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Abstract - (69 words)  

The threat posed by novel pandemics in the future remain active. Equipping our routine 

laboratory with clinical metagenomics to detect unknown threats early on offers a considerable 

advantage, and may be feasible and scalable with the ability to identify complicated infectious 

diseases in routine care. Though several technical and regulatory challenges still exist, clinical 

metagenomics may improve individual patient outcomes, and provide earlier warning signs to 

improve pandemic preparedness.  

Text – (2267 words) 

Introduction 



Almost all recent pandemics have a viral etiology from animal origin, which pose a great threat 

with its intrinsic ability for cross-species transmission (1). It is estimated that 1.7 million 

unknown viral species from viral families exists in mammals and birds, which are the most 

important reservoir for viral zoonoses, of which 37-49% pose a significant outbreak threat (2). 

However, if viruses are our enemy, we have limited ways of knowing what the enemy appears to 

be, at least not before an outbreak of great proportion is already before us. Clinical metagenomic 

may offer a solution to this not only by identifying complex infectious diseases that are 

conventionally untestable, but also by rapid identification of novel pathogens, some of which 

may trigger an urgent outbreak response. 

Most notably, the recent identification of SARS-CoV-2 as the causative agent of unknown 

cluster pneumonia cases seen in Wuhan City, can be seen as a successful use case of 

metagenomic sequencing for outbreak pathogen detection. Although the earliest known date of 

symptom onset from the first patient identified was Dec 1, 2019,  the causative agent SARS-

CoV-2 was identified 37 days later on Jan 7, 2020 by the Chinese Center for Disease Control and 

Prevention (3). Though much of this delay was recognizing that an outbreak was in fact taking 

place, the actual metagenomic analysis from bronchoalveolar lavage fluid that determined the 

identification of a novel coronavirus was performed rapidly in a matter of hours to days (4). 

Although rapid and widespread metagenomic testing may have identified this pathogen earlier, 

there are several hurdles to large-scale implementation. Metagenomic approaches are still largely 

heterogenous where there is little convergence on best practices, which make automation of this 

technology particularly challenging, not to mention the time-consuming processes and high costs 

associated with its operation. However, there has been significant scientific progress in the field, 

and with the development of reporting specifications including the STROBE-metagenomics 



guidelines, metagenomics is positioned to be more widely used and accepted (5). Once effective 

pipelines from sample to report are automated, unusual and routinely untestable infections may 

be detected within hours or days of initial presentation, often benefitting selected patients and 

potentially offering early warning signs for pathogens with pandemic potential. 

 

Detecting the invisible enemy 

Clinical metagenomics is the application of sequencing all genes in a single clinical sample 

without the need for isolation or lab cultivation. These sequences are then bioinformatically 

classified using a comprehensive database of known microorganism DNA, producing 

phylogenetic matches to the most closely related genus and species. Had this technology been 

widely accessible and available at the bedside, the novel SARS-CoV-2 virus may have been 

identified much faster as part of the betacoronavirus genus being closely related to two bat-

derived SARS-like coronaviruses (~88%), SARS-CoV (~79%) and MERS-CoV (~50%) species 

(6). This would not be possible in nearly all clinical laboratory tests available today including 

serology testing or multiplex PCR panels that are limited to a priori knowledge of selected 

pathogen targets. Furthermore, for well-classified species these (meta)genomes may be used to 

predict antimicrobial and antiviral resistance from known genetic determinants, however, may be 

limited by complex genetic relationships or transcriptional factors yet to be discovered (7). 

Numerous challenges still need to be addressed before this technology is adopted in routine 

practice, however, tremendous progress has been made in the scientific and regulatory front thus 

far discussed extensively in a review by Chiu CY et al. (8). The FDA has released general 

guidelines for the clinical validation of infectious disease testing, although there are no specific 



recommendations for clinical implementation (9). However, a best practice approach should be 

taken including a failure mode and effects analysis using representative pathogens with continual 

assay evaluation and independent confirmation of unexpected results (8). 

To date, several individual cases from nearly all types of clinical pathogens and samples have 

been reported to yield results from metagenomic sequencing where conventional tests were 

negative, often completely altering treatment and drastically improving outcome (8). One such 

case was a 14-year-old boy who developed hydrocephalus and status epilepticus necessitating a 

medically induced coma. The diagnostic workup including brain biopsy was unremarkable. 

