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� The applications of mNGS for LRIs
span a wide range of areas including
LRI diagnosis, airway microbiome
analyses, human host response
analyses, and prediction of drug
resistance.

� The workflow of mNGS used in
clinical practice involves the wet-lab
pipeline and dry-lab pipeline, the
complex workflow poses challenges
for its extensive use.

� mNGS will become an important tool
in the field of infectious disease
diagnosis in the next decade.
g r a p h i c a l a b s t r a c t

The typical workflow of mNGS in clinical laboratory.
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Background: Metagenomic next-generation sequencing (mNGS) has changed the diagnosis landscape of
lower respiratory tract infections (LRIs). With the development of newer sequencing assays, it is now pos-
sible to assess all microorganisms in a sample using a single mNGS analysis. The applications of mNGS for
LRIs span a wide range of areas including LRI diagnosis, airway microbiome analyses, human host
response analyses, and prediction of drug resistance. mNGS is currently in an exciting transitional period;
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however, before implementation in a clinical setting, there are several barriers to overcome, such as the
depletion of human nucleic acid, discrimination between colonization and infection, high costs, and so
on.
Aim of Review: In this review, we summarize the potential applications and challenges of mNGS in the

diagnosis of LRIs to promote the integration of mNGS into the management of patients with respiratory
tract infections in a clinical setting.
Key Scientific Concepts of Review: Once its analytical validation, clinical validation and clinical utility

been demonstrated, mNGS will become an important tool in the field of infectious disease diagnosis.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Lower respiratory tract infection (LRI), including community-
acquired pneumonia (CAP), hospital-acquired pneumonia, bronchi-
tis, bronchiolitis, and tracheitis, is the fifth-leading cause of death,
which has been reported to cause 2.74 million deaths (95% uncer-
tainty interval 2.50 million to 2.86 million) in 2015 [1]. LRIs are
caused by a wide array of pathogens, such as bacteria, viruses,
mycoplasma, and fungi, all of which present indistinguishable clin-
ical presentations. The etiologies of up to 62% of CAP remain undi-
agnosed despite comprehensive diagnostic work-up [2]. Without a
definitive microbiological diagnosis, patients with severe LRIs are
often treated with empirical broad-spectrum antibiotics to relieve
their symptoms during the initial treatment [3]. Clinicians should
adjust or stop such empirical treatment once pathogens are identi-
fied. However, such therapies are often continued if the patient is
responding well or if no contributory pathogens have been
detected, which leads to the abuse of broad-spectrum antibiotics.
Furthermore, in the absence of a microbial etiology, clinicians
may mistakenly classify the symptoms into a noninfectious inflam-
matory condition and prescribe empiric corticosteroids for treat-
ment, which may result in reinfection [4].

Rapid and accurate identification of pathogens enables tailored
treatments, reduces the abuse of broad-spectrum antibiotics, and
prompts the eventual recovery of patients. Culture, as the gold
standard for microbiological identification, is time-consuming
with low sensitivity, especially for fastidious organisms [5,6].
Although culture-independent techniques, such as immunological
assays and nucleic acid testing using PCR, are rapid and accurate,
they require prior knowledge or assumptions regarding the types
of pathogenic microorganisms. Metagenomic next-generation
sequencing (mNGS) may serve as a new tool to overcome the
shortcomings of conventional diagnostic methods. The chief
advantage of mNGS lies in its unbiased sampling, which enables
the simultaneous identification of all potentially infectious agents
in samples and avoids defining the targets for diagnosis before-
hand [7]. Therefore, it has obvious advantages in the diagnosis of
unexplained and co-infectious LRIs.

mNGS is a useful technique to detect novel or rare microorgan-
isms and is also efficient in improving the analytical sensitivity for
the identification of fastidious microorganisms and diagnosis of
pulmonary co-infections. The outcomes of mNGS are less likely
influenced by prior antibiotic expose than culture-dependent
methods [8]. In addition to pathogen identification, mNGS also
provides additional genomic information necessary for airway
microbiome analyses, human host response analyses, and predic-
tion of drug resistance, all of which facilitates clinical management
of patients with LRIs (Fig. 1) [3,9]. However, the biological variation
in sampling (timing of sampling, host DNA level, contamination,
etc.) and the technical variation in methodology (ununified nucleic
acid extraction methods, incomplete databases, differentiated
bioinformatics tools, and unstandardized interpretation standards)
limit its widespread use in a clinical setting. In this review, we
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illustrate the potential applications and challenges of integrating
mNGS into the management of patients with LRIs in all aspects
and provide a comprehensive understanding of mNGS for both
clinicians and researchers.
Applications of mNGS in lower respiratory infections

