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Metagenomic next-generation sequencing (mNGS) is the process of sequencing all genetic material in a biological sample. The technique is growing in popularity with myriad applications including outbreak investigation, biosurveillance, and pathogen detection in clinical samples. However, mNGS programs are costly to build and maintain, and additional obstacles faced by low- and middle-income countries (LMICs) may further widen global inequities in mNGS capacity. Over the past two decades, several important infectious disease outbreaks have highlighted the importance of establishing widespread sequencing capacity to support rapid disease detection and containment at the source. Using lessons learned from the COVID-19 pandemic, LMICs can leverage current momentum to design and build sustainable mNGS programs, which would form part of a global surveillance network crucial to the elimination of infectious diseases.
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Introduction

Pathogen metagenomics in public health and outbreak response has grown in popularity since the term “precision public health,” describing the use of individualized data to tailor public health interventions for target populations, was coined in 2015 (1). Metagenomic next-generation sequencing ([m]NGS) is the process of sequencing all genetic material in a biological sample including commensals and environmental contaminants, as well as disease-causing pathogens (2). However, despite major advances in NGS techniques, significant decreases in the costs associated with sequencing, and availability of more rugged sequencers, necessary skills to prepare sequencing libraries and sufficient bioinformatics capabilities for timely analysis are still a challenge in low- and middle-income countries (LMICs).

Yet, LMICs are precisely where mNGS surveillance can best detect and contain novel and emerging pathogens. Based on increased flora and fauna biodiversity and population mass, heatmaps of risk consistently show the areas at highest risk for outbreaks in Southeast Asia, India, and southern China (3). Recent examples add urgency to the task of expanding mNGS capacity in these areas: implementation of NGS in field settings proved crucial to the containment of the recent Ebola virus epidemic in West Africa as well as development of countermeasures (4, 5); metagenomics also played a significant role in the initial identification of SARS-CoV-2 (6) and potential zoonotic reservoirs (7, 8) and continues to guide outbreak response.

In this scoping review, we set out to describe the current state of mNGS programs for pathogen detection in LMICs and propose a roadmap for their future expansion (Box 1). We highlight the rationale for establishing mNGS infrastructure in LMICs, examples of its successful application in resource scarce settings (9, 10), the anticipated and surprising obstacles and attitudes to mNGS implementation, the critical need for accessible bioinformatics pipelines and expertise (11), and the impact of pre- and post-COVID experiences on mNGS feasibility in low- and middle-income countries. We conclude with mNGS lessons learned for a variety of public health aims and the ultimate goal of providing a foundation for both disease elimination and outbreak readiness strategies.


BOX 1 Summary of published reviews and objectives and added value of this review.
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Successful applications of mNGS in disease detection and containment

mNGS has gained popularity over the past decade as a novel diagnostic and epidemiologic tool within well-resourced settings, where applications of mNGS include outbreak investigation and antimicrobial resistance surveillance. Several groups have demonstrated that mNGS can also be successfully implemented in low-resource settings, with important downstream implications for disease recognition, control, and eradication. A comprehensive review of the literature was performed to identify reports of in-country mNGS studies conducted in LMICs (Supplementary Data); select cases are highlighted here.


Pathogen detection in clinical settings

mNGS is filling an industry niche for the evaluation of fever of unknown origin (FUO) where other advanced microbiologic, serologic, and molecular methods failed to yield a diagnosis. The role for pan-pathogen diagnostics is best described in immunocompromised patients who are susceptible to a wide variety of opportunistic pathogens and often have surprising or non-specific disease manifestations (12). mNGS may obviate the need for multiple laboratory analyses, making it attractive for testing of small-volume clinical samples from difficult-to-sample compartments such as the central nervous system and for detection of co-infection (13). Outside of academia, commercial for-profit mNGS laboratories perform FUO analyses; for example, one company identified pathogens causing febrile neutropenia in Brazilians leading to initiation of targeted therapy in patients (14). However, prohibitive shipping costs to overseas labs and long turnaround times preclude routine clinical use of available commercial tests by LMICs. The following case studies demonstrate the feasibility and benefits of near-patient mNGS in under-resourced settings.

Pan-pathogen testing can bypass limited availability of diagnostics in low-resource settings, where rudimentary testing toolsets may miss a variety of occult or emerging pathogens. In cases of severe acute respiratory illness and meningoencephalitis in Malaysia, Vietnam, and Bangladesh, mNGS succeeded where available diagnostics had failed to identify common viral pathogens (10, 15, 16). Application of mNGS is especially attractive in HIV-prevalent countries for identifying difficult-to-detect opportunistic pathogens. In Uganda, mNGS of cerebrospinal fluid from 368 HIV-infected individuals identified 81 pathogens including unexpected cases of Nocardia brasiliensis and Wesselsbron virus (17). The same study also demonstrated the versatility of mNGS for detecting important co-infections (e.g., tuberculosis and toxoplasmosis).