However, metagenomic sequencing of cerebrospinal fluid revealed Leptospira santarosai 

infection, which was later confirmed by polymerase chain reaction tests, and treated with 

targeted antimicrobials which led to a full recovery and discharge a month later (10). 

Failure of the current laboratory 

The routine laboratory today currently fails to detect as much as 33-89% of respiratory 

pathogens, 40% of gastroenteritis and 60% of all encephalitis cases, which impede the 

surveillance of diseases (11–13). For instance, the Nipah viral outbreak in Malaysia in 1998 was 

falsely attributed to Japanese encephalitis, rendering early and appropriate control measures 

ineffective, which resulted in spread to other parts of Malaysia and nearby Singapore, which 

resulted in 105 deaths and the near collapse of a billion-dollar pig-farm industry (14). This viral 

outbreak which presents as encephalitis and respiratory illness has recently resurged since May 

2018 in South India, with the last case reported in June 2019. Effectively our routinely laboratory 

capacity to detect viruses like Nipah virus has not fundamentally changed for decades. An 

effective treatment or vaccine for this disease does not exist, placing a greater need for early 



outbreak detection and an aggressive response. Furthermore, given the high number of individual 

diagnostic tests requested for unidentified infections, a single and unbiased clinical metagenomic 

test may be less labor-intensive, quicker and overall more cost-effective. 

A unique advantage is to obtain high-resolution transmission dynamics, capable of informing 

public health responses to terminate clusters of disease and avert similar events by understanding 

the origins of such outbreaks (15). Furthermore, understanding early on if this is truly an 

outbreak caused by a single strain or, simply an increased incidence involving multiple unrelated 

strains might prompt a faster and focused response that may include removal of the source, 

interrupting transmission and strengthening host defenses. Evidence of this was seen using 

portable sequencing device in the recent Usutu (16), Ebola (17), Zika (18), Lassa fever (19) and 

Yellow fever (20) outbreaks, a strategy termed as “precision public health”. Other studies have 

recently combined genomic surveillance data with epidemiological data to identify transmission 

networks of SARS-CoV-2, which has identified cryptic transmission events including ward 

outbreaks of hospital-acquired infections and substantial transmission in healthcare associated 

community settings that had not been suspected by clinical or infection control teams, which 

may have implications for national public health policy (21, 22). 

 

Current barriers to implementation 

Numerous technical, clinical and regulatory challenges need to be addressed before metagenomic 

testing is widely available at the bedside. As various pathogens from bacteria and viruses to 

fungi and helminths may be found in multiple types of clinical samples, a single workflow is 

unlikely to suffice, but rather multiple workflows optimized to specific sample types may 



emerge. Of particular importance for outbreak detection, a validated and standardized automated 

workflow to detect viruses from respiratory samples may have significant potential. However, 

technical challenges exists such as varying nucleic acid extraction efficacy, contamination issues 

and disproportionately high amounts of human DNA, which have been widely discussed 

elsewhere (8, 23, 24).  

Although bioinformatic pipelines geared to detect known organisms have been well established, 

pipelines to detect novel organisms still need to be validated which might involve setting specific 

diagnostic thresholds and using techniques such as de novo assembly, a challenging feat with 

metagenomic samples (25). Furthermore, nucleic acid aligners may provide false-positive hits 

for non-human animal viruses and, may often require further analysis with higher stringency 

algorithms to improve specificity. While samples containing high levels of animal-related viruses 

may have numerous identified reads, more divergent pathogens or less optimal samples may 

require further testing and follow-up as seen in the discovery of Bas-Congo virus and a novel 

Astrovirus found in brain tissue which required the use of deep sequencing (26, 27).  

Typically, investigations are initiated from a clinical perspective with a pre-determined 

hypothesis. This may be no different for metagenomics, as a general screening approach may be 

unfeasibly expensive, however, further studies are required to determine which patients and 

clinical syndromes are best suited for this test potentially including conditions such as fever of 

unknown origin, culture-negative endocarditis, aseptic meningitis, or when specific clusters of 

cases present with unknown etiology. Nevertheless, this non-targeted approach would require 

workstreams to follow up potentially significant findings, which has not been developed for 

general clinical laboratory use, and potentially refer this to central laboratories with clinical 

bioinformaticians for further assessment. Further research and follow-up studies are required to 



distinguish among true findings, findings of unknown clinical significance and false positives 

from contamination or bioinformatic misclassification. If thresholds are too sensitive, 

announcement of pathogen detection proven to be untrue or not clinically significant could lead 

to loss of faith in the technology to detect emerging pathogens as in the discovery of xenotropic 

murine leukemia virus. This virus was erroneously linked to chronic fatigue syndrome that lead 

to some individuals starting antiretrovirals, although this was ultimately proven to be generated 

unintentionally in the laboratory through genetic recombination between two mouse retroviruses 

during propagation of a prostate-cancer cell line in the mid-1990s (28). Although other such 

challenges have been extensively discussed elsewhere (8, 29), progress is continually being made 

on these forefronts which may one day allow us to exploit metagenomics’ full potential.  

