2015. Rapid metage-
nomic identification of viral pathogens in clinical samples by real-time
nanopore sequencing analysis. Genome Med 7:1–13. https://doi.org/10
.1186/s13073-015-0220-9.

78. Lewandowski K, Xu Y, Pullan ST, Lumley SF, Foster D, Sanderson N,
Vaughan A, Morgan M, Bright N, Kavanagh J, Vipond R, Carroll M,
Marriott AC, Gooch KE, Andersson M, Jeffery K, Peto TEA, Crook DW,
Sarah Walker A, Matthews PC. 2019. Metagenomic nanopore sequencing
of influenza virus direct from clinical respiratory samples. J Clin Microbiol
58:e00963-19. https://doi.org/10.1128/JCM.00963-19.

79. Xu Y, Lewandowski K, Downs LO, Kavanagh J, Hender T, Lumley S,
Jeffery K, Foster D, Sanderson ND, Vaughan A, Morgan M, Vipond R,
Carroll M, Peto T, Crook D, Walker AS, Matthews PC, Pullan ST. 2020.
Nanopore metagenomic sequencing of influenza virus directly from re-
spiratory samples: diagnosis, drug resistance and nosocomial transmis-
sion. Eurosurveillance 26:2000004. https://doi.org/10.2807/1560-7917.ES
.2021.26.27.2000004.

80. Kafetzopoulou LE, Efthymiadis K, Lewandowski K, Crook A, Carter D,
Osborne J, Aarons E, Hewson R, Hiscox JA, Carroll MW, Vipond R, Pullan
ST. 2018. Assessment of metagenomic Nanopore and Illumina sequenc-
ing for recovering whole genome sequences of Chikungunya and den-
gue viruses directly from clinical samples. Eurosurveillance 23:1800228.
https://doi.org/10.2807/1560-7917.ES.2018.23.50.1800228.

81. Piaggio AJ, Shriner SA, VanDalen KK, Franklin AB, Anderson TD,
Kolokotronis SO. 2012. Molecular surveillance of low pathogenic avian
influenza viruses in wild birds across the United States: inferences from
the hemagglutinin gene. PLoS One 7:e50834. https://doi.org/10.1371/
journal.pone.0050834.

82. Graham M, Liang B, van Domselaar G, Bastien N, Beaudoin C, Tyler S,
Kaplen B, Landry E, Li Y. National Influenza A/H1N1pdm Genomics Study
Team (NIGST). 2011. Nationwide molecular surveillance of pandemic
H1N1 influenza A virus genomes: Canada, 2009. PLoS One 6:e16087.
https://doi.org/10.1371/journal.pone.0016087.

83. Rutvisuttinunt W, Chinnawirotpisan P, Simasathien S, Shrestha SK, Yoon
IK, Klungthong C, Fernandez S. 2013. Simultaneous and complete ge-
nome sequencing of influenza A and B with high coverage by Illumina

Agnostic Viral Detection Clinical Microbiology Reviews

March 2023 Volume 36 Issue 1 10.1128/cmr.00119-22 20

https://doi.org/10.1016/j.jviromet.2015.09.010
https://doi.org/10.1038/srep15223
https://doi.org/10.3390/v8040096
https://doi.org/10.1128/JCM.02424-10
https://doi.org/10.1128/JCM.02424-10
https://doi.org/10.1371/journal.pone.0019075
https://doi.org/10.1016/j.jcv.2016.03.005
https://doi.org/10.1038/nature16996
https://doi.org/10.1038/nature16996
https://doi.org/10.1101/2020.09.04.283077
https://doi.org/10.1016/j.celrep.2020.108352
https://doi.org/10.1186/s12864-020-07283-6
https://doi.org/10.1186/s12864-020-07283-6
https://doi.org/10.1038/s41467-022-29573-1
https://doi.org/10.1038/s41467-022-29573-1
https://doi.org/10.1038/nbt1485
https://doi.org/10.1128/JCM.00850-11
https://doi.org/10.1128/JCM.00850-11
https://doi.org/10.1128/JCM.00649-21
https://doi.org/10.1038/nbt.4060
https://doi.org/10.1101/gr.276405.121
https://doi.org/10.1038/s41592-022-01539-7
https://doi.org/10.1038/s41592-022-01539-7
https://doi.org/10.1038/s41587-019-0217-9
https://doi.org/10.1038/s41587-019-0217-9
https://doi.org/10.1128/JCM.01315-19
https://doi.org/10.1038/s41597-019-0287-z
https://doi.org/10.1093/OFID/OFAC504
https://doi.org/10.1093/OFID/OFAC504
https://doi.org/10.1371/journal.pone.0259712
https://doi.org/10.1371/journal.pone.0259712
https://doi.org/10.1186/s13073-015-0220-9
https://doi.org/10.1186/s13073-015-0220-9
https://doi.org/10.1128/JCM.00963-19
https://doi.org/10.2807/1560-7917.ES.2021.26.27.2000004
https://doi.org/10.2807/1560-7917.ES.2021.26.27.2000004
https://doi.org/10.2807/1560-7917.ES.2018.23.50.1800228
https://doi.org/10.1371/journal.pone.0050834
https://doi.org/10.1371/journal.pone.0050834
https://doi.org/10.1371/journal.pone.0016087
https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00119-22


MiSeq platform. J Virol Methods 193:394–404. https://doi.org/10.1016/j
.jviromet.2013.07.001.

84. van Poelvoorde LAE, Saelens X, Thomas I, Roosens NH. 2020. Next-gener-
ation sequencing: an eye-opener for the surveillance of antiviral resist-
ance in influenza. Trends Biotechnol 38:360–367. https://doi.org/10
.1016/j.tibtech.2019.09.009.

