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Abstract 

Introduction: Rapid and sensitive diagnostic strategies are necessary for patient care and 

public health. Most of the current conventional microbiological assays detect only a restricted 

panel of pathogens at a time or require a microbe to be successfully cultured from a sample. 

Clinical metagenomics next-generation sequencing (mNGS) has the potential to unbiasedly 

detect all pathogens in a sample, increasing the sensitivity for detection and enabling the 

discovery of unknown infectious agents. 

Areas covered: High expectations have been built around mNGS; however, this technique 

is far from widely available. This review highlights the advances and currently available 

options in terms of costs, turnaround time, sensitivity, specificity, validation, and 

reproducibility of mNGS as a diagnostic tool in clinical microbiology laboratories. 

Expert opinion: The need for a novel diagnostic tool to increase the sensitivity of microbial 

diagnostics is clear. mNGS has the potential to revolutionise clinical microbiology. However, 

its role as a diagnostic tool has yet to be widely established, which is crucial for successfully 

implementing the technique. A clear definition of diagnostic algorithms that include mNGS is 

vital to show clinical utility. Similarly to real-time PCR, mNGS will one day become a vital tool 

in any testing algorithm. 

 

Keywords: clinical metagenomics, diagnostics, infection, infectious disease, clinical 

microbiology, pathogen, next-generation sequencing 

 

Article highlights 

o A large proportion of samples remain culture-negative or specific-PCR-negative and 

could benefit from mNGS 

o Costs, turnaround time, sensitivity, specificity, validation and reproducibility are the 

main factors affecting the implementation of mNGS 

o Enrichment strategies have been developed to increase mNGS sensitivity and 

accuracy 

o Diagnostic laboratories should decide whether to develop an in-house mNGS 

workflow or employ a (partially) commercially provided solution 

o A diagnostic algorithm is proposed to choose samples for mNGS based on clinical 

presentation and patient history 

o Large-scale prospective cohort studies with mNGS should be performed to 

demonstrate clinical validity and accelerate mNGS implementation  



 

 

1. Introduction 

Rapid identification and characterisation of microbial pathogens are the main goals of any 

new microbiological diagnostic technique. Rapid diagnostics of the infectious agent will 

ensure the most appropriate treatment option and patient management decisions. In the last 

50 years, several diagnostic approaches have been introduced in medical microbiology, 

namely nucleic-acid amplification-based (PCR), MALDI-TOF, DNA-microarray-based 

hybridisation technology, T2 magnetic resonance and next-generation sequencing [1]. 

However, none of these methods could fully replace standard techniques (microscopy, 

culture, and serology) [2,3]. Molecular biology revolutionised the diagnosis of infectious 

diseases [4], especially for detecting viruses and identifying bacteria involved in sexually 

transmitted infections, gastrointestinal infections, and tuberculosis. Still, today’s clinical 

microbiology laboratories have not changed dramatically since the early 2000s. This is 

mainly due to advantages of the traditional standard techniques, such as cost-effectiveness 

and extensive clinical validation [3], as well as limitations of newer methods such as limited 

spectrum, sensitivity and specificity, for example, in bloodstream infections [1], the lack of 

differentiation between living and dead cells [5], and the importance of phenotypic 

antimicrobial susceptibility testing [1]. Moreover, one existing challenge in diagnostics 

remains; a priori knowledge of what to expect from a particular clinical sample or patient. In 

most cases, a priori knowledge is enough to request the most appropriate test, such as 

multiplexed panels or specific culture media, but this is not always the case. 

mNGS has the potential to surpass many limitations of current routine diagnostics methods. 

It can reveal information at different levels, including detecting and characterising all 

microorganisms and viruses (DNA and RNA) without a priori knowledge from a single test 

(Figure 1). Identification of pathogens is the first level of information that may be sufficient for 

some diagnostic purposes. Rapid identification is also crucial to inform the attending clinician 

to stop/prevent unnecessary antimicrobial prescription, particularly if a virus has been 

determined to be the infectious causative agent. However, for most patients who would 

benefit from an mNGS-based diagnostic approach, additional information to guide proper 

treatment is critical. This includes the detection of virulence factors, such as Shiga-toxin 

genes in E. coli to avoid antimicrobial treatment [6,7], while on the other hand, identification 

of antimicrobial resistance markers and the prediction of minimum inhibitory concentrations 

[8,9] may help in the future to guide the appropriate antimicrobial therapy to prevent 

treatment failure. Finally, typing and phylogenetic inference may be essential in outbreak 

scenarios with unknown and/or untypeable pathogens or rare clinical presentations. The 

2019 cluster of patients with pneumonia of unknown cause linked to a seafood wholesale 

market in Wuhan, China and later identified as SARS-CoV-2, is an excellent example of such 

a scenario [10].  



 

 

This review starts by describing the expectations of mNGS and how these can be achieved, 

and concludes with how mNGS could be implemented in clinical laboratories.  