Many LMICs are endemic for viruses causing seasonal or sporadic disease outbreaks. Disease diagnosis, particularly during large epidemics, is often made by clinicosyndromic case identification without laboratory confirmation. Differentiating etiologic agents based on clinical presentations can prove challenging given similarities in disease manifestation; even when serologic assays are available, these may be confounded by cross-reactivity. mNGS provides a method to disentangle infectious mimickers. In Cambodia, mNGS identified chikungunya in 10 patients initially diagnosed with dengue based on symptoms alone. This allowed the Cambodian Ministry of Health to rapidly incorporate chikungunya polymerase chain reaction (PCR) into national surveillance efforts and resulted in subsequent characterization of an outbreak that reached most of Cambodia's provinces within the next 2 months (9). In Brazil, mNGS evaluation of samples from patients with presumed dengue uncovered a concurrent cryptic outbreak of parvovirus B19 (18). During a 2018 presumed Lassa virus outbreak in Nigeria, mNGS identified multiple cases of yellow fever, leading to an outbreak declaration within 4 days of receiving samples (19).

The unique infectious disease landscapes of LMICs are an exciting venue to explore the expansive range of mNGS technologies. Many infectious agents commonplace in LMICs are rarely seen in most high-income countries (HICs); the lack of commercial interest in these diseases, commonly labeled “neglected tropical diseases,” has contributed to a shortage of reliable commercial diagnostics. Vector-borne diseases are a prime example. In 2020, six febrile forest workers in Cambodia were found to have parasitemia on blood microscopy, thought to be morphologically consistent with Plasmodium malariae. Rapid diagnostic tests targeting common malarial antigens were negative in all six individuals. Subsequent mNGS analysis reattributed the infections to Plasmodium knowlesi, an agent of zoonotic malaria. These findings led to incorporation of P. knowlesi PCR into national diagnostic algorithms (20). Scrub typhus and murine typhus, caused by obligate intracellular bacteria of the Orientia and Rickettsia genera, respectively, are traditionally diagnosed via fallible serologic tests. While PCR-based methods have been developed, these are not routinely available, and sensitivity varies depending on bacterial load and disease time course. mNGS may hold promising applications for identification of these pathogens (9). Lastly, mNGS can identify known pathogens manifesting with novel clinical presentations. In Bangladesh, mNGS of cerebrospinal fluid from several children presenting with idiopathic meningitis ultimately identified neuroinvasive chikungunya virus, leading to recognition of a meningitis outbreak that informed diagnostic frameworks at local hospitals (10).



Outbreak investigation

Over the past two decades there have been several significant outbreaks of hemorrhagic fever viruses in sub-Saharan Africa, with scattered exported cases and fears of pandemic potential triggering global responses (4, 5). In these settings, in-country sequencing and analysis provided near real-time data that was rapidly translated into public health interventions. In 2008, use of mNGS enabled identification and characterization of a novel arenavirus, Lujo virus, as the etiologic agent in an outbreak of unexplained hemorrhagic fever in South Africa (21). During the 2013–2016 Ebola outbreak in West Africa, rapid expansion of in-country sequencing capabilities bypassed the lengthy turnaround times and prohibitive costs of sample exportation without loss of fidelity (5). Equipped with large benchtop sequencers in dedicated genomics centers and smaller, portable sequencers in the field, countries including Liberia and Sierra Leone used mNGS to trace viral origin and transmission patterns during the outbreak (4). Nigeria deployed mNGS during the 2018 Lassa fever season to investigate reasons for the unprecedented case surge; findings of a diverse viral population rather than a novel or divergent genotype suggested multiple distinct cross-species transmission events and highlighted the need for rodent reservoir control and improved sanitation (22). In addition to the public health benefits, these applications of mNGS in sub-Saharan Africa resulted in a wealth of sequence data critical to understanding hemorrhagic fever virus origins, diversity, and distribution (23).



Biosurveillance

Many LMICs are hotspots for emerging infectious diseases due to their biodiversity, multiple geographic and cultural interfaces between human and zoonotic reservoirs, and an abundance of arthropod and mammalian vectors (24). mNGS provides a means for population-level surveillance of the disease landscape, allowing for detection of emerging pathogens even prior to outbreaks. In Uganda, researchers used mNGS to evaluate samples from febrile children and identified a novel orthobunyavirus and two novel human rhinovirus C (HRV-C) species (25). During the study period, a lethal HRV-C outbreak occurred in a population of chimpanzees in western Uganda. Availability of comprehensive genomic data enabled comparison of assembled HRV-C genomes; little homology between human and chimpanzee sequences implied that the events were unrelated and required no immediate public health action.

Application of mNGS to study animal and environmental viromes and microbiomes holds promise for pathogen discovery upstream of spill-over into human populations. In Uganda, viral metagenomics applied to screen domestic pigs for African swine fever virus detected Ndumu virus, an alphavirus known to infect mosquitoes and potentially transmissible to humans through this vector (26). In 2015, as part of routine testing for potential pathogens in animals within a non-human primate quarantine facility in the Philippines, mNGS helped detect the re-emergence of Reston virus in 10 macaques (27). While Reston virus has yet to demonstrate virulence in humans, the virus closely resembles human ebolaviruses and infection is highly morbid in non-human primates; it is listed as a biosafety level-4 organism in recognition of the importance of cautious handling and enhanced surveillance to detect potential mutations conferring increased pathogenicity (27).

Studying arthropod vectors can also provide surprising insights on pathogenesis and identify targets for intervention along disease transmission chains. During the 2015–2016 Zika outbreak in Barbados, mNGS of local Aedes mosquitoes produced two ZIKV genomes, one with a novel mutation. Mosquito sequencing identified the primary vector species in this outbreak and also suggested that predominance of a viral strain in the mosquito population could predict the strain's role in current or upcoming outbreaks (28). In Inner Mongolia, a survey of ticks identified Dermacenter nutalli as a potential vector of emerging spotted fever group Candidatus Rickettsia tarasevichiae (29). mNGS programs in LMICs are a crucial component to creating a global network of biosurveillance. With continued investment in capacity building, rapid recognition and containment of emerging threats could potentially prevent the next devastating pandemic.