85. Yin Y, Butler C, Zhang Q. 2021. Challenges in the application of NGS in
the clinical laboratory. Hum Immunol 82:812–819. https://doi.org/10
.1016/j.humimm.2021.03.011.

86. Zhou B, Deng YM, Barnes JR, Sessions OM, Chou TW, Wilson M, Stark TJ,
Volk M, Spirason N, Halpin RA, Kamaraj US, Ding T, Stockwell TB, Salvatore
M, Ghedin E, Barr IG, Wentworth DE. 2017. Multiplex reverse transcription-
PCR for simultaneous surveillance of influenza A and B viruses. J Clin Micro-
biol 55:3492–3501. https://doi.org/10.1128/JCM.00957-17.

87. Zhao J, Liu J, Vemula SV, Lin C, Tan J, Ragupathy V, Wang X, Mbondji-
Wonje C, Ye Z, Landry ML, Hewlett I. 2016. Sensitive detection and simul-
taneous discrimination of influenza A and B viruses in nasopharyngeal
swabs in a single assay using next-generation sequencing-based diag-
nostics. PLoS One 11:e0163175. https://doi.org/10.1371/journal.pone
.0163175.

88. Yip CCY, Chan WM, Ip JD, Seng CWM, Leung KH, Poon RWS, Ng ACK, Wu
WL, Zhao H, Chan KH, Siu GKH, Ng TTL, Cheng VCC, Kok KH, Yuen KY, To
KKW. 2020. Nanopore sequencing reveals novel targets for detection
and surveillance of human and avian influenza A viruses. J Clin Microbiol
58. https://doi.org/10.1128/JCM.02127-19.

89. Thornhill JP, Barkati S, Walmsley S, Rockstroh J, Antinori A, Harrison LB,
Palich R, Nori A, Reeves I, Habibi MS, Apea V, Boesecke C,
Vandekerckhove L, Yakubovsky M, Sendagorta E, Blanco JL, Florence E,
Moschese D, Maltez FM, Goorhuis A, Pourcher V, Migaud P, Noe S,
Pintado C, Maggi F, Hansen A-BE, Hoffmann C, Lezama JI, Mussini C,
Cattelan A, Makofane K, Tan D, Nozza S, Nemeth J, Klein MB, Orkin CM.
SHARE-net Clinical Group. 2022. Monkeypox virus infection in humans
across 16 countries, April–June 2022. N Engl J Med 387:679–691. https://
doi.org/10.1056/NEJMoa2207323.

90. Jiang Z, Sun J, Zhang L, Yan S, Li D, Zhang C, Lai A, Su S. 2022. Laboratory
diagnostics for monkeypox: an overview of sensitivities from various
published tests. Travel Med Infect Dis 49:102425. https://doi.org/10
.1016/j.tmaid.2022.102425.

91. Altindis M, Puca E, Shapo L. 2022. Diagnosis of monkeypox virus: an
overview. Travel Med Infect Dis 50:102459. https://doi.org/10.1016/j
.tmaid.2022.102459.

92. Li Y, Zhao H, Wilkins K, Hughes C, Damon IK. 2010. Real-time PCR assays
for the specific detection of monkeypox virus West African and Congo
Basin strain DNA. J Virol Methods 169:223–227. https://doi.org/10.1016/j
.jviromet.2010.07.012.

93. Claro IM, Romano CM, Candido D da S, de Lima EL, Lindoso JAL,
Ramundo MS, Moreira FRR, Barra LAC, Borges LMS, Medeiros LA,
Tomishige MYS, Moutinho T, da Silva AJD, Rodrigues CCM, de Azevedo
LCF, Villas-Boas LS, da Silva CAM, Coletti TM, Manuli ER, O’toole A, Quick
J, Loman N, Rambaut A, Faria NR, Figueiredo-Mello C, Sabino EC. 2022.
Shotgun metagenomic sequencing of the first case of monkeypox virus
in Brazil, 2022. Rev Inst Med Trop Sao Paulo 64:e48. https://doi.org/10
.1590/S1678-9946202264048.

94. Antinori A, Mazzotta V, Vita S, Carletti F, Tacconi D, Lapini LE, D’Abramo
A, Cicalini S, Lapa D, Pittalis S, Puro V, Capparuccia MR, Giombini E,
Gruber CEM, Garbuglia AR, Marani A, Vairo F, Girardi E, Vaia F, Nicastri E.
INMI Monkeypox Group. 2022. Epidemiological, clinical and virological
characteristics of four cases of monkeypox support transmission through
sexual contact, Italy, May 2022. Eurosurveillance 27:2200421. https://doi
.org/10.2807/1560-7917.ES.2022.27.22.2200421.

95. Seang S, Burrel S, Todesco E, Leducq V, Monsel G, Le Pluart D, Cordevant
C, Pourcher V, Palich R. 2022. Evidence of human-to-dog transmission of
monkeypox virus. Lancet 400:658–659. https://doi.org/10.1016/S0140
-6736(22)01487-8.

96. O’Toole A, Neher RA, Ndodo N, Borges V, Gannon B, Gomes JP, Groves N,
King DJ, Maloney D, Lemey P, Lewandowski K, Loman N, Myers R,
Suchard MA, Worobey M, Chand M, Ihekweazu C, Ulaeto D, Adetifa I,
Rambaut A. 2023. Putative APOBEC3 deaminase editing in MXPV as evi-
dence for sustained human transmission since at least 2016. bioRxiv.
https://www.biorxiv.org/content/10.1101/2023.01.23.525187v1.