 

2. What to expect from metagenomics and how can we achieve the expectations? 

2.1. Why do we need metagenomics in the clinical setting? 

Over the years, new diagnostic techniques have been developed owing to constraints from 

current in-use techniques. Although there is strong evidence that an infectious agent is 

present (e.g., elevated synovial fluid leukocyte cell count [> 3000 cells/µl] in the diagnosis of 

prosthetic joint infection), the reality is that up to 50% of the samples are culture-negative. 

The proportion of culture-negative samples can differ between sample types (Table 1). 

 

Table 1. Proportion of culture-negative infections in different sample types. 

Sample type 
Proportion of culture-negative 

infections 
Reference 

Synovial fluid 7-15%1 [11] 

Blood 30-50% [12] 

Cerebrospinal fluid ~ 50% [13] 

Respiratory material 25-47% [14] 

Urine 20% [15] 
1The proportion of negative infections depends on the site of infection. 

 

Several reasons can account for culture-negative results: (i) true negative (ii) pre-emptive 

antimicrobial therapy (iii) unculturable (e.g., Treponema pallidum), anaerobic or fastidious 

microorganisms (e.g., Mycobacterium tuberculosis), (iv) poor sampling, transport and 

storage conditions and finally (v) time between sampling and culturing [16]. Molecular tests 

(such as PCR) and serology are techniques used to replace or complement traditional 

culture techniques. This is particularly important in cases where a viral infection is suspected. 

These techniques still rely on predetermined targets, which are usually limited to common 

infectious agents and require further testing if found negative. On the other hand, mNGS has 

the potential to detect all pathogens present in a sample. Therefore, it can be more suited 

when an etiological agent is suspected, but no pathogen was detected through conventional 

diagnostic approaches. In clinical cases that require detecting a broader spectrum of 

pathogens, most commonly for immunocompromised patients, mNGS could be applied [17]. 

Nevertheless, mNGS remains a challenging option compared to multiplexed molecular 

assays such as real-time PCR or point of care (POC) syndromic panels in terms of cost, 

turnaround time, reproducibility and sensitivity/specificity (Table 2) [18].  



 

 

Table 2. Comparison of mNGS with existing molecular technologies/approaches used in routine diagnostics. 

Technology/ 
Approach 

Platform/ 
procedure 

Examples Input types 
Turnaround time

Throughput Targets Sensitivity Specificity 
Cost per 
sample2 

Refs Time to 
result1

Hands-
on-time

Multiplexed 
real-time PCR 

Respiratory/Gastrointestinal 
/CNS panels or resistance 

detection 

Nasal swab/sputum/ 
stool/CSF 

4-5 h <30 min High 3-10 High High Low [19-21] 

Sanger sequencing Enterovirus typing (VP1 gene) 
NS/sputum 
/stool/CSF 

1-2 
days 

<2 h 
Medium-

high 
1 High Medium-High Low [22-24] 

Point of care 
syndromic 

panels 

FilmArray 
system 

BioFire FilmArray Respiratory 
2.1 plus Panel 

NS 45 min <5 min 
Low-

medium 
23 97.4%-100% 99.4%-100% Medium [25-27] 

BioFire FilmArray 
Gastrointestinal Panel 

Stool <1 h <5 min 
Low-

medium 
22 94.5% -100% 97.1 -100% Medium [28,29] 

BioFire FilmArray ME Panel CSF 1 h <5 min 
Low-

medium 
14 90%-94.2% 97%-99.8% Medium [30] 

QIAstat-Dx

QIAstat-Dx Respiratory SARS-
CoV-2 Panel 

NS 70 min <5 min Low 22 82%-100% 93%-100% Medium [31] 

QIAstat-Dx Gastrointestinal 
Panel 

Stool 1 h <5 min Low 24 97.9% 97.8% Medium [32] 

Luminex 
Magpix 

NxTAG Respiratory Pathogen 
Panel + SARS-CoV-2 

NS <3 h <5 min High 21 97.8% 100% Medium [33] 

xTAG® Gastrointestinal 
Pathogen Panel 

Stool 5 h <5 min 
Low-

medium 
15 88.2% to 100% 88.4% to 99.3% Medium [34] 

Verigene 
system 

VERIGENE Respiratory 
Pathogens Flex Test 

NS <2 h <5 min 
Low-

medium 
16 90.6 -100% 83.2% to 100% Medium [35] 

VERIGENE Enteric Pathogens 
Test 

Stool <2 h <5 min High 9 97.0% 99.3% Medium [36] 

GenMark-
Dx (ePlex 
System) 

Respiratory Pathogen Panel 2 NS 3.5 h <5 min 
Low-

medium 
21 97.4% 100% Medium [37] 

Shotgun 
metagenomics 

(untargeted) 

