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Abbreviations: 4 

NGS – Next generation sequencing, mNGS – Metagenomic next generation sequencing 5 

Index Terms: 6 

Next generation sequencing, Metagenomics, clinical laboratory, molecular assay  7 

 8 

Learning Objectives (3-5): 9 

1. Define metagenomics and possible applications in the clinical microbiology laboratory. 10 

2. Discuss the advantages and limitations of metagenomic next generation sequencing 11 

diagnostics. 12 

3. List the skillsets needed for wet- and dry-bench laboratory personnel who perform mNGS 13 

assays. 14 

  15 
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Abstract 16 

Next Generation Sequencing (NGS)-based assays have recently entered the realm of the clinical 17 

microbiology laboratory’s capacity, providing  exciting potential for improvement in infectious 18 

disease detection and identification. There are many diagnostic applications of NGS, such as 19 

targeted or amplicon NGS and metagenomic NGS (mNGS).  mNGS has received the most 20 

attention for diagnostics due to its unbiased nature and “hypothesis free” testing approach. While 21 

mNGS may have improved pathogen detection compared to conventional culture-based testing, 22 

and has shown clinically utility in some specific cases, the application of this technology is still 23 

investigational and many barriers and limitations remain to be overcome. This review will cover 24 

both the advantages and limitations of mNGS, and addresses the need for and incorporation of 25 

new technologist skillsets in the clinical microbiology laboratory to successfully implement 26 

mNGS diagnostics.   27 
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Introduction 28 

Next generation sequencing (NGS) is a technology that allows simultaneous, massively parallel 29 

sequencing of millions to billions of nucleic acid fragments.1 While there are many clinical and 30 

research uses of NGS, metagenomic analysis of NGS data (also known as shotgun NGS and 31 

colloquially referred to as “mNGS”) is a highly sought-after application due to the ability to 32 

unbiasedly interrogate a sample for all groups of pathogens.  This so called “hypothesis-free” 33 

diagnostic approach can, in theory, detect any bacteria, virus, fungi, and/or parasite directly from 34 

patient samples.1 Although traditional culture remains the gold standard, mNGS has been shown 35 

to provide improved pathogen detection compared to culture, especially for difficult to culture 36 

and unexpected pathogens.2 Numerous case reports that highlight the advantage of mNGS for 37 

clinical diagnosis have been reviewed elsewhere.3 However, there are significant limitations and 38 

hurdles when applying mNGS to clinical testing that should be understood in order to grasp the 39 

full potential and utility of this new approach. This review aims to highlight the advantages and 40 

disadvantages of mNGS and considerations for implementing this method in infectious disease 41 

clinical diagnostics with specific focus on associated workforce needs. 42 

 43 

The Clinical Laboratory Approach to mNGS Implementation  44 

Prior to adopting mNGS in the clinical laboratory, one must first determine if the laboratory is 45 

able to support the technology. Wet-bench technologists should have expertise in molecular 46 

techniques and be accustomed and adhere to proper molecular practices. Proper PPE, sample 47 

handling, and a unidirectional laboratory workflow should be familiar to those engaged in 48 

sample extraction, library preparation, loading and running NGS platforms. Preparation of the 49 
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sample and the NGS library are currently labor-intensive and require multiple high-complexity 50 

steps.4 Depending on available staff and laboratory workflow, wet bench processes can take up 51 

to 2-3 days. DNA library preparations are less labor intensive compared to RNA libraries, where 52 

additional steps are required to convert RNA to cDNA for mNGS assays. Additionally, the 53 

natural instability of RNA makes nucleic acid extraction and library preparation more 54 

challenging for these assays, but commercial kits are available to aid in these applications. 55 

Automation is available for most library preparation workflows, but is costly and does not 56 

necessarily result in time savings unless high volumes of testing are performed. A variety of 57 

NGS platforms are now available with sequencing times varying from several hours to several 58 

days. Sequencing time is not only dependent on the platform but also the number of samples 59 

included on the run and depth of sequencing required for the assay.   60 

After the sequences for each sample have been generated, bioinformatics pipelines are utilized to 61 

apply defined criteria for acceptable sequence quality, eliminate human reads, and identify or 62 

match the sequences to a respective pathogen using open-source or curated databases. These 63 

pipelines can be either in-house developed, modified from open-source pipeline codes, or can be 64 

purchased from a number of commercially available companies, such as Taxonomer, OneCodex 65 

and CosmosID.5-7 The development or implementation of published pipelines requires, at 66 

minimum, Masters-level training in computer science and bioinformatics with strong 67 

programming skills in Linux/Unix environments and common programming languages. While 68 