Diagnosis of lower respiratory tract infections

mNGS, as a culture-independent, unbiased, and hypothesis-free
approach, has emerged as a diagnostic method for respiratory tract
infections in recent years (Table 1). Current molecular tests for LRI
diagnoses are usually pathogen-specific that clinicians select rele-
vant tests according to the symptoms of patients, which poses a
challenge when novel or unexpected pathogens emerge. In con-
trast, mNGS can provide a comprehensive view of pathogens in a
given sample, which enables the detection of novel and rare causa-
tive pathogens in the diagnosis of unexplained pneumonia. For
example, in early December 2019, severe unexplained pneumonia
emerged in Wuhan, Hubei Province, China. On February 3, 2020, a
novel coronavirus (SARS-CoV-2) was identified to cause pneumo-
nia, which was determined using RNA based mNGS [10]. Compared
to the time taken to identify SARS (five months), mNGS shortened
the time taken considerably to five days for the accurate identifica-
tion of the gene sequence of the virus [10]. In addition, mNGS could
provide clues for identifying rare pathogens and reducing the delay
in the diagnosis of unexplained pneumonia. For example, humans
infected by Chlamydia psittaci could present various degrees of
severity of pneumonia, which is responsible for less than 5% of
the cases of CAP [11]. The diagnosis of C. psittaci infection is chal-
lenging in clinical, as the traditional culture-based methods are
time-consuming and have low yields, and serology tests may
cross-react with other Chlamydiaceae species. Although PCR-
based methods are more rapid, sensitive, and specific, they are only
performed if the clinicians request for the relevant tests. The wide
detection range and lack of requirement for an assumption for the
suspected causative organism make mNGS an effective tool to
diagnose C. psittaci pneumonia [12].

Conventional culture methodology has a low detection rate for
pathogens that are difficult to culture or require long culture peri-
ods. mNGS, as a culture-independent detection method, is promis-
ing for the detection of these fastidious organisms in shorter
feedback times. Miao et al. investigated a cohort of 561 patients
with acute or chronic infections to assess mNGS performance in
real-life clinical practice [8]. They demonstrated that mNGS has
50.7% sensitivity and 85.7% specificity for diagnosing infectious
diseases. Moreover, the analytical performance of mNGS outper-
formed that of the culture, especially for fastidious organisms, such
as Mycobacterium tuberculosis, viruses, anaerobes, and fungi. mNGS
has been reported to achieve 100% specificity in the evaluation of
fungi from lung biopsy tissues when compared to histopathology
methods [5,8]. M. tuberculosis (MTB) requires prolonged culture
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Fig. 1. Applications of mNGS in the area of lower respiratory tract infections.

Z. Diao, D. Han, R. Zhang et al. Journal of Advanced Research 38 (2022) 201–212
time and its detection rate is low. A recent study by Shi et al.
demonstrated that mNGS showed 47.92% sensitivity for the detec-
tion of MTB, which is consist with X-pert (45.83%) and culture
(46.81%) [13]. However, mNGS required merely three days to iden-
tify 67.23% of cases of MTB infections, whereas 49.58% of MTB
infection cases detected using conventional methods required over
90 days [13]. Currently, the average typical turnaround times
(TATs) for most mNGS platforms from specimen receipt to the final
results is 48 h [3,7,8]. Nanopore sequencing technology has been
reported to even reduce TAT to 6 h [3]. Compared with the conven-
tional culture-based methods that the average TAT of pathogen
culture is � 3 days for bacteria, 7 days for fungi, and 45 days for
mycobacteria, 2-day TAT for mNGS is acceptable for clinical labora-
tories [8,14] . mNGS improves the detection conditions for fastidi-
ous organisms, accelerates clinical decision-making process and
promotes rational antibiotic therapy.

Compared to conventional tests, mNGS has a broader spectrum
for pathogen detection in a single test, which streamlines clinical
testing for pulmonary co-infection diagnosis. A retrospective study
evaluated 55 enrolled patients with mixed pulmonary infections to
explore the analytical performance of mNGS [7]. They found that
mNGS had a higher sensitivity for diagnosing mixed pulmonary
infection than conventional tests (97.2% vs. 13.9%; P less than 0.01);
however, the specificity was lower (63.2% vs. 94.7%; P = 0.07). Babi-
ker et al. used mNGS to estimate the RNA respiratory virus infec-
tion status in 75 individuals who were examined [15]. In this
study, mNGS showed 100% concordance (n = 45, 60%) with
reverse-transcription PCR (RT-PCR) for detecting SARS-CoV-2,
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which also identified both co-infections (n = 1, 2.2%) and alterna-
tive viral infections (n = 4, 13.3%) that were missed during routine
clinical workup. A correlation was observed between SARS-CoV-2
read recovery using mNGS and the threshold cycle value obtained
using RT-PCR.

The prior use of broad-spectrum antibiotics tends to result in
‘‘false-negative” results for conventional culture methodology; in
contrast, mNGS is less influenced by prior antibiotic treatment. A
study reported that no significant difference in sensitivity was
observed between mNGS and culture in non-antibiotic-exposed
patients (43.3% vs. 36.7%; P = 0.10) [8]. However, mNGS showed
significantly higher sensitivity than that of culture (52.7% vs.
34.4%; P less than 0.01) in patients with prior antibiotic usage.
Airway microbiome analyses

The airway microbiome is the sum of microbes that coexist in
the airways of healthy subjects and patients with respiratory dis-
eases. The advent of NGS has greatly promoted the boom of micro-
biome analyses, as it has allowed sequencing to become more
accessible and time-efficient. Additionally, the development of
mNGS is the cornerstone of advances in the area of microbiome
analysis. After mapping the available sequencing information into
microbiology resource databases, mNGS can overcome the limita-
tions of targeted detection methods to characterize all microorgan-
isms within human body systems using a single test.