Illumina 
All nucleic acid present in the 

sample 

Urine, stool, blood, 
tissue, NS or skin swabs

3-5 
days 

8-10 h Medium N/A 
Variable depending on 

the pipeline used3 
Variable depending 
on the pipeline used

Medium to high 
depending on 
multiplexing 

[38-41] 

ONT 
Urine, stool, blood, 

tissue, NS or skin swabs
1-3 

days 
6-8 h 

Low-
medium 

N/A 

Shotgun 
metagenomics 

(enriched) 
Illumina 

Respiratory Pathogen ID/AMR 
Panel 

Nasopharyngeal swabs 
tracheal aspirate 

/sputum/BAL 
24 hr 7 h 

Medium-
High 

280+ 
pathogens

1200+ AMR 
alleles 

Medium to high for 
enriched 

microorganism, low for 
other microorganisms

High for enriched 
microorganism, low 

for other 
microorganisms 

Medium to high 
depending on 
multiplexing 

[42] 

Amplicon 
/whole genome 

sequencing 
Illumina 

16S ribosomal RNA (rRNA) 
gene, SARS-CoV-2 

Microbial colonies, urine, 
stool, blood, tissue, NS 

or skin swabs 

3-5 
days 

8-10 h High N/A 
Medium to high for 

target microorganism, 
low for other 

High for target 
microorganism, low 

for other 

Medium to high
depending on 
multiplexing 

[38,39,43] 



 

 

(targeted) 
ONT 

Microbial colonies, urine, 
stool, blood, tissue, NS 

or skin swabs 

1-3 
days 

6-8 h Medium N/A 
microorganisms microorganisms  

1Taxonomy only; 2Hands-on-time not taken into account; 3Can be improved through enrichment (pre/post lysis). 
Abbreviations: N/A, not applicable; NS, Nasopharyngeal swab; CSF, Cerebrospinal fluid. 



 

 

2.2. Costs 

The implementation of mNGS in routine diagnostics requires numerous considerations. The 

diagnostic laboratory will need to invest in IT infrastructure, separate sample/library 

preparation areas and equipment such as micropipettes, validation processes, and NGS-

specialised laboratory personnel [44]. However, the diagnostic laboratory may opt to 

(partially) outsource mNGS wet and dry lab processing to accredited and commercial service 

providers to negate infrastructure costs, such as dedicated laboratory space, high-

performance e-infrastructure including networks, software stacks and large-scale storage 

resources [44-46]. However, at the same time, routine diagnostic labs may have existing 

areas for pre-PCR preparation that could be incorporated into the mNGS workflow. It is 

important to stress that the e-infrastructure should be designed and maintained in a 

collaborative effort between the diagnostic laboratory and the IT department. 

Processes such as nucleic acid extraction and library preparation would be ideally 

automated. Existing platforms such as extraction platforms, pipetting robots and thermal 

cyclers currently used for molecular diagnostics can also be integrated into the mNGS 

workflow. Several studies have evaluated the performance of available nucleic acid 

extraction platforms for mNGS and have found variable results [47-49]. Library preparation 

can initially be performed manually if the sample throughput is low. The sequencing 

approach and platform can be selected based on sample throughput. For example, most 

Illumina platforms require batching to be cost-effective [3]. However, these cases are most 

commonly used in reference laboratories or for surveillance and are less applicable in routine 

diagnostics where selected samples need to be immediately processed [50]. Yet, cost-

effective platforms such as the MinION with the Flongle adaptor from Oxford Nanopore 

Technologies (ONT) offer flexible operation, and the iSeq 100 from Illumina, which provides 

a low-to-medium output, may overcome such limitations. mNGS requires trained laboratory 

technicians and bioinformaticians/computational biologists, which can increase costs. 

However, user-friendly specialised software and pipelines (such as CLC Genomics 

Workbench [commercial], BaseSpace [commercial], Explify [commercial], EPI2ME [free], 

Galaxy [free], MG-RAST [free] or SURPI+ [free]) can be utilised for automated analysis. 

However, results must be validated and interpreted by a multidisciplinary team of medical 

microbiologists (with expertise in NGS) and clinicians. 

 

2.3. Turnaround time 

The turnaround time of a diagnostic test is desired to be within a clinically actionable time 

frame. A conventional diagnostic workflow can take a few hours to 2-7 days from sample 

collection to identification and antimicrobial susceptibility determination [1], compared to up 

to 5 days for mNGS (Table 2). Several factors affect the turnaround time of mNGS. For 



 

 

example, deeper sequencing by limiting the number of samples per run enables more 

detailed taxonomic resolution, antimicrobial drug resistance prediction, and phylogenetic 

analysis at the expense of extended turnaround time [51-52]. The number of samples per run 

can impact the cost efficiency of mNGS. Running individual or few samples might be 

necessary in the event a rapid diagnosis is required. Low-throughput platforms (such as the 

Flongle or the iSeq) can negate some of the extra costs, but are hampered by the inclusion 

of positive and negative controls in each run. 