Antimicrobial resistance

Antimicrobial resistance (AMR) is a leading global health issue. In 2019, AMR accounted for over 4 million deaths, surpassing HIV and malaria in global causes of death (30). The burden of mortality is disproportionately borne by LMICs, where AMR prevalence is high and patients are often unable to afford second-line treatment. Inappropriate antibiotic use in humans and livestock, poor sanitation, substandard hospital infection control practices, and circulation of counterfeit antibiotics have been proposed as drivers of higher AMR rates in LMICs (31). Global travel and commerce mean that this problem is not restricted to LMICs. Over the past decade, several important genes conferring multi-drug resistance have arisen in LMICs, with subsequent global spread (32, 33).

Antibiotic susceptibility testing has traditionally involved time-consuming bacterial culture and identification, followed by in vitro exposure of isolates to antibiotics. While molecular PCR-based methods to identify resistance markers are growing in popularity, these still require targeted testing using prespecified panels for known or common pathogens. mNGS provides a rapid, comprehensive assessment in situations where unknown and/or multiple isolates and resistance mechanisms may coexist. The location of AMR genes (e.g., on highly transmissible mobile genetic elements) can be quickly identified and used to direct infection control efforts. Where increased sensitivity is needed, target enrichment can be performed within mNGS assays to detect known AMR genes including in polymicrobial samples (34).

Although still in its infancy, the field of microbiomics is growing rapidly as new applications are recognized. Studying the resistance patterns (i.e., the “resistome”) of bacteria in humans and the environment can be used to gauge the presence of clinically relevant AMR and anticipate potential spread and acquisition of transmissible AMR genes. Multinational studies have demonstrated the vast diversity of human microbiomes and resistomes across the globe with clustering in high-income vs. low-income countries and urban vs. rural communities (35). The H3Africa Initiative supported a recent study representing the largest metagenomic dataset of African adults published to date, in which stool samples from two South African cohorts dominated by different lifestyles and cultural practices (traditional vs. transitional, “westernized”) were found to have distinct AMR profiles (36). The same study found previously undescribed taxa in participant gut microbiomes, demonstrating the importance of sampling in LMICs and revealing limitations of reference collections that are dominated by contributions from HICs (36). Popularized during the SARS-CoV-2 pandemic, wastewater surveillance via mNGS can also be used to gauge AMR incidence and prevalence in populations to inform containment efforts, without the need for laborious individual testing (37). In Latin America, a study comparing human and wastewater samples from El Salvador and Peru revealed large networks of AMR transmission among microbial communities of humans, co-located animals, and their shared environments (38).




The COVID-19 experience and its impact on mNGS in LMICs

The advent of COVID-19 propelled mNGS into the limelight as a means to rapidly characterize emerging pathogens, including in low-resource settings (39). SARS-CoV-2 was identified as the causative agent of COVID-19 using an agnostic whole-genome sequencing approach early in the pandemic (6). Availability of genomic data enabled its rapid classification as a sarbecovirus with genomic and clinical similarities to SARS-CoV-1 and facilitated phylodynamic analysis for the identification of potential viral origins, zoonotic reservoirs, and transmission chains (39–41). Unfortunately, by the time this information was available, the virus was widespread.

Following initial metagenomic characterization of the virus, sequence data was used to design targeted molecular diagnostics and therapeutics (42). Early knowledge of the viral genome accelerated the development of COVID-19 vaccines, likely averting countless deaths as mRNA vaccines have been the single most beneficial intervention for SARS-CoV-2 (43). A welcome byproduct of mNGS use early in the pandemic was the identification of co-infections when the clinical spectrum of COVID-19 was not yet fully understood (44). Even as the pandemic continues, genomic surveillance is being applied to identify novel variants of concern and anticipate successive waves. Viral mutation and escape from existing molecular tests and therapeutics emphasize the importance of continued availability of unbiased whole-genome sequencing to quickly detect important mutations and design countering targeted interventions (45, 46).

Since the onset of the COVID-19 pandemic, widespread sequencing of SARS-CoV-2 has led to a “genome explosion” with an unprecedented amount of sequence generation and sharing on public databases (47). LMICs with pre-existing mNGS programs including South Africa, Madagascar, Brazil, India, Bangladesh, Cambodia and Nepal were able to perform rapid in-country sequencing of the virus (39, 48, 49) and implement centralized genomic surveillance leading to early identification of several important variants of concern including B.1531 (Beta), P.1 (Gamma), B.1.617.2 (Delta), and B.1.1.529 (Omicron) (50–52). However, as of July 2022, only 3.0% of the over 11 million COVID-19 sequences uploaded to sequence database GISAID were shared by LMICs (Table 1 and Supplementary Table) (53). Recognizing a geographic disparity in global sequencing contributors with under-representation from LMICs, the World Health Organization (WHO) and Rockefeller Foundation co-initiated the Access to COVID-19 Tools Accelerator Genomic Surveillance Working Group with a goal of augmenting sequencing capacity across the globe (54). On a regional scale, multilateral organizations including Africa Centers for Disease Control and Prevention (Africa CDC), Pan American Health Organization (PAHO), and Association of Southeast Asian Nations (ASEAN) partnered with several public, private, and non-profit organizations to create regional surveillance networks and support sequencing in member nations. The global solidarity and pressures generated by the COVID-19 pandemic promise to usher in a new era with sequencing commonplace and integrated into national diagnostic and surveillance frameworks in HICs and LMICs alike. Beyond the pandemic, the challenge will be to maintain interest in these technologies to ensure their sustainability.