It has been reported that 20–50% of healthy individuals’ airways
are colonized by opportunistic pathogens, such as Streptococcus
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pneumoniae and Haemophilus influenzae [9], it is critical to establish
biomarkers of LRIs to evaluate the significance of a given microbi-
ologic finding. A previous study performed bacterial 16S ribosomal
RNA sequencing on a cohort of 52 pre-healthy adult volunteers
with influenza A/Wisconsin/67/2005 (H3N2) and 35 healthy con-
trol subjects using intranasal inoculation [16]. Compared to the
healthy control groups, influenza infection did not remodel the pha-
ryngeal microbiome, which did not lead to perturbation of the micro-
biome at the phylum or genus levels. The healthy adult participants
had robustness of the upper-airway microbiome and a strong
immune system and their oropharyngeal microbiome was not
greatly impacted by influenza. In contrast, several studies have
demonstrated the loss of diversity in LRIs in individuals with low
immunity, whichmay serve as an ecological marker of infection. Lan-
gelier et al. used RNA based mNGS to evaluate the airway microbes
in 22 individuals with acute respiratory illnesses, who were recipi-
ents of hematopoietic cell transplant [17]. They found that microbes
identified in patients with confirmed LRI pathogens showed a signif-
icantly lower Simpson’s diversity index than those without (median,
0.34 vs. 0.92, Wilcoxon rank sum P = 0.017). Another study perform-
ing mNGS for 92 acute respiratory failure patients demonstrated that
LRIs were related to reduced intra-patient a diversity and interpa-
tient b diversity of the airway microbiome [9]. Furthermore, they uti-
lized a diversity, which was assessed using RNA based mNGS to
predict LRIs and obtained a receiver-operating curve (RoC) of 0.80
(95% CI, 0.89–1.00) in the validation cohort. Although no
microbiome-based tests have performed clinically validation for the
diagnosis of disease, mNGS provides an efficient tool for airway
microbiome analyses, which is helpful for serving as a biomarker
for distinguishing infectious and non-infectious diseases.

Human host response analyses

Normally, the RNA based mNGS approach is more complex than
DNA based mNGS approach, but the former could address several
issues that cannot be tackled by the latter [18]. For example,
RNA based mNGS approach is particularly useful for identification
RNA virus which will be missed in DNA based mNGS approach
[19]. DNA-based mNGS puzzles over the differentiation between
viable and unviable bacterial cells, but RNA based mNGS has been
demonstrated useful for the identification of viable pathogens [20].

DNA based mNGS is expected to measure the number of genomes
for each species, while RNA based mNGS could provide a measure-
ment of gene expression. Thus, RNA basedmNGS not only allows tax-
onomic analysis but also provides host response assessment in a
single experiment, which serves as an auxiliary tool to differentiate
non-infectious or infectious illnesses, bacterial or viral infections in
clinical settings [21]. In individuals hospitalized with acute respira-
tory illnesses, significantly increased expression of gene sets corre-
lated with immune responses has been observed in patients with
confirmed LRI pathogens compared to those in whom definite patho-
gens have not been identified (median, 94.9 vs. 33.1, Wilcoxon rank
sum P = 0.022) [17]. Langelier et al. used RNA based mNGS to exam-
ine differential gene expression between patients with LRIs and those
without [9]. They found that the former was correlated with
increased pathways that related to innate immune responses, NF-
jb signaling, cytokine production, and the type I IFN response, while
the latter was enriched for oxidative stress responses and MHC class
II receptor signaling. Furthermore, four differentially expressed genes
(RSAD2, OAS3, CXCL2, and DUSP2) between viral and bacterial infec-
tions are identified, reflecting the different patterns in host responses
indicative of pathogen types. Previous studies reported that host
gene expression classifiers achieved 78–87% accuracy in distinguish-
ing bacterial or viral respiratory infections [21]. Patients with bacte-
rial LRIs usually display significantly greater overexpression of
inflammation and neutrophil genes, whereas genes overexpressed
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in viral infections correlated with antiviral immune processes, for
example, interferon genes. Making the best use of auxiliary genomic
information from mNGS for human host response analyses provides
a new perspective and approach to comprehensively characterize
infection status.

Prediction of drug resistance

Providing only the pathogen identification results is far from
satisfactory, it is necessary to detect clinically relevant antibiotic
resistance genes (ARGs) and further predict pathogen resistance
to guide patient management. Currently, most clinical microbiol-
ogy laboratories depend on conventional culture-dependent phe-
notypic methods (e.g., gradient diffusion, disk diffusion, etc.) and
culture-independent molecular methods to evaluate the resistance
status [22]. However, all culture-dependent methods have inher-
ent shortcomings, such as time-consuming, labor-intensive, the
bias from predominant microbial populations, and the risk of con-
tamination overgrowth. Molecular methods are rapid, but only a
small set of prominent ARGs derived from limited common patho-
gens can be targeted by traditional molecular methods.

With the development of sequencing technologies, culture-
dependent techniques relying on whole-genome sequencing (WGS)
and culture-independent techniques relying on mNGS are available
for predicting resistance. Compared withWGS, mNGS forgoes culture
bottlenecks, which is more convenient for assessing the resistance
status of slowly growing or uncultivable pathogens and dead patho-
gens due to antibiotic exposure. Wang et al. used both the MinION
and BGISEQ-500 platforms to make a bacteriologic diagnosis from
a culture-negative lung tissue sample [23]. Not only Klebsiella pneu-
moniae was identified by both platforms as the most top dominant
pathogen, additional information of ARGs was also provided. The
MinION platform provided for an extremely fast TAT that the resis-
tance genes blaSHV-12, aac(3)-IIa and blaKPC-2 were identified at
29th, 38th, and 56th min of sequencing, respectively.

