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ABSTRACT Emerging and endemic zoonotic diseases continue to threaten human and 
animal health, our social fabric, and the global economy. Zoonoses frequently emerge 
from congregate interfaces where multiple animal species and humans coexist, including 
farms and markets. Traditional food markets are widespread across the globe and create 
an interface where domestic and wild animals interact among themselves and with 
humans, increasing the risk of pathogen spillover. Despite decades of evidence linking 
markets to disease outbreaks across the world, there remains a striking lack of pathogen 
surveillance programs that can relay timely, cost-effective, and actionable information to 
decision-makers to protect human and animal health. However, the strategic incorpora­
tion of environmental surveillance systems in markets coupled with novel pathogen 
detection strategies can create an early warning system capable of alerting us to the risk 
of outbreaks before they happen. Here, we explore the concept of “smart” markets that 
utilize continuous surveillance systems to monitor the emergence of zoonotic pathogens 
with spillover potential.

IMPORTANCE Fast detection and rapid intervention are crucial to mitigate risks of 
pathogen emergence, spillover and spread—every second counts. However, compre­
hensive, active, longitudinal surveillance systems at high-risk interfaces that provide 
real-time data for action remain lacking. This paper proposes "smart market" systems 
harnessing cutting-edge tools and a range of sampling techniques, including wastewa­
ter and air collection, multiplex assays, and metagenomic sequencing. Coupled with 
robust response pathways, these systems could better enable Early Warning and bolster 
prevention efforts.

KEYWORDS viral surveillance, food markets, emerging infectious diseases, zoonotic 
diseases, wastewater, air sampling, smart markets, live bird markets, live animal markets, 
One Health

F or most of history, humans worldwide have been separated by their language, 
customs, traditions, and culture. However, food distribution systems, as well as 

various chains of commerce that link them, connect people beyond borders. Traditional 
food markets (TFMs) are a mixture of these two factors, acting as vital trade sites and 
crucial gathering places for communities.

Food markets have received more global attention in recent years due to their 
association with the emergence and spread of several zoonotic pathogens. But what 
exactly is a TFM? From spices, vegetables, canned goods, and fruits to fresh and cured 
meats and sometimes even live animals (including both domestic and wild species), 
TFMs are places where people buy and sell a wide variety of goods. These markets can 
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be found all around the world and come in many different shapes and sizes, including 
farmer’s markets, livestock auction yards, live wet markets, live animal markets, live bird 
markets (LBMs), and mixed markets.

With manifold benefits that range from providing nutrition and employment for 
communities to creating a gathering space for socializing and recreation, TFMs also carry 
infectious disease risks. These markets are social and economic gathering places that 
may contain foodstuffs, textiles, toys, tools, and potentially live animals in a contained 
environment. Pathogens that enter this system are provided an opportunity to amplify 
and spread, between one animal species and another or into people, including possible 
crossover into new host species (1). How can we mitigate this disease potential? It has 
been suggested that the complete closure of food markets that sell live animals may 
be a viable approach to decreasing the possibility of spillover events, yet shutting down 
markets can come with many unintended consequences.

Although temporary closures of food markets selling live animals have been shown to 
correlate with reduced risk of spillover, the permanent closure of all markets selling live 
animals remains highly controversial (2, 3). Increasing biosecurity in markets, including 
sequestration of animal species and separate slaughter points, can reduce risks but 
is often impractical or too costly in the given country contexts in least-developed 
countries (LDCs) (4, 5). Due to increasing urbanization, growing populations, and an 
expanding middle class in many LDCs, there is a growing demand for animal food 
products, especially protein (6). Food markets selling live animals are customary in 
many lower-resourced nations with limited cold chain infrastructure, as animals can be 
transported over considerable distances and housed for extended intervals without the 
need for refrigeration. Likewise, anecdotally, in many LDCs, people prefer to see live 
animals before purchasing, as the appearance of the animal can indicate the quality of 
the meat. Aside from providing income and food security for millions of people, food 
markets also carry considerable cultural significance for many communities and serve as 
hubs of economic and social activity (7). Although a global ban on food markets that sell 
live animals may not be a feasible solution to mitigating zoonotic disease emergence, 
reducing the risks posed by such markets is a feasible and worthy goal that may reduce 
the likelihood of future outbreaks and protect global public health.