TABLE 1 Number of SARS-CoV-2 sequences shared to GISAID as of July 26th, 2022 by country/territory and economic status, with top 15 countries in each category listed [Data source: https://www.gisaid.org/submission-tracker-global/ (accessed July 26, 2022)].
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Obstacles

Despite demonstration of mNGS feasibility with numerous impactful successes, various obstacles unique to these settings thwart the uptake of mNGS in LMICs and widen the equity gap between low- and high-resource nations.


Access to a pool of skilled personnel

National health research capabilities (including clinical trials, funding attraction, publications, and doctorate training) show disparities between HICs and LMICs (55). The development of advanced research hubs requires access to a pool of skilled scientists; in LMICs, this represents a major barrier to expansion of research capabilities (56). For example, six sub-Saharan African countries, all countries with high health research capabilities relative to other countries in the region (55), had substantially fewer researchers per million than the global average (3.5–39.8%) (57).

More specifically, paucity of researchers trained in bioinformatics is a major barrier to expanding mNGS capabilities in LMIC institutions. Conversely, availability of bioinformaticians in HICs may further widen disparities (58). Undergraduate and postgraduate bioinformatic programs are not available in all educational centers and are not equally distributed even within continents (59). Countries lacking structured pedagogical systems may struggle to maintain the skilled workforce needed to run advanced biotechnology programs. Multiple initiatives have tried to fill this gap by providing training in bioinformatics for biologists and related scientists in LMICs. However, workshops and courses require significant resources and collaboration to organize and deliver (60).

Competing demands further hinder the ability of trained scientists to use these skills to perform research. Scientists in universities in Kenya and South Africa had high teaching and supervision workloads compared to European and North American counterparts (61). In addition, while retention has been overall good in the U.S. (70% of CDC/Association of Public Health Laboratories recruits are still working in public health) (2), retention rates of biologists trained in bioinformatics in LMICs are unknown but may be challenged by scarcity of well-developed post-doctoral programs, poor working conditions and wages, and—in extreme conditions—war.



Access to platforms and reagents

Apart from cost, which will be discussed later, access to platforms is a combination of the ease of use of the platform and availability of (i) the sequencing instrument plus the flow cells and reagent kits to operate it, (ii) routine and emergency service/maintenance of instrument(s), and (iii) reagents and protocols required to prepare samples for sequencing. Illumina and Oxford Nanopore Technologies (ONT) are currently the most prevalent platforms for mNGS in LMICs. While there are several other mNGS platforms on the market, due to the space constraints of this manuscript, only these two platforms will be discussed in detail.

Illumina provides a wide gamut of short-read sequencers that yield 1.2 Gb to several Tb of data, with the iSeq being the smallest sequencer (<1 ft2). The disposable reagent cartridge and flow cell of this instrument include all fluidics and optics required for sequencing, making the iSeq the most maintenance-friendly instrument of Illumina's lineup and hence attractive for regions where access to service engineers and support is limited. The minION, the smallest sequencer from ONT, can generate up to 50 Gb of data, albeit with a lower raw read accuracy than Illumina sequencers (62). The portability and lower cost of the minION make it an attractive platform, especially for settings with limited resources and infrastructure. The larger ONT instruments still have a limited footprint compared to non-iSeq Illumina instruments, and their maintenance requirements remain minimal due to the use of disposable all-in-one flow cells. Illumina instruments generally have built-in computing power for initial analyses such as base-calling and demultiplexing, while most ONT instruments require extra data processing units and steps after data collection to generate fastq data files containing interpretable sequence data.

Acquiring a sequencer is one obstacle, ensuring a predictable and timely inflow of all reagents needed to run that sequencer is another. Most HICs have direct access to instruments, reagents, and service from the manufacturers themselves through national or regional offices, but access in LMICs is most often provided through distributors. Illumina was founded in 1998 and has several commercial offices that provide the U.S. and the Europe-Middle East-Africa region (all located in Europe) with direct customer service, ensuring short order fulfillment cycle times. However, South America, Southeast Asia, and East Asia each have just a single commercial Illumina office, and most LMICs are primarily serviced through local third-party distributors with variable quality in customer service and robustness of supply chains. ONT was founded in 2005 and has fewer regional offices but also employs several distributors, some that service several countries at once in Europe and sub-Saharan Africa. Many LMICs do not have an allocated local distributor for any sequencing products in place despite having established sequencing capacity. Conversely, local distributors servicing LMICs do not have the broad customer base that HICs' distributors may have; as they are required to take on significant financial risks, this often leads to higher prices, low inventories, and extended order fulfillment cycle times. In addition, most reagents require shipping at <20°C which can be challenging in the context of higher ambient temperatures and/or extended delivery times. Finally, access to instrument maintenance by knowledgeable service engineers is especially challenging in underserved LMICs. This not only results in extended instrument downtime in LMICs vs. HICs, but also limits local sequencing groups in their efforts to expand their throughput with higher-end instruments beyond the low-maintenance, easy-to-use iSeq and minION type of sequencers.