97. Miller S, Naccache SN, Samayoa E, Messacar K, Arevalo S, Federman S,
Stryke D, Pham E, Fung B, Bolosky WJ, Ingebrigtsen D, Lorizio W, Paff SM,
Leake JA, Pesano R, DeBiasi R, Dominguez S, Chiu CY. 2019. Laboratory
validation of a clinical metagenomic sequencing assay for pathogen

detection in cerebrospinal fluid. Genome Res 29:831–842. https://doi
.org/10.1101/gr.238170.118.

98. Haile S, Nikiforuk AM, Pandoh PK, Twa DDW, Smailus DE, Nguyen J,
Pleasance S, Wong A, Zhao Y, Eisler D, Moksa M, Cao Q, Wong M, Su E,
Krzywinski M, Nelson J, Mungall AJ, Tsang F, Prentice LM, Jassem A,
Manges AR, Jones SJM, Coope RJ, Prystajecky N, Marra MA, Krajden M,
Hirst M. 2022. Optimization of magnetic bead-based nucleic acid extrac-
tion for SARS-CoV-2 testing using readily available reagents. J Virol
Methods 299:114339. https://doi.org/10.1016/j.jviromet.2021.114339.

99. Lázaro-Perona F, Rodriguez-Antolín C, Alguacil-Guillén M, Gutiérrez-
Arroyo A, Mingorance J, García-Rodriguez J. SARS-CoV-2 Working Group.
2021. Evaluation of two automated low-cost RNA extraction protocols
for SARS-CoV-2 detection. PLoS One 16:e0246302. https://doi.org/10
.1371/journal.pone.0246302.

100. Simner PJ, Miller HB, Breitwieser FP, Pinilla Monsalve G, Pardo CA, Salzberg
SL, Sears CL, Thomas DL, Eberhart CG, Carroll KC. 2018. Development and
optimization of metagenomic next-generation sequencing methods for
cerebrospinal fluid diagnostics. J Clin Microbiol 56:472–490. https://doi.org/
10.1128/JCM.00472-18.

101. Edridge AWD, Deijs M, van Zeggeren IE, Kinsella CM, Jebbink MF, Bakker M,
van de Beek D, Brouwer MC, van der Hoek L. 2019. Viral metagenomics on
cerebrospinal fluid. Genes 10:332. https://doi.org/10.3390/genes10050332.

102. Phan MVT, Agoti CN, Munywoki PK, Otieno GP, Ngama M, Kellam P,
Cotten M, Nokes DJ. 2022. Identification of missed viruses by metage-
nomic sequencing of clinical respiratory samples from Kenya. Sci Rep 12:
202–211. https://doi.org/10.1038/s41598-021-03987-1.

103. Reyes GR, Kim JP. 1991. Sequence-independent, single-primer amplifica-
tion (SISPA) of complex DNA populations. Mol Cell Probes 5:473–481.
https://doi.org/10.1016/s0890-8508(05)80020-9.

104. Goya S, Valinotto LE, Tittarelli E, Rojo GL, Nabaes Jodar MS, Greninger
AL, Zaiat JJ, Marti MA, Mistchenko AS, Viegas M. 2018. An optimized
methodology for whole genome sequencing of RNA respiratory viruses
from nasopharyngeal aspirates. PLoS One 13:e0199714. https://doi.org/
10.1371/journal.pone.0199714.

105. Chrzastek K, Tennakoon C, Bialy D, Freimanis G, Flannery J, Shelton H.
2022. A random priming amplification method for whole genome
sequencing of SARS-CoV-2 virus. BMC Genomics 23:406. https://doi.org/
10.1186/s12864-022-08563-z.

106. Chrzastek K, Hun LD, Smith D, Sharma P, Suarez DL, Pantin-Jackwood M,
Kapczynski DR. 2017. Use of sequence-independent, single-primer-
amplification (SISPA) for rapid detection, identification, and characteri-
zation of avian RNA viruses. Virology 509:159–166. https://doi.org/10
.1016/j.virol.2017.06.019.

107. Claro IM, Ramundo MS, Coletti TM, da Silva CAM, Valenca IN, Candido
DS, Sales FCS, Manuli ER, de Jesus JG, de Paula A, Felix AC, Dos P,
Andrade S, Pinho MC, Souza WM, Amorim MR, Luiz Proenca-Modena J,
Kallas EG, Levi JE, Rodrigues FN, Sabino EC, Loman NJ, Quick J,
Cunningham-Oakes E. 2021. Rapid viral metagenomics using SMART-9N
amplification and nanopore sequencing. Wellcome Open Res 6:241.
https://doi.org/10.12688/wellcomeopenres.17170.1.

108. Young KT, Lahmers KK, Sellers HS, Stallknecht DE, Poulson RL, Saliki JT,
Tompkins SM, Padykula I, Siepker C, Howerth EW, Todd M, Stanton JB.
2021. Randomly primed, strand-switching, MinION-based sequencing
for the detection and characterization of cultured RNA viruses. J Vet
Diagn Invest 33:202–215. https://doi.org/10.1177/1040638720981019.

109. Endoh D, Mizutani T, Kirisawa R, Maki Y, Saito H, Kon Y, Morikawa S,
Hayashi M. 2005. Species-independent detection of RNA virus by repre-
sentational difference analysis using non-ribosomal hexanucleotides for
reverse transcription. Nucleic Acids Res 33:e65. https://doi.org/10.1093/
nar/gni064.

110. Nguyen AT, Tran TT, Hoang VMT, Nghiem NM, Le NNT, Le TTM, Phan QT,
Truong KH, Le NNT, Ho VL, Do VC, Ha TM, Nguyen HT, Nguyen CVV,
Thwaites G, van Doorn HR, van Le T. 2016. Development and evaluation
of a non-ribosomal random PCR and next-generation sequencing based
assay for detection and sequencing of hand, foot and mouth disease
pathogens. Virol J 13:125. https://doi.org/10.1186/s12985-016-0580-9.