Depending on the clinical situation, the implementation of mNGS in routine diagnostics can 

be advantageous compared to conventional testing by circumventing some limitations, e.g., 

in identifying uncultivable microorganisms or slow-growing bacteria. A good example is 

mycobacteria which can take up to 21 days to grow in culture and another 28 days for a first-

line antimicrobial susceptibility test result [53] but can be recovered directly from clinical 

samples in 44/16 hours with Illumina MiSeq/MiniSeq or in 7.5 hours with ONT MinION 

sequencing [54,55]. Continuous technical advancements in sequencing technologies, 

particularly real-time ONT sequencing, could accelerate the clinically actionable results in 

under 6 hours following sampling, e.g., to identify pathogens based on circulating cell-free 

DNA from blood [56]. Therefore, depending on the intended clinical use, mNGS could be a 

favourable choice to perform actionable results within a reasonable time. 

 

2.4. Sensitivity/Specificity 

The type of pathogens to be detected may affect the nucleic acid extraction method, 

sequencing strategy (RNA and/or DNA), need for target enrichment or host nucleic acid 

depletion, sequencing depth, reference database design, and data analysis tools [56]. 

Sequencing only one type of nucleic acid may decrease the overall sensitivity of the method, 

since some viruses may be missed (e.g., RNA viruses might be missed using DNA-

sequencing and non-replicating-DNA viruses might be missed using RNA-sequencing). 

Furthermore, the complete recovery of bacterial/fungal/parasite genomes will be unlikely if 

using RNA-sequencing. To increase sensitivity, some laboratories may opt to sequence all 

the nucleic acids present in a sample (DNA and cDNA), however, this may increase the 

overall cost per sample (if sequenced separately or if higher sequence breadth is needed). 

The sensitivity of mNGS is hampered by several factors that are dependent on the specimen 

composition, type and volume (nucleic acid background/pathogen ratio), specimen collection 

method, transport and storage, efficiency of nucleic acid extraction (bias towards some 

species), sequencing method (throughput, more reads ≈ higher sensitivity) and 

bioinformatics pipeline used for analysis (availability of appropriate reference sequences in 

the databases) [57]. On the other hand, specificity is influenced by contaminating nucleic 

acids in clinical specimens, reagents or by the accuracy of taxonomical classification 



 

 

algorithms [57,58]. NGS-related phenomena such as index hopping (also named index 

switching) or crosstalk (also called sample bleeding) can also introduce false-positive results, 

resulting in lower specificity [59]. The ratio between host and microbial DNA/RNA is a major 

determinant of the proportion of microbial reads obtained after metagenomics sequencing 

[57,58]. The unbiased nature of mNGS, particularly shotgun metagenomics, leads to the 

sequencing of background (host or commensal microorganisms), as well as pathogen 

nucleic acids.  

 

2.4.1. Challenges in sensitivity 

Microbial identification relies on the bioinformatics pipelines and databases used for 

classifying sequencing reads into taxonomies. As a result, bioinformatics tools can 

significantly affect sensitivity. Studies have evaluated different mNGS sequence 

classification methods [58,60]. They differ not only in the algorithm for detecting infectious 

agents but also in the databases used. This high variability leads to inconsistent results at 

the taxonomical classification level and when evaluating the relative abundance of these 

pathogens [60]. Taxonomical classification algorithms based on clade gene markers (e.g., 

MetaPhlAn2) may have lower sensitivity than k-mer based approaches [58] since the former 

depends on identifying specific genes, while the latter relies on entire genomes. This has a 

significant impact on low biomass specimens, where genome coverage is limited. Another 

critical factor is the database used for taxonomic classification. Incomplete and/or unreliable 

taxonomic databases can lead to false-negative results or misclassifications. Hence, 

comprehensive, curated, and diverse reference databases are desirable [57]. The databases 

should only include genomes which are assessed for quality (e.g., coverage, ANI, GC 

content, assembly size), continuity (e.g., N50, L50, number of contigs), taxonomy and 

metadata (e.g., species name, isolation source, submitter, orthogonal reference method) 

metrics and and should include genomes that are representative of the circulating lineages 

[61]. An option to increase the analytical sensitivity can be to select a platform which can 

offer higher outputs, such as the HiSeq (Illumina), NovaSeq (Illumina) or PromethION (ONT). 

However, this approach dramatically augments costs and turnaround time, precluding its use 

in clinical diagnostics. Finally, updated bioinformatics tools and/or databases can lead to 

changes in the results obtained and, so, sequences should be kept safely and securely for 

long periods of time so results can be reanalysed if necessity arises (e.g., follow-up cases).  