Although culture-independent mNGS is attractive, there remain
many hurdles to overcome. A recent study using nanopore metage-
nomics for bacterial LRI diagnosis has identified 183 ARGs across
41 respiratory samples from patients [3]. However, only 24
(13.11%) were matched to observed resistances by antimicrobial sus-
ceptibility testing. Among the other detected genes, 16 genes did not
match the phenotype of cultured isolates, nearly 1/3 of the detected
genes (56/183) likely originated from the normal or colonizing respi-
ratory flora, some genes were even unlikely to derived from the cul-
tured species in the laboratory. Currently, most mNGS diagnosis
platforms are based on short reads sequencing, it is challenging to
determine the detected ARGs originated from the genome of the cau-
sative agent rather than normal flora, or contaminations in environ-
ment. Nanopore sequencing with rapid TAT could produce long reads
that are sufficient in length to span repeat regions, which holds pro-
mise for ARGs analysis, but the accuracy needs to be further
improved [18]. What’s more, there is no isolate to confirm genomic
resistance prediction with true phenotypic susceptibility testing [3].
Thus, it is uncertain whether the identification of ARGs is relevant
to the resistance phenotypes. Besides, it requires isolation and
sequencing of all bacteria present in the sample to determine the
specificity and sensitivity of ARGs detection, which poses a great
challenge for the assessment of its analytical validation, clinical vali-
dation, and clinical utility [22].
Challenges of mNGS for lower respiratory infection

Sequencing platforms

Sequencer is the material basis of metagenomic sequencing and
the choice of the instrument is mainly according to the perfor-
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mance index and clinical needs. Currently, Illumina’s sequencing
cannot be matched in terms technology maturity and wide range
of platforms, which still dominates the short-read sequencing
industry for metagenomic studies [24]. Illumina-based platforms
use a strategy of bridge amplification that a single molecule of
DNA template first hybridizes with a slide-bound adapter on the
flow cell and then amplifies locally into a clonal cluster [25]. Then
sequencing by synthesis reaction occurs, in which a single 3ʹ-
blocked deoxynucleotides (dNTPs) is added to build the comple-
mentary DNA per cycle, and the optical readout of the fluorescently
labelled nucleotides determines the dNTP (A, G, T, or C). Illumina
offers a popular series of platforms ranges from small, low-
throughput benchtop units to large ultra-high throughput instru-
ments. In order to achieve good sample coverage, the higher output
instruments such as the HiSeq and NextSeq are widely used in
mNGS. The HiSeq series platforms have the advantages of high-
throughput and relatively long read length (125 bp/150 bp), how-
ever, long run time (3.5 days) limits its use in rapid pathogen
detection in clinical [26,27]. In 2018, HiSeq platform has been
obsolesced, NextSeq series sequencing systems occupy the main-
stream sequencing platform in clinical pathogen detection owing
to their moderate throughput and short sequencing time (12–
30 h per run) [14,26]. Table 2 describes the parameters of the avail-
able sequencing platforms in pathogens detection currently.

The BGI platform is also popular in pathogen detection owing to
its low cost and short sequencing time [28]. This technology clones
single-stranded circular DNA using rolling circle amplification to
produce DNA nanoballs (DNBs) [29]. Then DNBs are adsorbed onto
silicon substrates using DNB loading technology, whereby DNA
molecular anchors and fluorescent probes are polymerized. Simi-
larly, the resulting optical signals are captured by a high-
resolution imaging system and converted into the sequence infor-
mation. This technology presents a very high accuracy (�99.99%) ,
because each base is probed multiple times [25].

The Ion Torrent platform offered by Thermo Fisher Scientific is
the first NGS platform without optical sensing, which detects the
released H + ions as each dNTP is incorporated [30]. This platform
has superior read lengths (up to 600 bp) compared to other short-
read sequencers [31]. The Ion Torrent platform provides several
types of chips to meet the different needs of the researcher, the
output of the chips ranges from � 50 Mb to 15 Gb and the runtime
is between 2 and 7 h [25].

The application of third-generation sequencing (also known as
single-molecule sequencing technology) is another major turning
point in the field of mNGS. Currently, there are two representative
types of third third-generation sequencing technologies: single-
molecule real-time sequencing (SMRT) and nanopore sequencing.
SMRT sequencing relies on the principle of sequencing by synthesis
and utilizes nanoscale zero-mode waveguide to achieve real-time
sequencing of single DNA molecules. The SMRT sequencing has
the advantage of long read length and rapid sequencing speeds
that the SMRT Sequel series by PacBio have an average read length
of 10–20 kb, and can achieve 160 GB data output within 6 h [26].
However, due to the bulky equipment and expensive hardware,
SMRT seems less popular than nanopore sequencing in the area
of pathogens detection.

In 2014, Oxford Nanopore Technologies unveiled the first con-
sumer prototype of the MinION sequencer, which was character-
ized by inexpensive (starting pack available for 1000$) and
portable (4 in. long) [32]. Nanopore sequencing is based on the
principle that when the ssDNA/RNA fragment passes through the
nanopore, the changes of electrical current are translated into a
specific sequence of nucleotides [18]. Nanopore sequencing can
generate very long reads (>200 kb) [33], as no DNA amplification
occurs during library preparation. This an important improvement
in metagenomic analysis since long reads makes de novo genome



Table 2
Summary of the available NGS platforms in pathogens detection currently.