To reduce disease risks associated with live animals and animal products in mar­
kets, a better understanding of pathogen circulation in these settings is of critical 
importance. Traditionally, market surveillance follows standard pathogen surveillance 
guidelines where teams enter markets, collect swabs from individual animals (along 
with environmental samples in some cases), and test them in a centralized facility with 
targeted molecular diagnostics such as real-time quantitative PCR (RT-qPCR). However, 
these surveillance programs are generally unable to provide a comprehensive picture of 
all pathogens circulating within a market due to a reliance on pre-identified pathogen 
targets. In addition, they require substantial cost, time, and risks to both the animals and 
the sampling team. How can we improve these systems to create a true “smart” market? 
Like the concept of a “smart city,” smart markets would gather data in near real-time 
at high-risk interfaces to increase biosecurity, and support early detection and rapid 
response systems (8).

Environmental sampling of TFMs

Pathogens are everywhere: in the water, air, and the surfaces we interact with daily. 
Environmental sampling in TFMs provides vital insight into the presence, diversity, and 
possible transmission of pathogens between animals and humans while bypassing 
the need for sampling individual animals throughout the market. This method can 
streamline pathogen surveillance and provide a comprehensive understanding of the 
pathogens present in a TFM. It can also enhance knowledge of the various domestic, 
wildlife, and even vector species present in these markets.
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Surface sampling

When visiting TFMs in Asia in the past, it was common to see local stall keepers rinsing 
and scraping the top layer of their wooden cutting boards throughout the day as the 
traditional board cleaning method. Nevertheless, the efficacy of this cleaning method 
has been disputed (9). Pathogen transmission occurs through both direct and indirect 
means, including skin-to-skin contact and the inhalation of dust particles (10). Some 
surfaces, such as chopping blocks that are not cleaned rigorously and used for slaughter­
ing and butchering animals, may be ideal surfaces for sampling as they may contain 
potentially infectious material from many animals and may also serve as a source of 
contamination for meat products and humans. Pathogens can also remain on surfaces 
and in the environment for extended periods of time, creating unseen transmission risks. 
For example, severe acute respiratory syndrome coronavirus (SARS-CoV) and SARS-CoV-2 
have viral viability for up to 72 hours on stainless steel (11). Similarly, several influ-
enza virus strains exhibit prolonged persistence in the environment, with viable virus 
recovered after 2 weeks in/on some substrates (12, 13). As both highly pathogenic avian 
influenza and low pathogenic avian influenza viruses are of critical concern globally, this 
tendency towards environmental persistence is of particular concern in the context of 
TFMs. Understanding the persistence and prevalence of pathogens on different surfaces 
is paramount for understanding potential transmission within TFMs.

Many protocols exist for surface sampling. While they can vary in methodology 
depending on the targeted pathogen, they also follow similar procedures. The tip 
of a sterile swab is dragged vertically and horizontally across a surface and quickly 
submerged in preservation media. At a laboratory or other testing facility, this sample 
can then be used for a myriad of tests depending on the pathogen type, although 
molecular diagnostics are increasingly dominant (14, 15). Since many important zoonotic 
pathogens exhibit significant environmental persistence, the inclusion of surface 
sampling can bolster the probability of detection for many pathogens of concern, 
including respiratory viruses. Fortunately, many systems, including RT-PCR and next-
generation sequencing, exist to detect miniscule amounts of pathogen genetic material, 
increasing the likelihood of detecting a pathogen from a swab. Environmental surface 
sampling can give insight into pathogens present on a range of surfaces in TFMs, 
allowing the development of targeted interventions to reduce risks associated with 
environmental persistence and aid in enhancing biosecurity measures.

Wastewater and wash water

While wastewater surveillance surged into the public limelight during the coronavirus 
disease 2019 (COVID-19) pandemic, these techniques first gained traction in the 1990s 
to aid in the elimination of poliovirus. As polio circulation continued in several countries 
such as Egypt, Israel, Pakistan, India, and Nigeria, the Global Polio Eradication Initiative 
developed systems to test wastewater that were four to five times more sensitive than 
the other methods for poliovirus detection used in communities (16, 17). Similarly, 
wastewater testing for SARS-CoV-2 has revealed the power of passive monitoring to 
contribute to the rapid detection and tracking of new variants/strains of concern 
while providing insight into the epidemiology of a rapidly emerging pathogen within 
an unprecedented timeframe. With great success in passively monitoring SARS-CoV-2 
prevalence in communities during the COVID-19 pandemic, wastewater testing has 
proven to be an effective method for inferring transmission dynamics and tracking 
outbreaks (18).