Preparing samples for sequencing, a process often referred to as library prep(-aration), also requires specific reagents. Procuring these reagents from the same sequencing company (or distributor) that also provides the required flow cells and sequencing cartridges is efficient from a supply chain perspective. On the other hand, procuring compatible kits from other life science companies may be cheaper and allow for more customized orders. However, having to order compatible reagents from yet another distributor adds complexity to already existing supply chain issues in LMICs. Of note, not all sequencing workflows can be customized to the same extent—e.g., alternative barcoding kits allowing for multiplexing are available for Illumina but not ONT workflows due to the requirement of specific motor proteins on ONT adapters. Flexibility in library prep workflows is an important tool to cope with slow or unreliable supply chains and reduce interrupted access. This includes different types of kits for library prep, different approaches to library prep QC, and miniaturizing reactions as much as possible to maximize the number of reactions that can be performed with a single kit. While many such protocols exist, they are often hard to find.



Access to analytical pipelines

mNGS sequencing produces gigabases of data, making analysis and data storage computationally intensive and expensive. There has been no standardization of available mNGS pipelines, resulting in a myriad of tools and databases specializing in topics from microbial ecology of environmental samples (e.g., MG-RAST) (63) to viral pathogen detection in clinical samples. Unfortunately, most of these tools require bioinformatics expertise and strong command-line skills, making the barrier to entry high and often insurmountable in areas with limited resources.

There are several graphical user interface (GUI) -based user-friendly options available that circumvent requirements such as coding fluency. Tools such as Genome Detective (64). One Codex (65), and DNASTAR's Lasergene (66) provide push-button analysis of raw data to taxonomic identification and abundances; however, they also require paid subscriptions which may preclude their use in labs that are already stretched for resources. Free options such as CZ ID (11), Nephele (67), and Taxonomer (68) are available, with Taxonomer offering a paid subscription to view visualizations such as read coverage of an accession.

One of the main difficulties of mNGS analysis is the ability to identify contamination and differentiate between true and spurious hits. Tools such as CZ ID offer visualizations and filters to help users remove spurious hits from their analysis and gain confidence in true hits. Access to figures such as heatmaps, background models (69), and coverage visualizations are key to identifying important pathogens.

Although visualizations are essential in identifying and confirming pathogens, the results of the pipeline are only as useful as the underlying reference database. Choosing a tool that compares sequences against a comprehensive database such as the nucleotide and protein databases hosted by NCBI (for mNGS analysis) increases detection sensitivity. However, pathogen landscapes are region-specific and pathogens from LMICs may be underrepresented in public databases since NGS capacity is often lacking. For example, Burkholderia pseudomallei, a bacterial pathogen that causes melioidosis, is common in Southeast Asian LMICs but severely underrepresented in AMR databases (70).



Access to internet

The internet is instrumental in accessing training opportunities and a network of collaborators, and it is also at the center of mNGS data sharing and analysis and tool development (71). Data transfer is necessary to share knowledge, enable cross-institutional collaborations, and alleviate the need of bioinformatic expertise if cloud-based analytical tools are available. Nevertheless, internet access remains a major barrier in LMICs (72). In 2021, 2.9 billion people did not have internet access; of these, 96% lived in LMICs (73). Broadband speed is lowest in LMICs, and while average speeds are increasing, so are data sharing needs (74). E-infrastructure can be costly and prohibitive in some settings, and even in places where internet can be secured, transfer times can be excessive (75). In addition to overall low speeds, internet connectivity can be unreliable and subject to government control; during times of social unrest and security concerns, governments resort to shutting down most or all internet access (76). Furthermore, power supply can be erratic, making it more challenging to perform sequencing, upload data, and perform analysis (72). As a result, LMIC institutions look for computational solutions that can operate independently of internet access, though this is complicated by the substantial lack of computer infrastructure and skilled personnel to manage large amounts of data (e.g., as of 2018, only a few African countries had high-performance computing capabilities in select institutions) (77).



Financial cost

The cost of sequencing has dropped precipitously over the past few decades. In the early 1990's, the Human Genome Project, designed to sequence the entire Homo sapiens genome, cost US$2.7 billion and took over 13 years to complete (78). By 2010, the complete human genome could be sequenced for US$10,000, and in 2022 the cost has dropped to a mere US$600, equivalent to about US$3 per gigabyte of sequence data (79). Excluding startup and ancillary expenditures, “homebrew” mNGS of a single sample run as part of a multiplexed reaction with high-throughput processing costs ~US$10–100 depending on platform, sample type (i.e., nucleic acid density, RNA vs. DNA, read length), sample processing (e.g., removal of non-target reads, enrichment), and sequencing breadth and depth required, among other factors (80, 81). Commercial laboratories in the U.S. charge in the range of US$2000–3000 for mNGS of a clinical sample (82). In contrast, pathogen-directed rapid diagnostic tests can cost as little as US$1, but even these are often out of reach for many people living under the poverty margin in LMICs. Although continued refinements in sequencing technologies will further reduce associated costs, individual affordability may continue to be a barrier in pay-for-use healthcare systems.