Platform Maximum Read
Length [bp]

Maximum
Reads per Run

Maximum
Output

Run Time
(hours)

Advantages Disadvantages Reference

Illumina NextSeq
550

PE150 400 million 120 Gb 12–30 Moderate throughput and short
running time

Short read length [14,67]

Illumina NextSeq
1000 & 2000

PE150 1.1 billion 330 Gb 11–48 High throughput Short read length [73]

Illumina NovaSeq PE250 20 billion 6 Tb 13–44 High throughput and long read
length

Long running time [74,75]

MGISEQ-200 PE150 100 million/
500 million

150 Gb 9–40 Low cost and high accuracy Short read length [76]

MGISEQ-2000 SE400/PE200 1500–1800
million

1440 Gb FSC: 17–37;
FCL:17–109

Low cost, high throughput and
accuracy

Short read length and
long running time

[77]

Ion GeneStudio S5 600 130 million 15 Gb 3–21.5 High compatibility and short
running time

Long read length [78]

Oxford Nanopore
MinIon

> 4 Mb / 50 Gb Up to
72

Long read length, portable and
real time analysis

Low accuracy and high
cost

[79]

PacBio Sequel
system

1–1.8 Kb / 3.5–7 Gb Up to
20

Long read length and short
running time

Low accuracy and high
cost

[80]
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assembly more easily and accurately [34]. Besides, nanopore
sequencing enables real-time analysis of sequencing data that
the pathogens and ARGs can be identified in 6 h [3,35]. However,
the features that high error rate, lower throughput, and higher
per-read costs limit the widespread adoption of these technologies
[36].

Depletion of human nucleic acid

Respiratory tract samples usually contain large amounts of
human nucleic acid, which decrease the sensitivity of assays for
low-abundance pathogens. 95% of raw NGS reads are derived from
the human DNA innasopharyngeal aspirate samples [37]. Sequenc-
ing of unwanted human DNA reads and performing computational
human host subtraction from large NGS datasets are wasteful and
time-consuming processes. Depleting irrelevant human DNA or
RNA increases the relative proportion of microorganism-derived
sequences.

Current approaches for depleting human-derived nucleic acids
can be implemented before nucleic acid extraction (pre-
extraction) or after nucleic acid extraction (post-extraction). Pre-
extraction approaches utilize chemical reagents (e.g., saponin) or
osmotic lysis to selectively lyse human cells, followed by using
deoxyribonuclease (DNase) or propidium monoazide (PMA) to
degrade the released human genomic content, remaining only
the intact microorganism for downstream analysis [3,38]. Hasan
et al. compared the efficiency of saponin, Tween-20, Triton X-
100, and Chaps Cell Extract 158 Buffer (New England Biolabs) for
selective lysis of human cells and used Turbo DNase for post-
lysis treatment [39]. Saponin at a concentration of 0.025% was
the most effective in both cerebrospinal fluid (CSF) and NPA spec-
imens, which increased approximately 30- to 100-fold of pathogen
DNA to human DNA ratios. Furthermore, there was a significant
enrichment of � 40- and � 170-fold compared to the unprocessed
specimens in the CSF and NPA specimens, respectively. A recent
nanopore sequencing study presented an optimized saponin-
based host DNA depletion method for bacterial LRI diagnosis,
which removed up to 99.99% of the human DNA from respiratory
samples [3]. Marotz et al. developed a novel method that using
osmotic lysis followed by 10 lM PMA treatment to enrich the
microbial DNA from human oral samples and compared its perfor-
mance with four commercially available kits used for host deple-
tion: 5-lM filtration (Fil), QIAamp DNA Microbiome Kit (QIA),
MolYsisTM Basic (Mol), and NEBNext� Microbiome DNA Enrichment
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Kit (NEB) [38]. Compared to the average proportion of human reads
in the raw samples (89.29 ± 0.61%), treatment with lyPMA (8.53 ±
2.08%), QIA (29.17 ± 5.04%), and Mol (62.88 ± 3.46%) significantly
depleted host reads, but no difference was observed in NEB kit
(90.83 ± 0.77%) treated samples. Collectively, pre-extraction
approaches assume that the human cell membrane is more fragile
than most viral capsids or microbial cell walls. These methods sac-
rifice the sensitivity for detecting some special pathogens without
cell walls (such as parasites or Mycoplasma spp.) and free nucleic
acids from dead organisms. Additionally, there is a risk of indis-
criminately increasing exogenous background contamination from
the use of additional reagents. Physically separating (such as phys-
ical filtration and centrifugation) the cells and cell-free compart-
ments of clinical samples during the preanalytical phase is a
convenient approach to decrease human-derived nucleic acids
[36]. A caveat to this approach is that it decreases microbial reads
after discarding intact or intracellular microorganisms [36].

Post-extraction approaches can overcome these issues of pre-
extraction approaches and provide an attractive alternative. For
DNA libraries, one approach takes advantage of the methyl-CpG
binding domain to selectively separate the methylated host DNA
from microbial DNA [40]. This method decreases host genomes
sequence reads by 50-folds and increases bacterial and Plasmodium
reads by 8–11.5-folds [40]. For RNA libraries, the methods for the
subtraction of abundant human rRNA or mitochondrial RNA
sequences are mature and have been designed for transcriptome
analysis [41,42]. The depletion of rRNA or mitochondrial RNA
sequences would indirectly increase the ratio of microbial reads
and improve the analytical sensitivity for pathogen detection.
The depletion methods for RNA libraries include using capture
probes followed by binding to magnetic beads for subtraction
[43] or by RNase H treatment [41], using antibodies against human
and mitochondrial rRNA [42], using CRISPR-Cas9 to selectively tar-
get unwanted species for cleavage [44]. In recent years, a series of
simpler, cost-effective, and optimized methods have been devel-
oped for rRNA depletion. Culviner et al. recently developed a
method (‘‘do-it-yourself” kit) ,which was based on the specific
hybridization of biotinylated oligonucleotides to the 23S, 16S,
and 5S rRNAs, followed by precipitation of these complexes by
magnetic streptavidin-coated beads [45]. After processing, 75–
80% of reads in RNA based mNGS were derived from mRNA. In
2016, Gu et al. introduced CRISPR-associated nuclease Cas9 tech-
nology to selectively deplete unwanted high-abundance sequences
from eukaryotic cDNA libraries [44]. This method, also called DASH
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(Depletion of Abundant Sequences by Hybridization), has a>99%
reduction of the mitochondrial rRNA on eukaryotic samples.
Recently, Prezza et al. evaluated the performance of DASH for bac-
terial short-read RNA-seq, which removed 56–86% of rRNA reads in
RNA libraries from Salmonella enterica and Bacteroides thetaio-
taomicron [46].
Nucleic acid contamination