 

Timing, timing, timing  

Time is of essence in an outbreak, with isolation delays in the source region and pathogen 

transmission risk largely determining the course of a potential pandemic (30). Although the delay 

in identification of SARS-CoV-2 from the earliest symptom onset to result was 37 days, in 

resource-limited settings, this timeframe can be prolonged even further where poor healthcare 

infrastructure exists with limited diagnostic capabilities (3). For instance, the West African Ebola 

outbreak was first identified on March 21, 2014, although the index case was traced as far back 

as nearly 3 months on Dec 26, 2013 (31). Automated metagenomic systems may offer resource-

limited settings with the ability to improve diagnostics of complex infectious diseases and may 

also provide early warning signs, that would otherwise be missed due to lack of extensive testing 

infrastructure. 



 

Disease X 

Although the SARS-CoV-2 pandemic appears as an anomaly, it isn’t. The last century also began 

with catastrophic waves of Spanish influenza that killed up to 100 million people globally (32). It 

is estimated that around one new disease emerges yearly (33), and although not all have 

pandemic potential, enough do (e.g Ebola virus, Middle East respiratory syndrome coronavirus) 

to pose a significant risk to global health and to task the World Health Organisation with an 

important mandate, which includes commissioning an expert committee to update its list of the 

most threatening infectious diseases that lack effective treatments or vaccines (34). However, 

what should be a warning signal to extensively fund research and technology for disease 

surveillance such as metagenomic technology is the entity at the end of this brief list-“Disease 

X”. Last year’s Disease X now has a name, COVID-19, while the next unknown Disease X is yet 

to come. 

 

Beyond the healthcare setting 

The development of systems to integrate metagenomic laboratory data with environmental 

samples such as sewage and animal samples from cattle and other livestock may likely yield 

insights into circulating agents relevant to population health. For instance, integrated surveillance 

networks will be useful to discern the relationship between antibiotic use and antibiotic 

resistance genes in receiving environments and clinical settings, offering specific opportunities 

for intervention. Furthermore, it has been recently demonstrated that wastewater testing may 

capture the increase and decrease of novel coronavirus cases in mid-sized metropolitan regions 



prior to standard diagnostics, facilitating social distancing interventions or vaccine deployment 

(35). However, these systems need to be carefully developed protecting patient and institutional 

autonomy, while providing meaningful public health information. Further exploration is required 

to determine if these systems are based on public health need or if it should remain in the 

research domain. 

 

The way forward 

Clinical metagenomics is still a burgeoning field, and still requires considerable research and 

development before it becomes part of the clinical armamentarium. Numerous scientific 

challenges exist such as reducing high levels of human DNA in clinical samples, improved 

quality and contamination control, and workflow optimization and automation. Careful 

contextualization of results will be necessary before conclusions can be made, ideally within an 

agreed frame of standard operating procedures that is yet to be established. However, despite 

these challenges it is likely to be a routine test available to the physician in the future. This may 

emerge as an automated laboratory device, where minimal effort is required from laboratory 

personal. The report when ready would then be validated by a clinical microbiologist and made 

available to the treating physician. Potentially dangerous pathogens, and the closest genetic 

relative for unknown pathogens, should flag up immediately prompting further follow-up. This 

report and metagenomic data, together with other environmental and livestock data, may be 

synchronized to a regional or national surveillance hub, where imminent public health threats can 

be monitored, and a response initiated. 



Thus far clinical metagenomics has been proven useful in detecting novel species and strains, 

outbreak transmission patterns and complicated microbiome diseases. Its role in the future of 

pandemic preparedness is anticipated and could exist as the earliest surveillance system we may 

have to detect outbreaks of unknown etiology, and to respond in an opportune manner. Despite 

the numerous challenges, clinical metagenomics’ advantage of potentially becoming available in 

routine care for complicated infectious diseases offer the feasibility and scalability for added 

unbiased pathogen surveillance, potentially averting future outbreaks, and would be useful for 

both the individual patient and for the public health system. 
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