At the population level, startup and maintenance costs of mNGS programs are often prohibitive for many LMICs, and more immediate public health needs may relegate such longer-term investments to the backburner. Disparities in program costs between LMICs and HICs add to a growing inequity in mNGS capabilities based on country GDP. In LMICs, activation costs for mNGS programs must cover infrastructure development, workforce creation, and build-up of computing capacity in addition to standard costs of laboratory equipment and consumables (83); where programs have succeeded, it has been mostly due to an initial injection of capital from philanthropic and/or academic groups (84, 85). Maintenance of sequencing programs may also be more costly in LMICs vs. their high-income counterparts due to outsourcing of data storage, bioinformatics analysis, and technical assistance, frequent instrument malfunction due to suboptimal storage conditions, and high tariffs on imported reagents and equipment (86). While mNGS has incredible potential for advancing public health and associated economic benefits in LMICs, the immediate costs may be perceived as disproportionate to the benefits that are often reaped much later.



Time cost

Time-sensitive situations with rapidly evolving communicable disease outbreaks demand prompt sequencing turnaround. Delays at several stages can hamper sequencing efforts and interrupt responses to clinical and public health emergencies. Transporting samples across long distances to centralized sequencing hubs may require substantial time in regions with poor transport networks and infrastructure and amplify inherent hazards of sample mishandling (87). Reagents needed to collect, pack, and process samples often have high procurement lead times and are subject to frequent stockouts as a result of weak regional distribution and poor local inventory management (88). Civil unrest may further disrupt transportation routes, compounding shortages of consumables. Bureaucratic hurdles add to time cost despite multinational efforts to facilitate cross-border resource sharing. The Nagoya protocol was adopted in 2010 as a multinational treaty to regulate cross-border equitable access to genetic resources and benefits arising from their use. To date, the protocol has 133 signatories with robust representation from LMICs (89). Although well-intentioned, the Nagoya protocol has been criticized for its unclear definition of genetic resources, reliance on bilateral negotiations and convoluted documentation, and lackluster efforts by signatories to incorporate protocol conditions into their national legal systems (90); detractors may also tout its utilitarian view of public health promotion at the price of informed patient consent. Similar networks exist at regional levels [e.g., the Asian Consortium for the Conservation and Sustainable Use of Microbial Resources (ACM)] and may offer simplified processes albeit on a smaller, local scale (90).



Access to data

Despite the growing number of studies and applications of mNGS in LMIC, pre-COVID-19 publications of metagenomic sequencing studies and data were dominated by HICs (91). Recent calls for democratization of data generated in LMICs, but ultimately used for analyses, applications, and product development in HICs, have resulted in multilateral initiatives and policy directives such as the previously discussed Nagoya Protocol (90), the Global Virome Project (92), and others. Aside from the economic constraints of purchasing supplies and equipment in LMICs, the intangible or intellectual drivers behind the discrepancy in published studies from LMICs are variable. At the individual level, LMIC investigators may be rightfully reluctant to share data whose exclusivity results in higher-impact publications, and thus career progression and access to grant funds (93). Countries may also be wary of unrestricted international access to potentially stigmatizing local data; a notable example was the widespread implementation of strict travel restrictions for South Africans after the country was first to report the SARS-CoV-2 Omicron variant in November 2021 (94). At a systems level, there are two major barriers to democratizing access to data: (1) restricted open data repositories and (2) fee-for-service publication and access.

Open data repositories, such as GISAID, were popularized during influenza and SARS-CoV-2 pandemics because they rightly require that credit be given to the groups who initially performed both the wet and dry lab analyses resulting in the pathogen genome (95, 96). This is in contrast to GenBank, a more “carte blanche” open access data repository hosted by the U.S. National Institutes of Health. However, the well-intended built-in mechanisms at GISAID result in data access constraints, particularly for those in LMICs who may lack institutional email addresses and thus be denied access to the genomic data. Additionally, some scientists have lost access after failing to appropriately credit the organization, not using approved names, or mixing data from other repositories.

The second major challenge to access revolves around not the raw sequence data, but the curated approaches and conclusions resulting from said data that appear in peer-reviewed publications. The COVID-19 pandemic democratized access because all major journals made COVID-19-related material freely available, and global use of preprint servers for submitted manuscripts soared (97, 98). Prior to these trends, LMIC investigators relied upon dedicated open access journals, like the PLOS series, or individual articles, an optional additional expense for an author to publish their work to be accessible to all. The website ResearchGate mitigated some of these access issues in LMICs by allowing authors to upload these PDFs themselves, but the website is involved in constant legal battles over copyright infringement with academic journals for its practices (99). In sum, if sequence data and robust sequencing platforms are to play a role in disease elimination, then equally robust data sharing policies and platforms must be in place.




Sustainability

Beginning with the genomic revolution in the early aughts and in the wake of devastating outbreaks including SARS-CoV-2, Zika, and Ebola viruses, global prioritization of genomics as part of surveillance is increasing, particularly for emerging infectious diseases. The One Health approach, which emphasizes integration of public, private, and governmental sectors to implement public health initiatives, provides a model on which to design successful mNGS programs with the goal of constructing a global surveillance network. Here, we identify and summarize several key components to ensuring program sustainability (Figure 1).
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FIGURE 1
 Key components of a sustainable mNGS program.