Nucleic acid contamination from exogenous microorganisms is
ubiquitous and can be introduced at every step of the wet process.
Failure to cope with contamination may lead to false-positive
results, even swamping the signals from the low-biomass samples
(for example, skin swabs) [47]. The types of contaminants in mNGS
assays include external contamination and internal or cross-
contamination (Fig. 2). External contamination arises from
microorganisms outside the samples, such as the operators’ bodies,
laboratory environment, consumables, and reagents [47]. The con-
taminant taxonomic profile is unique between different laborato-
ries and changes over time along with different researcher and
time [47]. The latter is caused by the cross-contamination from
other samples in the same run during sample processing or
sequencing. For example, substandard operation processes or
microbial aerosols may introduce microorganisms from high
pathogen loads into other samples treated at the same time. In
addition, index-hopping during Illumina sequencing [48], bar-
coded primers, or adapter contamination during synthesis [49]
could result in cross-talk between different samples .

Although it is impossible to eliminate contamination com-
pletely and it is difficult to distinguish contaminating microbial
sequences from true microbial sequences, it remains necessary to
attempt to minimize the impact of contamination (Fig. 2). Lessons
can be learned from other molecular testing methods to reduce
contamination, such as maintaining a unidirectional workflow
and strict physical separation, using 10% sodium hypochlorite to
extensively clean the materials and surfaces more frequently, using
ultra-purification reagents, documenting lot numbers of kits, and
performing periodic swipe tests [33]. A template-free control that
will undergo all steps of the workflow parallel to the real samples
should be checked in each run [33]. Upfront negative controls are
also recommended to trace the sources of potential contamination;
for example, incorporation of phage lambda in different reagents to
monitor contamination in kits [33].

Many in silico contaminant removal methods have been pro-
posed, which serve as a supplement to the above laboratory
approaches. The most common in silico decontamination method
involves discarding sequences below the relative abundance
threshold [47]. However, there is a risk of expunging low-
frequency true sequences in the samples and the remaining abun-
dant contaminants that interfere with downstream analysis.
Another simple method subtracts sequences that appear in nega-
tive controls [50,51]. Abundant true sequences in negative samples
produced by cross-contamination may be removed. It is recom-
mended that every mNGS laboratory maintains a proprietary data-
base that contains background microorganisms arising from
normal flora or laboratory environments [33]. Microorganisms on
this ‘‘blacklist” are either not reported or require higher thresholds
for reporting clinically significant organisms. Recently, a user-
friendly R package, decontam (https://github.com/benjjneb/decon-
tam), has been used for contaminant identification and removal in
mNGS data, which integrates easily with existing mNGS workflows
and adds little to no additional sequencing cost [52]. Furthermore,
Zinter et al. proposed the logical extension of decontam and estab-
lished a statistical approach to calculate the number of microbial
reads for a given taxon according to the value predicted by the
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inverse linear regression between contaminant reads and input
sample mass [53].

Discrimination between colonization and infection

In contrast to many sterile sites, a large number of microorgan-
isms colonize the respiratory tract. The microorganisms in respira-
tory samples detected by mNGS can be classified into the three
following categories: suspected pathogenic microorganisms, colo-
nization microorganisms, and contaminated microorganisms [9].
Identifying and eliminating contamination is a universal drawback
of mNGS, which has been fully discussed above. The central chal-
lenge of mNGS for LRI diagnostics is distinguishing pathogens from
colonization microorganisms, which complicates the interpreta-
tion of results [9].

Generally, most respiratory mNGS assays use quantitative or
semi-quantitative statistical analyses to distinguish true pathogens
from colonization. Table 3 lists the thresholds for identifying the
pathogens by mNGS in LRIs diagnosis. Identifying the pulmonary
infectious pathogens by mNGS often adopts some metrics, such
as the relative abundance at the genus level, normalized to reads
per million, the number of sequencing reads mapped to the
detected microorganism, and nonoverlapping genomic region cov-
erage rate [5,48,54,55]. Langelier et al. integrated a developed z-
score into the bioinformatics pipeline to distinguish the pathogens
from background microorganisms [17]. A recent study developed a
rule-based model and logistic regression model to distinguish
probable pathogens from airway commensals, which both
achieved accuracies of 95.5% in the validation cohort [9].

In addition, the clinical significance of organisms should be
determined by a combination of conventional testing, host condi-
tions, and the application of antibiotics. Colonization may overtake
the airway microbial communities and cause LRTIs in a subset of
patients with basic diseases or low immunity [17]. Host status
assessment, including the clinical manifestation, immune status,
and basic diseases, is required for the evaluation of true pathogens.
Changes in the patient’s condition after targeted antimicrobial
agent treatment may also serve as indicators to identify the true
pathogens detected by mNGS. Accurate identification of pathogens
and the provision of a medication guide are the ultimate objectives
of microbiological testing. Both clinicians and researchers must be
familiar with the common microbial flora in virus sample types
and utilize their expertise to arrive at a correct diagnosis.