commercial pipelines are easier to implement and use, some level of bioinformatics knowledge is 69 

ideal to aid in data manipulation, modification and analysis. Taken together, implementation of 70 

mNGS requires development of new skills for most technologists and possible multi-disciplinary 71 

team approaches with bioinformaticians and/or programmers who may not have training in 72 
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clinical laboratory science.  Importantly, there are currently no FDA approved approaches to 73 

mNGS for any element of the process, wet or dry bench.  This means that adopting laboratories 74 

must devote significant financial and personnel resources to development, optimization and 75 

validation of any approach. 76 

 77 

Advantages of mNGS as a diagnostic test  78 

There are many advantages to mNGS over conventional cultures or serologic assays, with the 79 

main appeal being the ability to be completely unbiased. In addition to pathogen detection, 80 

mNGS also offers the opportunity to detect virulence determinants and resistance markers. The 81 

ability to sequence all nucleic acid present in the sample potentially allows for a more complete 82 

picture of the pathogen and may also allow incorporation of host biomarkers to help guide 83 

treatment and management decisions.  84 

To date, most reports showing mNGS utility have been in cerebral spinal fluid (CSF) by both 85 

clinically available and research-use only mNGS assays. However, many other specimens have 86 

been tested successfully, including research applications for other sterile sites (ocular and 87 

synovial fluid) and both research and commercial assays for plasma “cell-free” DNA (cfDNA) 88 

and non-sterile sites. 89 

Sterile Sites 90 

For sterile specimens directly from the infected source, a variety of pathogens have been 91 

detected. Metagenomic analysis of CSF for the diagnosis of central nervous system infections is 92 

perhaps the most high-profile application to date.  The first real-time metagenomic diagnostic 93 

result was described in a child with presumed chronic bacterial meningitis of unknown etiology.8  94 
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mNGS yielded only 475 reads of Leptospira santarosai, which was later confirmed by serology 95 

and targeted PCR, followed by Sanger sequencing.  Since this initial report, additional cases or 96 

small case series have been published detecting novel or unexpected pathogens in CSF samples.3 97 

Given the body of literature discussing mNGS applications for CSF, this will not be discussed in 98 

detail here and instead will focus on other sites where mNGS has applied.4, 9 Osteoarticular 99 

infections (OAI) are an attractive mNGS target due to the high proportion of culture-negative 100 

results, even in those cases where there is high suspicion for bacterial infection.  OAI mNGS 101 

studies have tested a variety of specimens, such as peri-prosthetic tissue, synovial fluid, and 102 

explanted prosthetic joint sonication fluid.  In one report, mNGS was applied to sonication fluid 103 

of an explanted knee arthroplasty to reveal infection was caused by Mycoplasma salivarium, 104 

which was confirmed by 16S Sanger sequencing.10 A larger study assessing mNGS for 105 

sonication fluids demonstrated 93% sensitivity and 88% specificity compared to culture.11 In this 106 

study, mNGS also potentially detected 12 additional bacterial infections not detected by culture, 107 

but these additional bacteria were of unclear clinical significance.  108 

As with many diseases that are being targeted for diagnostic mNGS, ocular infections  have a 109 

high proportion of cases with unknown etiology;  more than 50% of ocular infections have 110 

negative findings by conventional testing.12  Infections of the eye are particularly challenging as 111 

very limited volumes (100-300 µl) of ocular fluid can be safely obtained for testing.13 112 

Additionally, infections caused by a virus, parasite, fungus, or bacteria may be clinically 113 

indistinguishable, making prioritization of testing by traditional methods difficult. Two recent 114 

studies by Doan et al, applying DNA or RNA mNGS, evaluated archived ocular fluid samples 115 

from patients with suspected or confirmed ocular infections.  In the study, mNGS detected 27 of 116 

31 pathogens identified by conventional testing.13  In almost a quarter of conventional test-117 
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negative cases (8 out of 36), mNGS identified viral pathogens (CMV, HHV-6, HSV-2 and 118 

HTLV-1), bacterial agents (K. pneumoniae), and yeast (C. dubliniensis). An additional advantage 119 

of mNGS is the ability to provide resistance markers.  In one report, mNGS provided sufficient 120 

coverage of the UL54 and UL97 genes of CMV to identify known mutations that correspond to 121 

resistance to ganciclovir and valganciclovir.13  In the RNA mNGS study, mNGS was able to 122 

correctly identify the infectious etiology for all 3 cases evaluated, including a parasite 123 