Building a workforce

Current training infrastructure in LMICs receives input from a number of groups including academic, public, and NGOs, with significant redundancy and lack of standardization and centralized quality control (100). These efforts are frequently siloed, leaving individual investigators to piece together a variety of workshops and coursework to formulate an adequate knowledge base, often without supplementation by comprehensive hands-on training and mentorship (Figure 2A). Though effective in the short term, these methods can suffer from a lack of continuity due to the transiency of external expert personnel, attrition of locally trained staff, and a lack of comprehensive technical support while putting newly gained knowledge into practice. Ultimately, these factors often work to dismantle a program, leaving new technology to languish and remain underutilized.
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FIGURE 2
 Approaches to mNGS training and capacity building. (A) Current training landscape lacks central coordination, causing inefficiencies such as varying training levels and duplications of effort. (B) Continental organizations can coordinate the training efforts of a pool of mentors, allowing for a more systematic and standardized approach to NGS training and capacity building.


Investment in skillset acquisition and development of personnel through parallel, organized efforts that are coordinated to teach preset curricula are imperative for success (Figure 2B). Trainer and workshop alignment and partnership within consortium programs can help promote better evaluation and monitoring of the overall curriculum (101, 102). Online learning, including frameworks established during COVID-19 pandemic lockdowns (103), can be leveraged to provide flexible access to standardized, vetted training programs across borders, with the added benefit of fostering professional relationships and multilateral growth. In this defining era of virtual education, such investments in human capital can be uniquely profitable, and their effects long-term.



Removing financial barriers

Cost is an overwhelming hurdle to the broad implementation of mNGS in LMICs. Many LMICs rely on donations and financial support from global partners to support local disease control efforts, with funds mostly directed toward high-visibility diseases including malaria, HIV, and tuberculosis. During the pandemic, existing disease control programs were adapted in many instances to address COVID-19-specific needs in LMICs (104). Next steps could mirror the U.S. President's Emergency Plan For AIDS Relief (PEPFAR) and Global Ebola Response coordinated funding approaches: COVID-specific influx of money can be appropriated to bolster sequencing capacity that will serve a country or region's infrastructure well after the pandemic has ended (105). Additionally, funding dedicated to COVID-19 pandemic response can be put toward establishing comprehensive bioinformatics training coordinated across public- and private-sector sequencing agents, equipping LMICs with a new generation of skilled personnel. Another step toward sustainability could involve establishing a tiered-funding sector-wide approach (SWAP) similar to that for HIV in the wake of PEPFAR implementation, which allows for a country to fund what is needed (reagents, staff, equipment) without limitations on how funds can be used (106). As country GDP increases, sequencing financial support from the regional entity is appropriately decreased.

Beyond procuring financial support, reducing inherent costs and eliminating inequitable trade are vital to making advanced technologies like mNGS feasible in LMICs. The price tag on sequencing has dropped precipitously over the past decade with the decline largely attributable to intrinsic market forces and technological advances. Continued support from stakeholders in industry, academia, government, and non-governmental organizations can further increase affordability of consumables, equipment, analytical software, and skilled labor (78). Multilateral geopolitical organizations play an important role: entities like WHO, Africa CDC, ASEAN, and PAHO can work with suppliers to support R&D efforts and improve affordability of consumables as was done during the COVID-19 pandemic to equitize access to diagnostic testing (54). These organizations can also encourage inter-governmental trade agreements focusing on reducing tariffs on items for public health-related sequencing initiatives, while coordinating resource distribution to minimize inventory stockpiling and stockouts. Such effective oversight would streamline commercial and diplomatic negotiations, an undertaking further facilitated by adapting and improving existing frameworks such as the Nagoya protocol.



Defining public health needs

Excitement surrounding mNGS rollout in healthcare and public health settings should be tempered by recognition of the role for stewardship in its application and an attempt to weigh benefits against pitfalls. Little is known about the cost-effectiveness of its use outside of pathogen detection in clinical settings (107). For LMICs recently embracing the technology, mNGS may be best applied in a targeted, controlled fashion to avoid excessive demands on finite resources. The considerable costs, both in time and money, associated with mNGS still preclude its replacement of traditional, specific tests such as PCR which are available for several endemic pathogens (i.e., dengue, malaria, HIV, and tuberculosis). Nevertheless, metagenomics is a valuable addition to the epidemiologist's arsenal. The depth of information provided by mNGS plays a critical role in pathogen identification but also in development of more rapid and portable targeted testing. The challenge is utilizing such support for not only individual pathogen detection and treatment but also surveillance and prevention on a population level. To maximize its usefulness, a balance must be achieved between periodic metagenomic sequencing (to appraise antigenic shift, for instance) and targeted, widespread testing campaigns to inform treatment and public health response (108).

Public health organizations are tasked with providing guidance on the role of mNGS in diagnostic and surveillance algorithms. The first step is to coordinate mapping studies using mNGS to characterize a country or region's unique infectious disease landscape. These can be performed by various groups (9, 25) with data collated, curated, and maintained in a central biorepository. Endemic public health priorities can be derived from these data and interventions, including immunization, vector control, and resource allocation, planned accordingly. During nascent outbreaks, sequencing data should be made publicly accessible to bolster industry R&D and development of targeted diagnostics and therapeutics. Once specific tests are available, clinical diagnostic algorithms and management strategies should rely on more affordable, rapid, and readily available tests while sequencing efforts shift to focus on periodic genomic surveillance to capture pathogen evolution and escape.