111. Arnaud O, Kato S, Poulain S, Plessy C. 2016. Targeted reduction of highly
abundant transcripts using pseudo-random primers. Biotechniques 60:
169–174. https://doi.org/10.2144/000114400.

112. Zhang Y, Zhang C, Li B, Li Y, Zhou HX, Li A, Wu W, Duan SX, Qiu FZ,
Wang J, Shen XX, Yang MJ, Li DX, Ma XJ. 2018. VSITA, an improved
approach of target amplification in the identification of viral pathogens.
Biomed Environ Sci 31:272–279.

Agnostic Viral Detection Clinical Microbiology Reviews

March 2023 Volume 36 Issue 1 10.1128/cmr.00119-22 21

https://doi.org/10.1016/j.jviromet.2013.07.001
https://doi.org/10.1016/j.jviromet.2013.07.001
https://doi.org/10.1016/j.tibtech.2019.09.009
https://doi.org/10.1016/j.tibtech.2019.09.009
https://doi.org/10.1016/j.humimm.2021.03.011
https://doi.org/10.1016/j.humimm.2021.03.011
https://doi.org/10.1128/JCM.00957-17
https://doi.org/10.1371/journal.pone.0163175
https://doi.org/10.1371/journal.pone.0163175
https://doi.org/10.1128/JCM.02127-19
https://doi.org/10.1056/NEJMoa2207323
https://doi.org/10.1056/NEJMoa2207323
https://doi.org/10.1016/j.tmaid.2022.102425
https://doi.org/10.1016/j.tmaid.2022.102425
https://doi.org/10.1016/j.tmaid.2022.102459
https://doi.org/10.1016/j.tmaid.2022.102459
https://doi.org/10.1016/j.jviromet.2010.07.012
https://doi.org/10.1016/j.jviromet.2010.07.012
https://doi.org/10.1590/S1678-9946202264048
https://doi.org/10.1590/S1678-9946202264048
https://doi.org/10.2807/1560-7917.ES.2022.27.22.2200421
https://doi.org/10.2807/1560-7917.ES.2022.27.22.2200421
https://doi.org/10.1016/S0140-6736(22)01487-8
https://doi.org/10.1016/S0140-6736(22)01487-8
https://www.biorxiv.org/content/10.1101/2023.01.23.525187v1
https://doi.org/10.1101/gr.238170.118
https://doi.org/10.1101/gr.238170.118
https://doi.org/10.1016/j.jviromet.2021.114339
https://doi.org/10.1371/journal.pone.0246302
https://doi.org/10.1371/journal.pone.0246302
https://doi.org/10.1128/JCM.00472-18
https://doi.org/10.1128/JCM.00472-18
https://doi.org/10.3390/genes10050332
https://doi.org/10.1038/s41598-021-03987-1
https://doi.org/10.1016/s0890-8508(05)80020-9
https://doi.org/10.1371/journal.pone.0199714
https://doi.org/10.1371/journal.pone.0199714
https://doi.org/10.1186/s12864-022-08563-z
https://doi.org/10.1186/s12864-022-08563-z
https://doi.org/10.1016/j.virol.2017.06.019
https://doi.org/10.1016/j.virol.2017.06.019
https://doi.org/10.12688/wellcomeopenres.17170.1
https://doi.org/10.1177/1040638720981019
https://doi.org/10.1093/nar/gni064
https://doi.org/10.1093/nar/gni064
https://doi.org/10.1186/s12985-016-0580-9
https://doi.org/10.2144/000114400
https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00119-22


113. Van Tan L, Thi Thu Hong N, My Ngoc N, Tan Thanh T, Thanh Lam V, Anh
Nguyet L, Nguyen Truc Nhu L, Thi Ha Ny N, Ngoc Quang Minh N,
Nguyen Huy Man D, Thi Ty Hang V, Nguyen Quoc Khanh P, Chanh Xuan
T, Thanh Phong N, Nguyen Hoang Tu T, Tinh Hien T, Manh Hung L,
Thanh Truong N, Min Yen L, Thanh Dung N, Thwaites G, Van Vinh Chau
N. OUCRU COVID-19 Research Group. 2020. SARS-CoV-2 and co-infec-
tions detection in nasopharyngeal throat swabs of COVID-19 patients
by metagenomics. J Infect 81:e175–e177. https://doi.org/10.1016/j.jinf
.2020.06.033.

114. de Vries M, Deijs M, Canuti M, van Schaik BDC, Faria NR, van de Garde
MDB, Jachimowski LCM, Jebbink MF, Jakobs M, Luyf ACM, Coenjaerts
FEJ, Claas ECJ, Molenkamp R, Koekkoek SM, Lammens C, Leus F,
Goossens H, Ieven M, Baas F, van der Hoek L. 2011. A sensitive assay for
virus discovery in respiratory clinical samples. PLoS One 6:e16118.
https://doi.org/10.1371/journal.pone.0016118.

115. Deng X, Achari A, Federman S, Yu G, Somasekar S, Bártolo I, Yagi S,
Mbala-Kingebeni P, Kapetshi J, Ahuka-Mundeke S, Muyembe-Tamfum
JJ, Ahmed AA, Ganesh V, Tamhankar M, Patterson JL, Ndembi N, Mbanya
D, Kaptue L, McArthur C, Muñoz-Medina JE, Gonzalez-Bonilla CR, López
S, Arias CF, Arevalo S, Miller S, Stone M, Busch M, Hsieh K, Messenger S,
Wadford DA, Rodgers M, Cloherty G, Faria NR, Thézé J, Pybus OG, Neto
Z, Morais J, Taveira NR, Hackett J, Chiu CY. 2020. Metagenomic sequenc-
ing with spiked primer enrichment for viral diagnostics and genomic
surveillance. Nat Microbiol 5:443–454. https://doi.org/10.1038/s41564
-019-0637-9.