(Toxoplasma gondii), yeast (Cryptococcus neoformans), and virus (HSV-1).  In an additional 124 

case of unknown etiology, mNGS resulted in the unexpected detection of Rubella virus, which 125 

was later confirmed with targeted PCR and Sanger sequencing.  These studies highlight the 126 

tremendous value in the clinical application of unbiased mNGS, especially in low volume critical 127 

samples.   128 

Pericarditis, or inflammation of the membrane surrounding the heart, can be caused by non-129 

infectious or infectious etiologies and the ability to accurately distinguish is vital to patient 130 

management.  Upwards of 85% of pericarditis cases do not have an etiological agent identified.14, 
131 

15 Molecular testing of pericardial fluid or tissue is usually required to make a final diagnosis. 132 

One study demonstrated the use of a metagenomics approach to identify Porphyromonas 133 

gingivalis from pericardial fluid, which did not grow in culture.16 Another study also utilized 134 

metagenomics to identify potential DNA viruses in patients with idiopathic pericarditis.17 While 135 

still limited, these case reports clearly show the advantages of mNGS in diagnosing infectious 136 

diseases where expansive traditional diagnostics are unrevealing or have been previously treated. 137 

 “Cell-free” DNA  138 

Similar to approaches used clinically for non-invasive fetal genetic testing, mNGS of 139 

“cell-free” DNA (cfDNA) have also been explored. Application of mNGS to the diagnosis of 140 

 on M
ay 16 2023 

http://hw
m

aint.clsjournal.ascls.org/
D

ow
nloaded from

 

http://hwmaint.clsjournal.ascls.org/


9 

 

sepsis is of obvious interest due to the wide breadth of organisms that can cause disease, 141 

particularly for the most at-risk patients.  In a case report applying cfDNA mNGS of an asplenic 142 

septic patient, mNGS was able to detect Capnocytophaga canimorsus prior to blood cultures 143 

becoming positive.  In this report, the patient had bacteria visible by Gram stain of blood, 144 

suggesting an extraordinarily high burden of bacteria, while only a small number of reads of 145 

Capnocytophaga canimorsus were detected.18 This highlights an important limitation to mNGS, 146 

where even in samples containing a high bacterial load, the sensitivity of mNGS is decreased due 147 

to amplification of all nucleic acid present in the sample. While this is a select example of 148 

pathogen detection via mNGS, limited studies have addressed the clinical sensitivity and 149 

specificity of mNGS compared to conventional sepsis diagnostics. A recent paper assessed the 150 

analytical and clinical sensitivity of their laboratory developed cfDNA mNGS assay for 350 151 

patients presenting to the ED with sepsis found cfDNA mNGS was 84.9% sensitive and 62.7% 152 

specific when compared to traditional cultures19, highlighting the fact that this approach is not 153 

necessarily more sensitive than current microbiologic diagnostics.  Further, the study produced 154 

an equal number of samples with probable pathogens compared to false-positives identified by 155 

mNGS alone.  In other words, when submitting a sample from a patient suspected of having 156 

sepsis, if a positive mNGS result is obtained, it may be equally likely to represent contamination 157 

versus a true pathogen. 158 

In addition to detecting sepsis, cfDNA mNGS may also represent an approach to serve as a 159 

proxy for infection in a specific organ or elsewhere in the body (ie use of cfDNA to detect 160 

infection of the lung). In this respect, cfDNA contains small nucleic acid fragments from dead 161 

organisms being filtered from other body sites for removal and clearance.  The goal of using 162 

cfDNA mNGS as a proxy for remote sites would be to avoid invasive, high-risk procedures that 163 
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are associated with increased morbidity and mortality, like a bronchoalveolar lavage (BAL) or 164 

biopsy.  This same principle has been well described for non-invasive detection and treatment 165 

monitoring of organ malignancies.20, 21  To date, a very limited number of studies using cfDNA 166 

in this manner have been published. One study attempted to use cfDNA to detect causative 167 

agents of invasive fungal infections (IFI), which are a challenge to diagnose due to low yield in 168 

culture and lack of specific serum biomarkers.2 In this small study (n=9), 7 out of 9 (77%) cases 169 

had the correct pathogen detected by cfDNA mNGS. However, some organisms that were 170 

detected by conventional culture were missed by mNGS and mNGS detected some organisms 171 

that were missed by culture or of questionable significance.  Larger studies are needed to assess 172 

the true sensitivity and specificity of this approach for IFI. 173 

 174 

Non-sterile sites 175 

Application of mNGS for infectious disease in non-sterile sites are more complex and are only 176 

recently being explored. These sources present more difficultly with interpretation of mNGS data 177 

due to the presence of normal flora, an issue shared by culture.  Similar to culture, quantitative 178 

mNGS approaches are likely the key to differentiating pathogens from commensal organisms. 179 