Extending beyond poliovirus and SARS-CoV-2, the benefits of using wastewater 
surveillance in TFMs are broad-ranging. Every day as LBMs prepare for closure, shop 
owners rinse the floors and cages, allowing the water runoff to flow into drainage 
systems (Fig. 1). Sampling LBM wastewater can give insight into both the pathogens 
and the species in the LBM without the need for sampling individual animals, people, 
or even surfaces. Wastewater testing relies on the presence of pathogen material in 
the bodily fluids and other material washed into the drainage system. Therefore, it is 
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perhaps best suited to detecting enteric pathogens; however, respiratory infections and 
even some arboviruses can be detected. For example, human influenza A viruses (IAVs), 
which are associated with endemic seasonal influenza, have high rates of fecal shedding, 
and some infected individuals display fecal titers longer than nasal titers, making IAV a 
potential target for wastewater screening (19, 20). It has also recently been demonstrated 
that some vector-borne arboviruses can be detected in untreated wastewater samples, 
including dengue, Zika, and yellow fever viruses (21, 22). Similar to wastewater, carcass 
wash water may also be an ideal environmental sample type for the detection of viral 
pathogens in slaughtering areas of TFMs. In places like swine abattoirs and poultry 
slaughtering areas of LBMs, animal carcasses are thoroughly rinsed with water to remove 
the bodily fluids and excreta that result from the butchering process (23, 24). This wash 
water is often used for multiple carcasses and could prove to be a comprehensive sample 
type for pathogen surveillance across a whole market.

Wastewater samples can be taken routinely through manual, passive, or automa­
ted systems to monitor pathogens in TFMs. There are several commercial wastewater 
samplers in use for active surveillance, and each method varies in the sampling and 
detection processes. For example, using wastewater to forecast a 17-day citywide flu 
outbreak in Ottawa, Canada, Mercier et al. (19) were able to quantify, type, and subtype 
influenza virus from primary sludge, and municipal wastewater manually collected, 
clarified, and analyzed through RT-qPCR. Using a different method than the previous 
group, a cluster of COVID-19 cases was detected in an apartment building in Singapore 
through wastewater sampling, where Wong et al. (25) utilized an autosampler (Aquacell 
P2 Multiform, Aquamatic, United Kingdom) to draw wastewater samples from a manhole 
for RNA extraction and RT-qPCR. Looking ahead to the future, environmental pathogen 
surveillance may follow the trend in wearable technology, as the eDNA Sampler from 
Smith-Root resembles a backpack yet contains a fully integrated environmental DNA 
sampling system with a computer-controlled pump to draw in and directly capture 

FIG 1 Orussey Live Bird Market, Phnom Penh, Cambodia. Photo courtesy of Erik A. Karlsson from Virology Unit, Institut Pasteur du Cambodge.
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environmental DNA. Despite the promise of this technology, more experimentation will 
be required for virus detection (26).

Wastewater/wash water sampling can occur using a variety of collection, concentra­
tion, and treatment methods; however, almost every method follows a similar series of 
steps. First, wastewater or primary sludge is collected manually or through a pump 
system and exposed to various levels of treatment, from no treatment to thermal 
deactivation. The wastewater product can then be concentrated through a number 
of methods, including ultracentrifugation, filtration, and precipitation. Following nucleic 
acid extraction, most methods will then use RT-qPCR for virus detection and quantifica-
tion (27). By employing comprehensive RT-qPCR or consensus PCR panels that leverage 
highly conserved regions of pathogen genomes for detection, wastewater samples can 
be used to monitor viruses circulating in TFMs and aid in the discovery of new viruses. 
Importantly, innovation in this approach can aid in the development of systems that can 
detect novel pathogens from commensals within the environment. While wastewater 
testing has found considerable success in many developed nations in various contexts, 
the development of a standardized wastewater testing pipeline for markets that could be 
easily deployed in LDCs will be important for the success of this sample type.