116. Briese T, Kapoor A, Mishra N, Jain K, Kumar A, Jabado OJ, Lipkin WI. 2015.
Virome capture sequencing enables sensitive viral diagnosis and compre-
hensive virome analysis. mBio 6. https://doi.org/10.1128/mBio.01491-15.

117. Carbo EC, Buddingh EP, Karelioti E, Sidorov IA, Feltkamp MCW, von Dem
Borne PA, Verschuuren JJGM, Kroes ACM, Claas ECJ, de Vries JJC. 2020.
Improved diagnosis of viral encephalitis in adult and pediatric hemato-
logical patients using viral metagenomics. J Clin Virol 130:104566.
https://doi.org/10.1016/j.jcv.2020.104566.

118. Williams SH, Cordey S, Bhuva N, Laubscher F, Hartley M-A, Boillat-Blanco N,
Mbarack Z, Samaka J, Mlaganile T, Jain K, d’Acremont V, Kaiser L, Lipkin WI.
2018. Investigation of the plasma virome from cases of unexplained febrile
illness in Tanzania from 2013 to 2014: a comparative analysis between
unbiased and VirCapSeq-VERT high-throughput sequencing approaches.
mSphere 3. https://doi.org/10.1128/mSphere.00311-18.

119. Gu W, Crawford ED, O’Donovan BD, Wilson MR, Chow ED, Retallack H,
DeRisi JL. 2016. Depletion of abundant sequences by hybridization
(DASH): using Cas9 to remove unwanted high-abundance species in
sequencing libraries and molecular counting applications. Genome Biol
17:41. https://doi.org/10.1186/s13059-016-0904-5.

120. Chan AP, Siddique A, Desplat Y, Choi Y, Ranganathan S, Choudhary KS, Diaz
J, Bezney J, DeAscanis D, George Z, Wong S, Selleck W, Bowers J, Zismann
V, Reining L, Highlander S, Hakak Y, Brown K, Armstrong JR, Schork NJ.
2022. A universal day zero infectious disease testing strategy leveraging
CRISPR-based sample depletion and metagenomic sequencing. medRxiv.
https://www.medrxiv.org/content/10.1101/2022.05.12.22274799v1.

121. Martin S, Heavens D, Lan Y, Horsfield S, Clark MD, Leggett RM. 2022.
Nanopore adaptive sampling: a tool for enrichment of low abundance
species in metagenomic samples. Genome Biol 23:11. https://doi.org/10
.1186/s13059-021-02582-x.

122. Wood DE, Lu J, Langmead B. 2019. Improved metagenomic analysis
with Kraken 2. Genome Biol 20:257. https://doi.org/10.1186/s13059-019
-1891-0.

123. Kim D, Song L, Breitwieser FP, Salzberg SL. 2016. Centrifuge: rapid and
sensitive classification of metagenomic sequences. Genome Res 26:
1721–1729. https://doi.org/10.1101/gr.210641.116.

124. Naccache SN, Federman S, Veeraraghavan N, Zaharia M, Lee D, Samayoa E,
Bouquet J, Greninger AL, Luk KC, Enge B, Wadford DA, Messenger SL,
Genrich GL, Pellegrino K, Grard G, Leroy E, Schneider BS, Fair JN, Martínez
MA, Isa P, Crump JA, DeRisi JL, Sittler T, Hackett J, Miller S, Chiu CY. 2014. A
cloud-compatible bioinformatics pipeline for ultrarapid pathogen identifi-
cation from next-generation sequencing of clinical samples. Genome Res
24:1180–1192. https://doi.org/10.1101/gr.171934.113.

125. Sardi SI, Somasekar S, Naccache SN, Bandeira AC, Tauro LB, Campos GS,
Chiu CY. 2016. Coinfections of Zika and Chikungunya viruses in Bahia,
Brazil, identified by metagenomic next-generation sequencing. J Clin
Microbiol 54:2348–2353. https://doi.org/10.1128/JCM.00877-16.

126. Kalantar KL, Carvalho T, de Bourcy CFA, Dimitrov B, Dingle G, Egger R,
Han J, Holmes OB, Juan YF, King R, Kislyuk A, Lin MF, Mariano M, Morse
T, Reynoso LV, Cruz DR, Sheu J, Tang J, Wang J, Zhang MA, Zhong E,

Ahyong V, Lay S, Chea S, Bohl JA, Manning JE, Tato CM, DeRisi JL. 2020.
IDseq—an open source cloud-based pipeline and analysis service for
metagenomic pathogen detection and monitoring. Gigascience 9:
giaa111. https://doi.org/10.1093/gigascience/giaa111.

127. Kim KW, Deveson IW, Pang CNI, Yeang M, Naing Z, Adikari T, Hammond
JM, Stevanovski I, Beukers AG, Verich A, Yin S, McFarlane D, Wilkins MR,
Stelzer-Braid S, Bull RA, Craig ME, van Hal SJ, Rawlinson WD. 2021. Respi-
ratory viral co-infections among SARS-CoV-2 cases confirmed by virome
capture sequencing. Sci Rep 11:3934. https://doi.org/10.1038/s41598
-021-83642-x.

128. Fan J, Huang S, Chorlton SD. 2021. BugSeq: a highly accurate cloud plat-
form for long-read metagenomic analyses. BMC Bioinformatics 22:160.
https://doi.org/10.1186/s12859-021-04089-5.