 

2.4.2. Challenges in specificity 

Comparably to sensitivity, bioinformatics tools can significantly affect specificity. K-mer 

based approaches, for example, can incorrectly detect hundreds of species [58]. This poses 

a significant challenge when delivering reproducible results and generates uncertainty 



 

 

regarding the reliability of the derived information. In addition to efforts for establishing 

standardised public databases with quality-controlled reference genomes [61], “syndromic 

databases” (e.g. SIQ-db: specific database of 74 sepsis-relevant pathogens [56]) according 

to specimen type and clinical presentation can be an exciting option to achieve higher 

specificity. Reagent and laboratory contamination (known as the “kitome”) are well-known 

and undesirable problems impacting specificity and should be considered before applying 

sequence-based techniques [62]. This issue should be mitigated by the sequencing of a 

negative control and by post-sequencing contamination removal. Contamination removal can 

be performed by either computational approaches which consider the relative frequency of 

taxa in the samples compared to controls [63,64] or by manually filtering the taxa found in 

negative controls out from the samples [46]. The latter, however, involves careful 

considerations: i) a biological signal can be lost because of cross-contamination from 

biological samples into negative controls or ii) a taxon, which is closely related to typical 

contaminants, could unintentionally be removed [65]. Ultra-clean nucleic acid extraction kits 

such as the QIAamp UCP Pathogen (Qiagen) and ZymoBIOMICS DNA & RNA Miniprep 

have been introduced in the market and could reduce kitome contamination according to the 

manufacturers. False positives can also result from residual nucleic acid of dead 

microorganisms or transient bacteria (for example, in the bloodstream), leading to poor result 

specificity. Additionally, DNA released from pathogens following an attack from the host 

immune system or an efficient antimicrobial therapy can persist in the circulation for several 

days [1], making the proper diagnosis clinically challenging. The broad nature of mNGS 

could invite questions into the actual cause of the infection, as detection does not necessarily 

indicate causation. The current limitations of data interpretation must be considered, and 

results must be evaluated within a clinical context [66,67]. This is particularly challenging in 

specific populations, such as immunocompromised patients, compared to generally healthy 

individuals, where the presence of a pathogenic microorganism signifies the source of the 

infection [68]. Quantification of the abundance of pathogens is possible with mNGS and can 

allow the distinction between infection and colonization or contamination [69]. Additionally, 

measuring the degree of host tissue injury from host–microorganism interactions can also be 

used to help differentiate between infection and colonization or contamination [70,71]. 

 

2.4.3. Enrichment and host depletion strategies 

To increase the analytical sensitivity of mNGS, several strategies have been developed 

(Table 3). Enrichment is often necessary to avoid samples consisting of 100% host nucleic 

acids and increase confidence in a true negative result (exclude infections). Pre-lysis host 

depletion strategies rely on the integrity of microorganisms, as cells are separated using 

centrifugation [48,72]. Additionally, human cells can be lysed by chaotropic buffers such as 



 

 

saponin [40,73] and osmotic pressure [74], followed by degradation of cell-free DNA by 

subsequent DNase treatment. Pre-lysis methods are usually cheap and efficient, with up to 

99.99% of host DNA removal, depending on the sample type [40]. Several commercial kits 

are available that apply differential lysis, such as the QIAamp DNA microbiome kit (Qiagen) 

and the HostZERO Microbial DNA Kit (Zymo Research) [59,75]. Possible drawbacks of 

differential lysis need to be considered: limited suitability for viral enrichment [40], significant 

hands-on-time, reproducibility concerns [67], increased impact of reagent and laboratory 

contamination [76]. Additionally, microorganisms without a cell wall (such as Mycoplasma 

species) and parasites (i.e. protozoa) might be destroyed. Furthermore, cell-free nucleic 

acids from dead microbes (attacked by the immune system or antimicrobials) are degraded 

during the procedure [77]. Pelleting the intact cells prior to differential lysis could be an option 

to retain the supernatant containing cell-free DNA, particularly in culture-negative samples or 

for further viral analysis. The use of preservatives such as glycerol [74] or Sputasol [40] can 

reduce the bias of differential lysis on older or frozen samples as metagenomics is often 

applied retrospectively [3]. However, preservatives, in general, are used sparsely in routine 

bacterial diagnostics. 

For viral detection or retrospective analysis of old or frozen samples, targeted mNGS 

approaches can increase the sensitivity. Targeted sequencing approaches can increase 

microbial sensitivity but limit the breadth of detectable pathogens. Targeted approaches can 

also amplify conserved marker genes, such as 16S rRNA for bacteria and 18S/internal 

transcribed spacer (ITS) for fungi and are frequently applied in clinical diagnostics [78,79]. 

Whole-genome sequencing using tiled primer schemes targeting the whole viral genome [80] 

has been proven to be highly sensitive to detect and characterise the targeted virus, as 

indicated during outbreaks of Ebola virus [81], Zika virus [82] and SARS-CoV-2 [83,84]. 