Bioinformation challenges

Nowadays, high-throughput sequencing technologies are avail-
able, which can produce large amounts of data from clinical sam-
ples in a single test. This data explosion has created challenges in
terms of data storage and security. The quantity, location, and per-
iod of data storage must be carefully considered and adequate
measures must be taken to protect patient sequence data and
information [56,57]. Deciphering clinically relevant data from large
datasets quickly and accurately is the chief difficulty of mNGS for
infectious disease diagnostics. The typical mNGS bioinformatics
pipeline is a complicated process, including pre-processing for
depletion low-complexity and low-quality reads and the trimming
of adapters, human host subtraction, alignment to a reference
database, and taxonomic classification of aligned reads [56,58].
Several user-friendly and automated platforms have been devel-
oped to facilitate these processes, such as SURPI+ [58], Taxonomer
[59], CosmosID [60], and OneCodex [61]. The development of these
easy-to-use software packages will further promote the incorpora-
tion of mNGS into clinical microbiology laboratories. Another chal-
lenge is that the choice of databases may dominate the accuracy
and reliability of the metagenomics analysis. The large and com-

https://github.com/benjjneb/decontam
https://github.com/benjjneb/decontam


Fig. 2. The possible contaminations sources of mNGS and the tips for eliminating the contaminations. The sources of contaminations mainly include four components: (1)
Laboratory environment and operators’ bodies (2) Consumables and reagents (3) Cross contamination and (4) Reference database contamination. It is necessary to adopt
some strategies to minimize the impact of contamination.
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prehensive National Center for Biotechnology Information (NCBI)
nucleotide database contains the genomic information of all
known organisms, which increases the possibility of detecting
the rare infections. However, the NCBI contains erroneous informa-
tion, such as low-complexity sequences, incorrect species annota-
tion, contaminants from human DNA, sequencing vectors, and
adaptors, all of which may lead to false-positive results [61]. Some
limited but highly curated databases are available now, such as
FDA-ARGOS or the FDA Reference Viral Database, which ensure
the accuracy and reliability of the initial microbial call [62,63].
These incomplete databases include limited microorganisms,
which may result in false-negative results. Incorporating anno-
tated sequences from multiple databases is helpful for improving
the accuracy of microorganism identification [56]. Additionally,
clinical reference databases must be updated regularly to track
the latest version and modify the mis-annotations and other data-
base errors [56].

Other challenges

The complex workflow of mNGS used in clinical practice
involves multiple processes, which poses challenges for its exten-
sive use. Apart from technical challenges, the other factors that
limit the broad implementation of mNGS such as imperfect quality
assurance, high costs, the sequencing depth consideration, and so
on.

The complete analytical validation of mNGS is the first step
from bench to bedside. There are currently no US Food and Drug
Administration (FDA)-cleared methods, instruments, and/or data-
bases for mNGS. Currently, all mNGS tests developed in-house
are laboratory-developed tests (LDTs). Before LDTs are imple-
mented clinically, proof-of-concept validation with established
performance metrics should be performed, which is time-
consuming and extremely expensive [24]. In November 2020, the
European Society for Clinical Virology Network on Next-
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Generation Sequencing (ENNGS) established and published recom-
mendations for the wet lab procedure of viral mNGS; recommen-
dations for the bioinformatics procedure are avaliable recently
[33]. Internal quality control (IQC) procedures must be adopted
to monitor the performance of the entire testing process of every
run, including the pre-analytical, analytical, and post-analytical
phases of testing. A series of proficiency testing (PT) programs
for mNGS will be launched in succession, which will contribute
to the implementation and standardization of mNGS [33].

Currently, the high cost is one of the bottlenecks that restrict
the widespread of mNGS in clinical practice. Although the cost of
sequencing has dropped sharply since 2014, the average cost of
mNGS ranges from US$1,000–2,500 per sample [5]. A study men-
tioned that the average cost of mNGS is 3,000 renminbi [RMB] (ap-
proximately $400) per specimen in China, which is higher than
that for any single traditional pathogenic test (600–700 RMB for
culture test, 320 RMB for Cryptococcus antigen test, 600 RMB for
Aspergillus serological test, and 600 RMB for T.SPOT) [8]. However,
mNGS is able to identify all potential pathogens in a single test,
which may be more cost-effective than a series of traditional
pathogen screening tests. More prospective clinical studies and
economic data focusing on the cost-effectiveness of mNGS in
improving patient outcomes are urgently needed to justify its clin-
ical utility [56]. Whenever, encouraging the innovation of the
sequencing technology and the widespread of laboratory automa-
tion will contribute to the cost reduction.

How many reads are needed for mNGS is another question
waits for answer. Currently, none hard and fast rules are accessible
for how much sequence are required. The choice of read depth is
highly dependent on desired outcome and budget [64]. For
instance, if the mNGS tests aim to ARGs analysis, higher sequenc-
ing depth (10–100-fold) is required than only identification the
unknown pathogen [65]. ENNGS recommended > 10 million reads
per sample for virus diagnostics due to the generally low propor-
tion of viral reads in clinical samples [33]. For the diagnosis of LRIs,



Table 3
Thresholds for identification pathogen by mNGS in the diagnosis of lower respiratory tract infections.