For example, the respiratory tract is normally colonized with microbial flora due to contact with 180 

the environment and, in deeper portions of the airway, possibly due to continuous micro 181 

aspiration.22, 23 In a recent study of upper respiratory tract samples from children with community 182 

acquired pneumonia, mNGS was able to identify potential pathogens (Serratia marcescens and 183 

Pseudomonas fluorescens) that were not detected using traditional microbiologic methods. 184 

Additionally, these organisms were present in much higher proportion compared to other 185 

bacterial flora.24 A similar study investigating lower respiratory tract disease in BAL samples 186 
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detected organisms not identified by conventional testing in almost half the cases.25 This 187 

included respiratory viruses (n=4) and bacteria (n=2, Streptococcus mitis and Corynebacterium 188 

propiniquum) that had at least 2-fold greater read proportions compared to other species in the 189 

same category (e.g. “bacteria”); however the significance of these findings are unknown, 190 

especially for the bacterial targets, which often represent normal flora.  Quantitative analysis 191 

may also allow for better definitive identification of viral respiratory pathogens via mNGS.  192 

Significant positive correlation (90%) between normalized viral read counts by mNGS and viral 193 

load by quantitative PCR have been shown.19, 26-30  194 

Studies employing mNGS to the gastrointestinal (GI) tract have primarily focused on bacterial 195 

diversity, also known as the microbiome, which currently is more descriptive than actionable. 196 

However, limited studies have applied diagnostic mNGS in stool samples for detection of known 197 

GI pathogens.  One study assessing a mNGS approach for the detection of Shigella and 198 

enteroinvasive E. coli found that mNGS was accurate to detecting these pathogens but was no 199 

better than traditional culture.31 More studies are needed to fully understand the utility of mNGS 200 

from stool and other non-sterile sites.  201 

mNGS applied to urine could allow for simultaneous detection of pathogens and antibiotic 202 

resistance genes or mutations, without the delay of culture and phenotypic susceptibility testing; 203 

however, microbiologic diagnosis of urinary tract infections relies upon quantitative analysis of 204 

bacterial cultures, due to the possibility of contamination during urine collection.  Thus, mNGS 205 

may be overly sensitive for this application unless accurate cutoff criteria are established.  A 206 

recent study applied shotgun mNGS to urine samples from symptomatic and asymptomatic 207 

individuals, compared with routine culture.32  The authors proposed a cutoff based on total DNA 208 

quantity multiplied by the relative abundance of the dominant bacterial species detected by 209 
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mNGS as a way to differentiate true infections from asymptomatic bacteriuria. This approach 210 

yielded ~98% agreement with culture in the derivative dataset.    211 

Challenges, Limitations and Other Considerations of mNGS Applications 212 

Although mNGS provides many advantages, there are significant technical and interpretative 213 

limitations that should be taken into consideration when developing, performing, or interpreting 214 

mNGS diagnostics.  One main limitation is the sensitivity of truly unbiased mNGS, where, 215 

without a selection process, typically >99% of sequencing reads are of human origin.9, 33  This 216 

decreases the sensitivity for pathogen detection. Selection steps that attempt deplete human 217 

DNA, or RNA, in the sample prior to sequencing have been attempted, with varying increases in 218 

pathogen detection sensitivity.9, 10, 34 While selection methods to specifically amplify or enrich 219 

for pathogen nucleic acid have been explored, these can reduce the unbiased nature of the mNGS 220 

by limiting the number of pathogens that can be detected. For example, an enrichment for pan-221 

viral targets may be unbiased for viruses but excludes the potential to detect bacteria, fungi, and 222 

parasites. Additionally a larger or prospective clinical study, showing how often negative or 223 

difficult to interpret mNGS results are obtained and how often positive results are significant 224 

and/or clinically actionable, remains to be published.33  225 

mNGS preparation is a multi-step process, with many potential points for introducing 226 

contamination, including from the reagents used in the preparation, resulting in false-positives.9, 
227 

24, 35 Often, results from mNGS can be difficult to interpret, especially if the organism detected is 228 

environmental, a part of the normal flora or novel.  For example, Fancello et al commonly 229 

detected two viruses, Anelloviridae and Retoviridae, in pericarditis patients included in the study. 230 