129. Chandrakumar I, Gauthier NPG, Nelson C, Bonsall MB, Locher K, Charles
M, MacDonald C, Krajden M, Manges AR, Chorlton SD. 2022. BugSplit
enables genome-resolved metagenomics through highly accurate taxo-
nomic binning of metagenomic assemblies. Commun Biol 5:151. https://
doi.org/10.1038/s42003-022-03114-4.

130. Sichtig H, Minogue T, Yan Y, Stefan C, Hall A, Tallon L, Sadzewicz L,
Nadendla S, Klimke W, Hatcher E, Shumway M, Aldea DL, Allen J, Koehler
J, Slezak T, Lovell S, Schoepp R, Scherf U. 2019. FDA-ARGOS is a database
with public quality-controlled reference genomes for diagnostic use
and regulatory science. Nat Commun 10. https://doi.org/10.1038/
s41467-019-11306-6.

131. Junier T, Huber M, Schmutz S, Kufner V, Zagordi O, Neuenschwander S,
Ramette A, Kubacki J, Bachofen C, Qi W, Laubscher F, Cordey S, Kaiser L,
Beuret C, Barbié V, Fellay J, Lebrand A. 2019. Viral metagenomics in the
clinical realm: lessons learned from a Swiss-wide ring trial. Genes 10:655.
https://doi.org/10.3390/genes10090655.

132. Govender KN, Street TL, Sanderson ND, Eyre DW. 2021. Metagenomic
sequencing as a pathogen-agnostic clinical diagnostic tool for infectious
diseases: a systematic review and meta-analysis of diagnostic test accu-
racy studies. J Clin Microbiol 59:e0291620. https://doi.org/10.1128/JCM
.02916-20.

133. Bwire GM, Majigo MV, Njiro BJ, Mawazo A. 2021. Detection profile of
SARS-CoV-2 using RT-PCR in different types of clinical specimens: a sys-
tematic review and meta-analysis. J Med Virol 93:719–725. https://doi
.org/10.1002/jmv.26349.

134. Perchetti GA, Nalla AK, Huang ML, Zhu H, Wei Y, Stensland L, Loprieno
MA, Jerome KR, Greninger AL. 2020. Validation of SARS-CoV-2 detection
across multiple specimen types. J Clin Virol 128:104438. https://doi.org/
10.1016/j.jcv.2020.104438.

135. Lessler J, Reich NG, Brookmeyer R, Perl TM, Nelson KE, Cummings DA.
2009. Incubation periods of acute respiratory viral infections: a system-
atic review. Lancet Infect Dis 9:291–300. https://doi.org/10.1016/S1473
-3099(09)70069-6.

136. Smith-Jeffcoat SE, Koh M, Hoffman A, Rebolledo PA, Schechter MC,
Miller HK, Sleweon S, Rossetti R, Kasinathan V, Shragai T, O’Laughlin K,
Espinosa CC, Khalil GM, Adeyemo ASO, Moorman A, Bauman BL, Joseph
K, O’Hegarty M, Kamal N, Atallah H, Moore BL, Bohannon CD, Bankamp
B, Hartloge C, Bowen MD, Paulick A, Gargis AS, Elkins C, Stewart RJ, da
Silva J, Biedron C, Tate JE, Wang YF, Kirking HL. CDC COVID-19 Response
Team. 2021. Effects of patient characteristics on diagnostic performance
of self-collected samples for SARS-CoV-2 testing. Emerg Infect Dis 27:
2081–2089. https://doi.org/10.3201/eid2708.210667.

137. Xu Y, Lewandowski K, Lumley S, Pullan S, Vipond R, Carroll M, Foster D,
Matthews PC, Peto T, Crook D. 2018. Detection of viral pathogens with
multiplex nanopore MinION sequencing: be careful with cross-Talk.
Front Microbiol 9. https://doi.org/10.3389/fmicb.2018.02225.

138. Pérot P, Bigot T, Temmam S, Regnault B, Eloit M. 2022. Microseek: a pro-
tein-based metagenomic pipeline for virus diagnostic and discovery.
Viruses 14:1990. https://doi.org/10.3390/v14091990.

139. Chen J, Huang J, Sun Y. 2019. TAR-VIR: a pipeline for TARgeted VIRal
strain reconstruction from metagenomic data. BMC Bioinformatics 20:
305. https://doi.org/10.1186/s12859-019-2878-2.

140. Xu Y, Yang-Turner F, Volk D, Crook D. 2020. NanoSPC: a scalable, porta-
ble, cloud compatible viral nanopore metagenomic data processing
pipeline. Nucleic Acids Res 48:W366–W371. https://doi.org/10.1093/nar/
gkaa413.

141. Bzhalava Z, Tampuu A, Bała P, Vicente R, Dillner J. 2018. Machine learn-
ing for detection of viral sequences in human metagenomic datasets.
BMC Bioinformatics 19:336. https://doi.org/10.1186/s12859-018-2340-x.