Study Disease Sample types Platform Thresholds for identification pathogen by mNGS

Zhang Y. et al. [81] Pneumocystis
pneumonia

Sputum, blood, lung
tissue and BALF

NA � Pneumocystis jirovecii ’s specific reads ranking among top15 or its relative reads
proportion in fungi higher than 85%

Wang J. et al. [7] Mixed
pulmonary
infection

BALF and lung tissue NA The infectious pathogen was determined if it met any of the following thresholds:
� culture and/or histopathological examination positive of bacteria, virus or fungi,
IPA was defined using galactomannan antigen and PCR;

� at least 50 unique reads from a single species of bacteria, virus or fungi; for patho-
gen with unique reads less than 50, it still can be diagnosed as infectious pathogen
with the consistent clinical situation;

� at least one unique read from MTBC.
Li H. et al.[5] Pulmonary

infection
Lung tissues BGISEQ-

500
The infectious pathogens were determined if it met any of the following thresholds:
� 30% relative abundance at the genus level in bacteria or fungi
� culture and/or histopathological examination positive and at least 50 unique reads
from a single species of bacteria or fungi

� at least one unique read from MTBC
Huang J. et al. [54] Peripheral

pulmonary
infection

Lung tissue, BALF, and
protected-specimen
brush.

BGISEQ-
100

The criteria for a positive mNGS test result included:
� the relative abundance of bacteria (Mycobacterium tuberculosis excluded) and
fungi was >30% at the genus level;

� Mycobacterium tuberculosis was considered to be positively detected if at least
one read was aligned to the reference genome at species or genus level;

� positive virus detection was considered when the SMRN was no less than 3;
� when the pathogen was detected by traditional pathogen detection methods and
the mNGS reads number was >50, this pathogen can also be considered as posi-
tively detected by mNGS.

Langelier C. et al.
[17]

LRTIs BALF illumina Microbes identified were classified as confirmed pathogens if
� both clinical testing and mNGS identified the microbe;
� there existed literature evidence of pathogenicity in the lungs;
� a developed Z-score was as least twofold greater than that of any other microbe of
the same type (virus, bacteria, or fungus) identified in the patient.

� Microbes were considered new potential pathogens if mNGS alone identified the
microbe and criteria 2 and 3 described here were met;

� all other microbes were considered unlikely or uncertain pathogens.
Charalampous, T.

et al. [3]
Bacterial lower
respiratory
infection

Sputum, BALF and ETAs MinION � �1% of classified reads, with a WIMP assignment q-score �20 (within .csv files).

Wang, H. et al.
[55]

Severe
nonresponding
pneumonia

BALF BGISEQ-
100

� Bacterial/mycoplasma/chlamydia: SDSMRNG � 3, if SDSMRN � 3, species was
reported; otherwise, the genus was reported

� DNA Virus/fungus: SDSMRN � 3
� RNA Virus: SDSMRN � 1
� Parasite: SDSMRN � 100
� MTC: SDSMRNG � 1

Abbreviations: BALF, broncho-alveolar lavage fluid; ETA, endotracheal tube aspirate; IPA, invasive pulmonary aspergillosis; MTBC, Mycobacterium tuberculosis complex;
MTC, Mycobacterium tuberculosis complex; NA, no accessible; SDSMRN, the number of reads stringently mapped to pathogen species; SMRN, stringent map read number;
WIMP, ‘What’s In My Pot?’ pipeline.
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the sequencing depth varied from 2 to 25 million reads has been
reported [14,27,66,67]. At the sequencing depth of 20 million read
pairs for each sample, Chen et al. evaluated the clinical utility of
laboratory-developed mNGS tests for the diagnosis of LRIs and
analysis of the host immune response [14]. Graf et al. compared
the analytical performance of RNA based mNGS with a respiratory
virus panel (RVP) for detection of respiratory viruses in nasopha-
ryngeal swabs [68]. They found that the sequencing depth of 5 to
10 million reads/sample could result in 93% agreement between
RVP and qPCR. When sequenced to less than 5 million per sample,
false negative results will appear due to inadequate sequencing
depth [69]. Increasing sequencing depth will result in higher ana-
lytical sensitivity, but it comes at the expense of cost. Up to 90%
reads sequenced by mNGS in BALF are host-derived, removing
these invalid nucleic acids before sequencing may improve the
sensitivity while reducing cost [70]. Therefore, it is recommended
that every laboratory should verify the sequencing depth according
to their practical conditions.
Conclusions

The classic case that mNGS successful diagnosed neurolep-
tospirosis in a 14 years old boy in 2014 puts mNGS in the diagnosis
of infectious diseases into the public light [4]. Currently, mNGS has
209
been increasingly employed for unbiased detection of pathogen in
clinical samples from infectious patients. LRIs, as a leading cause of
infection, is an area where mNGS can make a difference. With the
development of automation technology, current barriers, including
complex manual operations, complex data analysis, and high costs,
will be removed. To ensure accuracy, all ongoing mNGS LDTs
should be validated to establish their performance metrics. IQC
and PT programs should be launched regularly to promote the
standardization of mNGS tests. Once analytical validity has been
demonstrated, well-designed prospective clinical trials are
required to demonstrate the clinical utility of mNGS in the diagno-
sis of LRIs or other infectious diseases. In particular, given the back-
ground of the SARS-CoV-2 pandemic, mNGS has demonstrated its
pivotal role in monitoring and tracking outbreaks. We envisage
that mNGS will become an important tool in the field of infectious
disease diagnosis in the next decade.
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