However, control patients with known non-infectious pericarditis also detected Retoviridae by 231 

this shotgun approach.17 While the study shows the advantage of a highly sensitive 232 
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metagenomics approach for pericardial fluid, it also highlights a major limitation, which is the 233 

clinical relevance and interpretation of the results, especially when novel or non-clinically 234 

relevant organisms are identified not known previously to cause disease.  One group has chosen 235 

to ignore and not report such viruses when detected in CSF as a part of their clinical validation 236 

study.1  A similar limitation has also been shown for Rhinovirus and Bocavirus, which are 237 

commonly reported in respiratory tract mNGS studies.36  While quantitative approaches are 238 

being explored, false-positive and difficult interpretations are likely for non-sterile sites where 239 

microbial reads more often represent normal flora instead of infection, a problem  also shared by 240 

conventional methods. mNGS from plasma is particularly fraught with quality issues due to the 241 

low amount, and highly fragmented nature, of circulating nucleic acids. One study was able to 242 

detect a small number of reads (less than 1-fold coverage across the entire genome) of 243 

Capnocytophaga canimorsus DNA. This patient had bacteria, consistent with C. canimorsus, 244 

visible via staining of whole blood, suggesting his bacterial load was extremely high, which is 245 

likely the reason mNGS successfully detected the pathogen.18 Nevertheless, because of reported 246 

exposure history, this organism was high on the differential and was therefore empirically 247 

covered, questioning the translation of these results into clinical actions and modification in 248 

treatment decisions.33 cfDNA results may not always reveal the source of infection or true 249 

etiology due to high detectable microbial background; this has been shown in plasma cfDNA 250 

which may confound results interpretation.19  251 

If widespread adoption of mNGS is to occur, there will be a substantial shift in workforce and 252 

skillset needs. Due to the inter-disciplinary approach of mNGS, the laboratory must expand to 253 

include expertise in clinical microbiology, infectious disease, molecular diagnostics, computer 254 

programming, and bioinformatics. Laboratory staff will need training in high-complexity library 255 
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preparation, instrument function, maintenance, and troubleshooting that is specific to the NGS 256 

platform(s) and application(s) that are to be used. An in-depth understanding of the technology 257 

and the purpose of each step in the mNGS process and critical thinking skills will be needed to 258 

aid in assay optimization and problem solving. Additionally, a portion of the laboratory 259 

workforce will need to have higher degrees or senior experience in bioinformatics, in order to 260 

conduct analysis and troubleshooting of mNGS sequencing data, including pipeline development 261 

or pipeline modifications to meet the needs of the diagnostic assay being performed (Table 1).   262 

 263 

The Future of mNGS  264 

As we continue to learn more about how to perform, quality control, and interpret mNGS 265 

diagnostics, this method will likely become more standardized in large clinical laboratories. 266 

However, it is unlikely to replace traditional cultures and other molecular diagnostics 267 

completely. While mNGS appears to provide no advantage in the detection of routine and 268 

commonly detected pathogens, its utility appears to be best when applied to cases where 269 

traditional diagnostics are negative or when atypical pathogens are suspected. Additionally, there 270 

may be an advantage to mNGS assays for the critically ill to provide more rapid, all-271 

encompassing results to impact management decisions. The enthusiastic interest in developing 272 

mNGS diagnostics will continue to evolve and improve this methodology and, over time, will 273 

find its rightful place among our clinical microbiology toolkit for the detection of infectious 274 

agents.   275 
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Table 1: mNGS Steps and Needed Skillsets 276 

Step of mNGS Associated/Needed Skills 
Automated or 

Streamlined Solutions 
Available 

Nucleic acid extraction 1. Knowledge of molecular 
workflow  

2. Molecular sample handling 
techniques 

Automation 

cDNA creation (for RNA 
libraries) 

Same as above, including handling 
and manipulation of RNA 

None 

Library preparation 1. Knowledge of molecular 
workflow   

2. Molecular/micropipetting 
techniques 

3. Understanding of NGS 
methodology and calculations 

4. Critical thinking/troubleshooting 
of NGS preparation steps 

Automation 

Instrument operation Experience or proper training  None 
Quality Control Critical thinking/troubleshooting of 

NGS preparation steps 
None 

Read/data analysis All of the above, including 
bioinformatics training and 
programming knowledge 

Web-based commercial 
pipeline 

Data Interpretation  1. All of the above, including 
experience and involvement in the 

test validation 
2. Medical Director review, chart 
review, consultation and sign-out 

Establishment of 
Positive/Negative 
Pipeline Criteria   

 277 

  278 
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Figure 1. Sites of current and future mNGS diagnostics. Blue represents sterile sites. Black 279 

represents non-sterile sites. CSF, cerebral spinal fluid; CNS, central nervous system; BAL, 280 

bronchoalveolar lavage; cfDNA, cell-free DNA; UTI, urinary tract infection  281 

 282 

  283 
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