Agnostic Viral Detection Clinical Microbiology Reviews

March 2023 Volume 36 Issue 1 10.1128/cmr.00119-22 22

https://doi.org/10.1016/j.jinf.2020.06.033
https://doi.org/10.1016/j.jinf.2020.06.033
https://doi.org/10.1371/journal.pone.0016118
https://doi.org/10.1038/s41564-019-0637-9
https://doi.org/10.1038/s41564-019-0637-9
https://doi.org/10.1128/mBio.01491-15
https://doi.org/10.1016/j.jcv.2020.104566
https://doi.org/10.1128/mSphere.00311-18
https://doi.org/10.1186/s13059-016-0904-5
https://www.medrxiv.org/content/10.1101/2022.05.12.22274799v1
https://doi.org/10.1186/s13059-021-02582-x
https://doi.org/10.1186/s13059-021-02582-x
https://doi.org/10.1186/s13059-019-1891-0
https://doi.org/10.1186/s13059-019-1891-0
https://doi.org/10.1101/gr.210641.116
https://doi.org/10.1101/gr.171934.113
https://doi.org/10.1128/JCM.00877-16
https://doi.org/10.1093/gigascience/giaa111
https://doi.org/10.1038/s41598-021-83642-x
https://doi.org/10.1038/s41598-021-83642-x
https://doi.org/10.1186/s12859-021-04089-5
https://doi.org/10.1038/s42003-022-03114-4
https://doi.org/10.1038/s42003-022-03114-4
https://doi.org/10.1038/s41467-019-11306-6
https://doi.org/10.1038/s41467-019-11306-6
https://doi.org/10.3390/genes10090655
https://doi.org/10.1128/JCM.02916-20
https://doi.org/10.1128/JCM.02916-20
https://doi.org/10.1002/jmv.26349
https://doi.org/10.1002/jmv.26349
https://doi.org/10.1016/j.jcv.2020.104438
https://doi.org/10.1016/j.jcv.2020.104438
https://doi.org/10.1016/S1473-3099(09)70069-6
https://doi.org/10.1016/S1473-3099(09)70069-6
https://doi.org/10.3201/eid2708.210667
https://doi.org/10.3389/fmicb.2018.02225
https://doi.org/10.3390/v14091990
https://doi.org/10.1186/s12859-019-2878-2
https://doi.org/10.1093/nar/gkaa413
https://doi.org/10.1093/nar/gkaa413
https://doi.org/10.1186/s12859-018-2340-x
https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00119-22


142. Shang J, Sun Y. 2021. CHEER: hierarCHical taxonomic classification for vi-
ral mEtagEnomic data via deep leaRning. Methods 189:95–103. https://
doi.org/10.1016/j.ymeth.2020.05.018.

143. Rampelli S, Soverini M, Turroni S, Quercia S, Biagi E, Brigidi P, Candela M.
2016. ViromeScan: a new tool for metagenomic viral community profil-
ing. BMC Genomics 17:165. https://doi.org/10.1186/s12864-016-2446-3.

144. de Vries JJC, Brown JR, Fischer N, Sidorov IA, Morfopoulou S, Huang J,
Munnink BBO, Sayiner A, Bulgurcu A, Rodriguez C, Gricourt G, Keyaerts
E, Beller L, Bachofen C, Kubacki J, Samuel C, Florian L, Dennis S, Beer M,
Hoeper D, Huber M, Kufner V, Zaheri M, Lebrand A, Papa A, van
Boheemen S, Kroes ACM, Breuer J, Lopez-Labrador FX, Claas ECJ. 2021.
Benchmark of thirteen bioinformatic pipelines for metagenomic virus
diagnostics using datasets from clinical samples. J Clin Virol 141:104908.
https://doi.org/10.1016/j.jcv.2021.104908.

145. de Vries JJC, Brown JR, Couto N, Beer M, Le Mercier P, Sidorov I, Papa A,
Fischer N, Oude Munnink BB, Rodriquez C, Zaheri M, Sayiner A,
Hönemann M, Cataluna AP, Carbo EC, Bachofen C, Kubacki J, Schmitz D,
Tsioka K, Matamoros S, Höper D, Hernandez M, Puchhammer-Stöckl E,
Lebrand A, Huber M, Simmonds P, Claas ECJ, López-Labrador FX. ESCV
Network on Next-Generation Sequencing. 2021. Recommendations for
the introduction of metagenomic next-generation sequencing in clinical
virology, part II: bioinformatic analysis and reporting. J Clin Virol 138:
104812. https://doi.org/10.1016/j.jcv.2021.104812.

146. FDA Center for Devices and Radiological Health. 2016. Infectious disease
next generation sequencing based diagnostic devices: microbial identi-
fication and detection of antimicrobial resistance and virulence markers;
draft guidance for industry and Food and Drug Administration staff. U.S.
FDA CDRH, Rockville, MD.

147. Langelier C, Kalantar KL, Moazed F, Wilson MR, Crawford ED, Deiss T,
Belzer A, Bolourchi S, Caldera S, Fung M, Jauregui A, Malcolm K, Lyden A,
Khan L, Vessel K, Quan J, Zinter M, Chiu CY, Chow ED, Wilson J, Miller S,
Matthay MA, Pollard KS, Christenson S, Calfee CS, DeRisi JL. 2018. Inte-
grating host response and unbiased microbe detection for lower respi-
ratory tract infection diagnosis in critically ill adults. Proc Natl Acad Sci
U S A 115:E12353–E12362. https://doi.org/10.1073/pnas.1809700115.

148. Schlaberg R, Chiu CY, Miller S, Procop GW, Weinstock G. Professional Prac-
tice Committee and Committee on Laboratory Practices of the American
Society for Microbiology, Microbiology Resource Committee of the Col-
lege of American Pathologists. 2017. Validation of metagenomic next-
generation sequencing tests for universal pathogen detection. Arch
Pathol Lab Med 141:776–786. https://doi.org/10.5858/arpa.2016-0539-RA.

149. Burd EM. 2010. Validation of laboratory-developed molecular assays for
infectious diseases. Clin Microbiol Rev 23:550–576. https://doi.org/10
.1128/CMR.00074-09.

150. Borysiak MD, Thompson MJ, Posner JD. 2016. Translating diagnostic
assays from the laboratory to the clinic: analytical and clinical metrics for
device development and evaluation. Lab Chip 16:1293–1313. https://doi
.org/10.1039/c6lc00015k.

151. Biswas B. 2016. Clinical performance evaluation of molecular diagnostic
tests. J Mol Diagn 18:803–812. https://doi.org/10.1016/j.jmoldx.2016.06
.008.