Recently, multiplexed spiked primer schemes that target several viruses (resembling 

conventional POC syndromic panels) have been introduced to retain the breadth of shotgun 

metagenomics while increasing sensitivity for targeted organisms [85]. rRNA depletion is 

another strategy to increase sensitivity by depleting highly abundant host or bacterial rRNA 

sequences that offer little diagnostic value [86]. Similarly, CRISPR-Cas9 based approaches 

have been emerging to enrich sequences of interest [87] or deplete host sequences [88]. 

Probe capture is another targeted approach based on the hybridisation of nucleic acids to 

targeted organisms. It is less stringent when compared to amplicon sequencing and can 

cover a wide breadth of targets, including DNA and RNA viruses [89,90], antimicrobial 

resistance genes [91] and custom-based panels (i.e. Roche HyperDesign or Agilent 

SureSelect). Protocols were initially developed for Illumina sequencing, but recent 

approaches for other sequencing platforms are emerging [92]. Although probe-based 

approaches increase costs and add hands-on time, samples can be multiplexed in a run, 



 

 

reducing the cost per sample. New panels such as transposase-based library preparation 

are promising approaches that do not introduce extra hands-on time compared to the 

standard library preparation procedure. For example, the recently developed CoronaHiT, 

which involves whole-genome sequencing of SARS-CoV-2 using ONT or Illumina 

technologies [93], is derived from transposase-based library preparation. 



 

 

Table 3. Enrichment and depletion strategies. 

 Approach Advantages Disadvantages References 

Pre-
lysis 

Differential lysis  
Highly effective for bacteria  
Cheap 

Loss of cell-free nucleic acids 
Limited efficiency for viral 
enrichment 
Reproducibility concerns and 
cumbersome 

[18,40,73,74,94-96] 

Centrifugation 

Rapid and cheap. 
Separation of bacteria-fungi-host 
cells from encapsidated viruses 
and cell-free nucleic acids 

Limited improvements in sensitivity 
Loss of integrated viruses 

[38,48,97,98] 

Post-
lysis 

DNase/(RNase)1 
Simple and cheap.  
Staple for RNA-sequencing 

DNA viruses only detectable when 
expressed at the time of sampling 

[38,48,72,97-99] 

Amplicon: marker 
genes 

Sensitive 
16S rRNA for bacteria 
ITS for fungi 

Only detection of bacteria and fungi, 
no characterization 

[78,79,100] 

Amplicon: tiled 
primer schemes 
(single viral whole-
genome) 

Highly sensitive for one target 
Genotyping of target virus 
Suitable for outbreak scenarios 

Limited to one organism.  
Sensitive to changes in target 
genome 
Prone to contamination (false 
positives) 

[80,83,84,86,101,102] 

Spiked primer 
enrichment 

Increased sensitivity of targeted 
viruses.  
Retains metagenomic features 

Bias towards targets 
Variations in coverage and coverage 
of targets 

[85] 

Capture probes 
Increases sensitivity in a wide 
variety of targets: viruses; AMR; 
viruses, AMR and fungi 

Time and cost 
Bias towards targets 

[42,89,91,92,103,104] 

rRNA depletion 
Flexibility for host and bacteria, 
depending on sample matrix 

Cost and limited targets [86,105] 

CRISPR-Cas9 
Flexibility for host and bacteria, 
depending on sample matrix 

Limited targets [87,88] 
1Can be applied pre- and post-lysis. 
Abbreviations: AMR, antimicrobial resistance.



 

 

2.5. Validation 

One of the biggest challenges of implementing mNGS is the validation of the test. As with 

other laboratory-developed tests, the requirements for validation depend on local and federal 

regulations. Validation is challenging due to the broad nature of the test and a large number 

of possible results. In addition, often, no reliable reference method with a similar scope is 

available. Validation is required for both the wet-bench protocols, including accuracy, 

analytical sensitivity and specificity, reproducibility, stability, as well as bioinformatics 

protocols [44,46,57]. For the latter, in silico analyses using simulated samples can be 

performed. During validation of the wet-bench, it is crucial to define and use proper external 

and internal controls, which are essential to bring standardization and ensure the quality of 

the generated sequences in clinical settings [38]. Despite the challenges to validate mNGS, 

examples are available for successful implementation for routine testing, such as pathogen 

detection in cerebrospinal fluid [99] and detection of RNA and DNA viruses in respiratory 

samples [106]. 