Supporting regional and international collaboration

The final key to building sustainable programs in mNGS involves the construction of collaborative regional and international networks that extend across both public- and private-sector boundaries. Overarching goals of partnerships would include: (i) providing regulatory oversight, (ii) guiding policy and implementation, (iii) facilitating equitable access to resources, and (iv) coordinating efforts through data sharing and construction of a surveillance network. A recent assessment conducted by the Africa CDC found that 71% of sequencers within the continent were concentrated in just five countries, with the vast majority residing in institutions that were not affiliated with national public health institutes (100). This assessment underscores the need to reassess how sequencing is performed beyond centralized regional hubs; comprehensive capacity mapping efforts during COVID-19 can be used as a model (109).

At a local level, stakeholders including academic institutions, commercial suppliers, and local governmental bodies must commit to developing laboratory infrastructure, opening supply chains, fast-tracking approval of time-sensitive sequencing projects, and supporting development of a skilled workforce. At a national level, regulatory agencies such as the Food and Drug Agency (FDA) and Clinical Laboratory Standards Institute (CLSI) in the U.S. should evaluate and develop standards for clinical and public health-facing mNGS technologies. Across borders, priorities lie in growing networks for distribution of information and materials. Global trade and technology platforms like Kountable and via Global Health have already begun to close the gap between small, local businesses and the global market, making medical and other scientific equipment accessible through technological innovation and streamlined distribution (110, 111).

Where there is inability to build mNGS capacity from scratch, establishing referral networks and facilitating sample transportation could maximize the use of regional mNGS and computing capacity (83). Consortia such as the Asia Pacific Bioinformatics Network and the Pan African Bioinformatics Network promote sharing of bioinformatics knowledge and improve access to analytical tools (112). Access to sequencing protocols, data, and publications can be democratized via online private- and public-sector platforms with free account options and/or enhanced access for researchers from LMICs, as with cOAlition S and WHO's Health InterNetwork Access to Research Initiative (HINARI) (113). Ethical standards should be defined early and enforced at local, national, and international levels to protect patient confidentiality and data sovereignty (114).

Once again, the role for multilateral geopolitical organizations as central coordinators of mNGS expansion should be emphasized. By facilitating equitable trade, overseeing regulation of technologies, directing funding and investments, coordinating capacity building, establishing regional referral networks, and encouraging data and knowledge sharing, the sequencing equity gap between LMICs and HICs can be narrowed to make a comprehensive global genomics surveillance network a reality.




Conclusion

While mNGS remains a nascent technology in most LMICs, its feasibility and broad applications for the detection, control, and prevention of disease-causing pathogens have already been demonstrated in low-resource settings. Uptake of mNGS in LMICs is slower than in HICs due to the numerous identified obstacles, but these can be overcome with appropriate planning, funding, and dedication to sustainability (Box 2).



BOX 2 Obstacles and mitigating strategies to build metagenomic next-generation sequencing capacity in LMICs.

[image: Table 3]

While the long road to democratizing access to mNGS is daunting, there are global incentives to narrow the technological gap between LMICs and HICs. The microbial diversity found in LMICs represents a wealth of genomic data that can provide valuable scientific insights. To tap this resource, those closest to these evolving frontiers must be equipped with mNGS capacity and the resources to sustain it. Infectious outbreaks over the last decade have reinforced the importance of pathogen detection at the source to inform rapid clinical and public health interventions. LMICs should prioritize mNGS surveillance for emerging infections and antimicrobial resistance to capture potential threats before they are widespread and enable appropriate resource allocation for endemic health needs. Growing mNGS capacity in LMICs would ultimately facilitate a transition from top-down surveillance systems to a local-global model, which would optimize use of this expansive resource and benefit public health worldwide.

Consistent communication and exchange between actors from various sectors are essential to building sustainable mNGS programs. Financial contributions alone will not suffice to democratize sequencing capacity; knowledge-sharing, as well as regulation and diplomacy within and between countries, are paramount to successful mNGS implementation. Developing the infrastructure necessary to establish and sustain sequencing programs in LMICs, while complex, becomes a manageable challenge when approached with coordinated efforts across institutions. Acquiring a sequencer is no longer the greatest obstacle for laboratories in low-resource settings; instead, the feasibility of mNGS depends increasingly on the quality of available educational, commercial, and data-sharing networks. While the onus is on governmental and non-governmental leaders from countries with established metagenomics infrastructure to act, the growth of mNGS as a field will require unified, collaborative strategies as previously discussed. Such efforts on this frontier of science will bring about the next age of unprecedented discovery and learning. By deriving lessons on global solidarity from pandemic times to foster global cooperation, we can pivot from COVID-19 to expand LMIC access to mNGS and usher in a post-pandemic future.
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To identify previous reviews of metagenomic next-generation
sequencing (mNGS) technologies in low- and middle-income countries
(LMIC), we searched the evidence available in the Medline database
and consulted with content experts. Published works have previously
examined the implementation of sequencing targeting specific
pathogens/pathogen groups (e.g., HIV and foodborne infectious
illness), and non-communicable disease. To our knowledge, there have
been no comprehensive reviews of NGS applications across pathogen
and infectious disease groups in LMICs, and specifically no reviews of
metagenomic techniques in this context within published literature.

Study objectives

In this study we aim to provide an overview of the breadth of
existing mMNGS applications for pathogen detection and
containment in LMICs, identify obstacles in the expansion of
mNGS capacity in LMICs, and propose solutions to overcome
these hurdles.

Added value of this study

This s the first study to review mNGS applications for
pathogen detection in LMICs. This summary of contemporary
data in the wake of SARS-CoV-2 provides a unique and timely
perspective that recognizes opportunities for technological
expansion in the post-pandemic future.
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