152. López-Labrador FX, Brown JR, Fischer N, Harvala H, Van Boheemen S,
Cinek O, Sayiner A, Madsen TV, Auvinen E, Kufner V, Huber M, Rodriguez
C, Jonges M, Hönemann M, Susi P, Sousa H, Klapper PE, Pérez-Catalu�na
A, Hernandez M, Molenkamp R, der Hoek LV, Schuurman R, Couto N,
Leuzinger K, Simmonds P, Beer M, Höper D, Kamminga S, Feltkamp
MCW, Rodríguez-Díaz J, Keyaerts E, Nielsen XC, Puchhammer-Stöckl E,
Kroes ACM, Buesa J, Breuer J, Claas ECJ, de Vries JJC. ESCV Network on
Next-Generation Sequencing. 2021. Recommendations for the introduc-
tion of metagenomic high-throughput sequencing in clinical virology,
part I: wet lab procedure. J Clin Virol 134:104691. https://doi.org/10
.1016/j.jcv.2020.104691.

153. National Human Genome Resource Institute. 2022. The cost of sequenc-
ing a human genome. https://www.genome.gov/about-genomics/fact
-sheets/Sequencing-Human-Genome-cost. Accessed 6 October 2022.

154. Quan PL, Wagner TA, Briese T, Torgerson TR, Hornig M, Tashmukhamedova
A, Firth C, Palacios G, Baisre-de-Leon A, Paddock CD, Hutchison SK, Egholm
M, Zaki SR, Goldman JE, Ochs HD, Lipkin WI. 2010. Astrovirus encephalitis in
boy with X-linked agammaglobulinemia. Emerg Infect Dis 16:918–925.
https://doi.org/10.3201/eid1606.091536.

Nick P. G. Gauthier, B.Sc., is a Ph.D. candidate
in the Department of Microbiology and Im-
munology at the University of British Columbia.
He previously obtained his B.Sc. from the
Department of Biological Sciences at Simon
Fraser University. His current areas of research
include the role of the respiratory microbiome
on the development and severity of viral infec-
tion and the development of next-generation
sequencing-based diagnostic tools for the
detection and characterization of respiratory
pathogens.

Samuel D. Chorlton, M.D. D(ABMM), is a
board-certified medical microbiologist and
CEO of BugSeq Bioinformatics Inc., a clinical
microbiology bioinformatics company. His
research focuses on the translation of next-
generation sequencing and bioinformatic
tools for infectious disease diagnosis and
surveillance.

Mel Krajden, M.D. FRCPC, is the former
medical director of the BC Center for Disease
Control Public Health Laboratory and a
professor in the Department of Pathology
and Laboratory Medicine at the University
of British Columbia. His research interests
involve the application of molecular tech-
niques to monitor antiviral efficacy and
track microbial infections for epidemiological
purposes.

Amee R. Manges, Ph.D. M.P.H., is a professor
and molecular epidemiologist at the Uni-
versity of British Columbia, School of Popu-
lation and Public Health, and supervises a
research laboratory at the British Columbia
Centre for Disease Control. Her current re-
search focuses on whole metagenome seque-
ncing for clinical and public health applications
andmicrobiome-based therapeutics.

Agnostic Viral Detection Clinical Microbiology Reviews

March 2023 Volume 36 Issue 1 10.1128/cmr.00119-22 23

https://doi.org/10.1016/j.ymeth.2020.05.018
https://doi.org/10.1016/j.ymeth.2020.05.018
https://doi.org/10.1186/s12864-016-2446-3
https://doi.org/10.1016/j.jcv.2021.104908
https://doi.org/10.1016/j.jcv.2021.104812
https://doi.org/10.1073/pnas.1809700115
https://doi.org/10.5858/arpa.2016-0539-RA
https://doi.org/10.1128/CMR.00074-09
https://doi.org/10.1128/CMR.00074-09
https://doi.org/10.1039/c6lc00015k
https://doi.org/10.1039/c6lc00015k
https://doi.org/10.1016/j.jmoldx.2016.06.008
https://doi.org/10.1016/j.jmoldx.2016.06.008
https://doi.org/10.1016/j.jcv.2020.104691
https://doi.org/10.1016/j.jcv.2020.104691
https://www.genome.gov/about-genomics/fact-sheets/Sequencing-Human-Genome-cost
https://www.genome.gov/about-genomics/fact-sheets/Sequencing-Human-Genome-cost
https://doi.org/10.3201/eid1606.091536
https://journals.asm.org/journal/cmr
https://doi.org/10.1128/cmr.00119-22

	INTRODUCTION
	MOLECULAR DIAGNOSIS OF VIRAL INFECTIONS
	History of Viral Diagnostics
	Nucleic Acid Amplification Tests for Viral Diagnostics
	Next-Generation Sequencing-Based Diagnostic and Surveillance Strategies

	NEXT-GENERATION SEQUENCING IN THE CLINICAL AND PUBLIC HEALTH LABORATORY
	NGS Platforms: Advantages and Disadvantages
	Targeted versus Nontargeted Sequencing
	NGS in the Clinical and Public Health Laboratory: Success Stories

	VIRAL METAGENOMIC SEQUENCING AND ANALYSIS TECHNIQUES
	Advances in Sample Processing and Library Preparation
	Advances in Data Analysis

	VIRAL METAGENOMICS: CHALLENGES TO WIDESPREAD ADOPTION
	Concerns Regarding Test Performance
	Cost Considerations and Laboratory Workflow
	Data Analysis and Privacy
	Regulatory Approval

	PATHOGEN-AGNOSTIC DIAGNOSTICS: FUTURE OUTLOOK
	ACKNOWLEDGMENTS
	REFERENCES