 

2.6. Reproducibility 

Complex workflows like those for mNGS pose challenges for reproducibility [57], particularly 

if different laboratories implement entirely different workflows. Studies on the reproducibility 

and validation of mNGS assays are challenging and are limited to a few reports 

[57,99,106,107]. As such, reference standards and external/internal controls are required to 

warrant quality, reproducibility, and consistency of mNGS workflows. mNGS QC metrics 

have been established and integrated into clinical microbiology laboratories previously 

[57,99]. Validated microbial community standards, regardless of the material type or species, 

are the ideal choice. To the best of our knowledge, ATCC® Microbiome Standards [108]  and 

ZymoBIOMICS Microbial Community Standards [109] are the only currently available 

standards for mNGS in the market (not including viruses). Standards can be used as 

external and internal controls. Examples are whole microorganisms or viruses to monitor 

nucleic acid extraction efficiency for different pathogen classes or, when spiked into clinical 

samples, as process control for the entire workflow. The latter also allows the quantification 

of pathogens in clinical samples. Additionally, spike-in nucleic acids can be used as a control 

to detect the limit of detection or estimate the sequencing error rate (i.e., phiX). Current 

standards developed for nucleic acid tests can also be used for mNGS. Bal and colleagues, 

for example, applied the bacteriophage M2 kit as an internal standard for viral metagenomics 

(MS2, IC1 RNA internal control; r-gene, BioMérieux) [38]. Similarly, Miller and colleagues 

also applied MS2 (RNA) along with T1 (DNA) bacteriophages as internal controls to indicate 

microbial sensitivity [99]. However, careful consideration must be applied when including a 

microbial standard as an internal control. Depending on the concentration spiked, the 



 

 

microbial standard could take precious sequencing reads from the pathogen of interest. 

Sequencing of defined standards can also be used to assess different bioinformatics 

pipelines. As the currently available standards are designed for specific tasks, no universal 

and well-defined standard for metagenomics is available. Additionally, it is important to 

include negative controls to negate possible contamination, which can be introduced at any 

step, from sampling to sequencing. Possible negative controls can consist of a sampling 

blank, nucleic acid extraction blank and/or no-template control [41,110]. 

 

3. How could the microbiology laboratory implement metagenomics? 

3.1. Implementation 

Before embarking on mNGS, diagnostic laboratories should decide whether to develop an in-

house pipeline or implement a commercially provided solution. Commercial solutions include 

shipping the sample to an external laboratory that will either send the raw sequencing data 

back or perform the analyses and/or interpretation. Alternatively, laboratories could 

implement a commercial pipeline from sample preparation to reporting. Several commercial 

solutions have become available and are accredited either in Europe (IVD CE approved) 

[111] or in America (CAP approved) [112,113]. However, they may be restricted to specific 

regions/continents. 

 

3.2. Clinical conundrum 

Performing mNGS on patient samples currently relies heavily on a case-by-case basis. 

However, mNGS has the potential to become a cost-competitive option as it could be used 

as a direct “rule in“ or “rule out” test to confirm the presence or absence of an infectious 

aetiology [3,114]. Specific patient populations can benefit from mNGS as a diagnostic 

complement or an alternative to conventional testing. In this respect, we propose a 

diagnostic algorithm that could be used to select samples for mNGS (Figure 2). For example, 

mNGS could be used for patients with negative results from conventional testing who are still 

presenting with symptoms or signs consistent with infectious disease. Also, mNGS may be 

used if an infectious agent is identified, but treatment failure is observed. It can help to detect 

antimicrobial resistance or co-infections, which may be the actual cause of the symptoms. In 

addition, mNGS could be more suited for immunocompetent individuals as a last resort 

option, with traditional methods performed first. For other individuals, particularly for 

immunocompromised patients such as neonates, transplant recipients, or critically ill patients 

admitted to the intensive care unit, mNGS can be considered an earlier option to prevent 

continued sampling or to provide extra information for patients with limited care options, such 

as those suffering from malignancy. In this respect, mNGS can, in some cases, have an 

impact not only on survival but also on the quality of life gained [115]. To be used in 



 

 

diagnostics, mNGS should have a direct impact on patient care or management. This can 

also involve confirming the patient no longer requires isolation, reducing the length of 

hospital days or medical treatment, therefore decreasing costs for both the patient and the 

hospital.  

 

3.3. Ethical considerations 

Sequencing data is usually stored locally or in the cloud. As the data contains the personal 

and genetic information of the patient (either unwanted background or host response), 

separation, anonymisation, and secure data storage are key priorities. NGS assays acquire 

genetic data on the patient's current health and/or future risk factors and their relatives and 

possible future children. The presence of human data can also pose privacy issues in 

relation to the use of online bioinformatics tools, such as RAST [116], Genome Detective 

[117], EPI2ME (ONT) or Taxonomer [118]. Removing human nucleic acid sequences by 

mapping usually leaves traces behind and adds additional time to downstream analysis [46]. 

Another important ethical consideration is how to handle incidental findings, particularly HIV 

or other sexually transmitted diseases and should be part of the informed consent procedure. 

Recommendations regarding pre-test counselling, informed consent, and essential 

processes (ethical and clinically focused return of incidental findings) based on previous 

studies have been published elsewhere [46,119,120]. 

 

4. Conclusion 

This article reviewed the expectations of integrating mNGS in routine diagnostics and how 

this can be achieved. As many samples remain culture- or PCR-negative, clinical 

laboratories could benefit from mNGS. However, cost, turnaround time, variable 

sensitivity/specificity, validation and reproducibility remain hurdles to overcome before 

implementing mNGS in routine diagnostics. A commercial mNGS service provider could be 

applied to reduce costs before investing in infrastructures, equipment, and NGS-specialized 

laboratory personnel. The analytical sensitivity can be increased by several host depletion 

and microbial enrichment strategies. Reagent and laboratory contamination should be 

mitigated by sequencing a negative control and post-sequencing contamination removal to 

increase specificity. Nevertheless, data must be interpreted and evaluated carefully within a 

clinical context. Furthermore, validated microbial community reference standards and 

external/internal controls are required to warrant quality, reproducibility, and consistency of 

mNGS workflows. Above all, the intended use of mNGS should be clearly defined and 

performed on a case-by-case basis as described in the proposed diagnostic 

algorithm.Additionally, careful consideration is needed to determine the most appropriate 

clinical approach as each have their own advantages and disadvantages (Table 4). mNGS 



 

 

can circumvent some of the limitations of conventional testing to obtain a clinically actionable 

result in a reasonable time frame. Considering the ability of some sequencing platforms to 

provide same-day results, mNGS can revolutionise routine diagnostics. 

Table 4. Advantages and disadvantages of main diagnostic approaches and mNGS. 

Approach Advantages Disadvantages References 

Culture 

Economic, gold standard 

for antimicrobial 

susceptibility testing 

and  taxonomic 

classification, in vitro 

experiments 

≥ 2 days for pure culture, anaerobes 

require specialized equipment, not all 

microorganisms are culturable, dead cells 

are not detectable, culturing of viruses 

and some bacteria e.g. M. tuberculosis 

can take weeks 

[12,16,58] 

PCR 

(single and 

multiplex) 

Economic, rapid, low 

hands-on time, high 

multiplex potential, detects 

the majority of relevant 

clinical organisms 

Limited to the desired target(s). Mutations 

and recombination events can result in 

false negatives, relying on primer-target 

sequence matching 

[5,25-37] 

mNGS 

Enables the detection and 

characterization of all 

microorganisms within a 

single assay directly from 

the sample 

Wide range of costs, workflows and 

considerations. Lack of standardization, 

extensive wet and dry lab procedures, 

reproducibility concerns, sensitivity is 

impacted by nucleic acid background, 

Time to result can fluctuate 

[3,7,11,13,41,56

,57,89,94] 

 

5. Expert Opinion 

Looking at the reviews on real-time PCR applications in clinical microbiology from 15-20 

years ago, we can find several resemblances with the current mNGS situation. The 

implementation of real-time PCR also required careful consideration of facility and personnel 

requirements and workflow design [121]. Additionally, reports documenting the diversity of 

extraction methods, sample material, and protocols made a direct comparison of the 

methods challenging [121]. Since its initial introduction, real-time PCR has been fully 

integrated into routine clinical diagnostics and has become a vital tool in any testing 

algorithm. Similarly, mNGS could become a standard microbiological method with a clearly 

defined role in diagnostics soon. However, our opinion is that large-scale prospective efforts 

to standardise and validate mNGS workflows should be taken by clinical laboratories that 

wish to implement mNGS. Such initiatives exist at the academic/reference and commercial 

level but most likely lack the financial capacity needed for such studies. Consequently, 

commercial companies that can secure large grants for development will probably be driving 



 

 

mNGS implementation. Additionally, economic data showing the cost-effectiveness of mNGS 

is needed to justify the use of such an expensive test. A clear definition of diagnostic 

algorithms, including mNGS, is vital to show clinical utility rather than the promise of mNGS 

replacing conventional techniques (at least for the time being). The need for a new 

diagnostic tool to increase the sensitivity of microbial diagnosis is clear. Although mNGS 

seems to be a promising candidate, it will still take time before it is widely applied.  
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List of Figures 

Figure 1. Different levels of information obtainable from mNGS data. The first level includes 

taxonomic classification, i.e. identification of pathogens, and may be sufficient for some 

diagnostic purposes. The second level includes detection of virulence factors, identification 

of antimicrobial resistance markers and typing. MIC prediction is included in the third level, 

although this is still in its early stages.  

Figure 2. Diagnostic algorithm of potential workflow. Initially, a sample will be taken from the 

patient presenting with a clinical syndrome and run through conventional molecular testing. 

In immunocompetent patients, usually, the identified pathogen signifies the causative agent. 

If no pathogen is identified and the patient has continued symptoms and signs consistent 

with an infectious disease, another conventional test will usually be performed. If no 

infectious agent is found which corresponds to the clinical syndrome, mNGS could be 
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