Air sampling

Similar to wastewater, air sampling has recently gained traction during the COVID-19 
pandemic as an approach for detecting and monitoring pathogens in communal spaces. 
However, the invention of air sampling dates back to the 1860s. Early air samplers, known 
as impactors, were used mainly to study the relationship between dust and disease, 
utilizing small jets of air impinging on a plate enabling aerosolized material to accumu­
late for further analysis, forming the basis of modern-day air sampling (28). Air sampling 
could provide an ideal system for pathogen surveillance in TFMs. As a surveillance 
tool, air sampling has the capacity to provide early detection signals for pathogens of 
concern, enabling timely intervention and rapid response. For example, in 2014–2015, 
air sampling in live poultry markets in China successfully resulted in the isolation of 
A/H5N6, A/H7N9, and A/H9N2 avian influenza viruses, enabling swift intervention (29). 
The broad coverage provided by air sampling in TFMs will likely increase the frequency at 
which pathogens are detected, improving preparedness and potentially contributing to 
future vaccination design. Expanding upon the method explored by Zhoe et al. (29), we 
envision strategically placing air samplers throughout TFMs to serve as sentinels that can 
provide both virus detection and specific information on the distribution and prevalence 
of pathogens throughout the market.

Many types of air samplers available for purchase vary in size and collection method 
and are envisioned to play different roles in TFMs (Fig. 2). Acting as silent observers of 
the air, wearable air samplers can capture pathogens from the ambient air around a 
TFM worker giving a more representative look into individual pathogen exposure. In one 
study conducted in Phnom Penh, Cambodia, an air sampling unit modified to operate at 
a flow rate simulating normal human breathing was deployed in an LBM leading to the 
isolation of IAVs H5N1 and H9N2 (30). Similarly, a group in Guangdong, China, utilized 
a wearable air sampler and successfully detected H7 IAV in market air (31). Larger, more 
powerful air samplers are envisioned to be placed in areas with significant human and 
animal density, screening larger amounts of ambient air in TFMs.

Most air sampling methods rely on capturing pathogen genetic material or virions 
from ambient air on a membrane or cartridge for further analysis. Turning on the sampler 
causes air to flow through a specialized filter or chip-based sample chamber where 
virions and viral genetic material accumulate. The viral material is eluted or removed 
from the filter for detection or, in some cases, culture. In ideal circumstances, air samplers 
would be strategically implemented, enabling precise location data within the market for 
virus detection (Fig. 3). There are manifold benefits to continuous air sampling in TFMs, 
as it represents a non-invasive, relatively inexpensive method that can be used for the 
collection and detection of many emerging and re-emerging pathogens.
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So now we have a comprehensive sample: what do we do with it?

Marketside testing

In concert with these new sampling methods, we can reduce the time to results even 
further using one of the numerous portable field-ready technologies now making rapid 
“marketside” testing feasible. From portable gel electrophoresis systems to portable 
nucleic acid sequencers, the possibility of complete field sampling to detection has been 
realized. Once we have acquired a comprehensive surveillance sample from a TFM, the 
next step is processing and analyzing the sample for pathogens and/or host identifica-
tion. This era of technological advancement has ushered in a new wave of technology 
that can now streamline sample analysis. Complete field-ready PCR thermocyclers, and 
even qPCR thermocyclers, are now available for purchase and deployment, enabling real-
time pathogen detection on-site between the busy vendor booths of TFMs. Portable 
sequencers, such as the MinION from Oxford Nanopore Technologies, also bring 
detection market side as total DNA and RNA sequencing can commence outside of the 
laboratory. As the number of TFMs dramatically exceeds the number of facilities capable 
of pathogen testing, these market-side testing technologies can streamline sample 
analysis, especially in places most distant from laboratories, significantly decreasing 
outbreak and routine surveillance response time.

FIG 2 Air sampling devices can vary in size, shape, and detection mechanism. Photos courtesy of Benjamin L. Sievers and Jurre Y. Siegers from Virology Unit, 

Institut Pasteur du Cambodge.
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Metagenomic sequencing

With significant advancements in molecular biology, bioinformatics, and raw computing 
power in the 1990s–2000s, metagenomics has proven to be a very promising tool for 
studying microbial communities in the environment (32–34). In recent years, metage­
nomics has significantly advanced through the development of metagenomic next-gen­
eration sequencing (mNGS) and third-generation sequencing techniques, as we can 
now study “all” genetic materials present in a sample across a diverse range of sam­
ples, with strain-resolved resolution and high sensitivity, commonly known as “shotgun 
metagenomics” (35, 36). Recent advancements in mNGS have rendered this technique 
a compelling approach for both pathogen surveillance and pathogen discovery in TFMs 
(37). A technique known as viral metatranscriptomics now enables the generation of 
whole genomes for all RNA viruses within a given sample in an unbiased nature (38). This 
technique carries the massive potential to aid in the discovery and characterization of 
viruses within a given sample from a TFM, as it is nonspecific, enabling the identification 
of known and unknown pathogens from sequence data alone.

Of the methods previously described, metagenomics and shotgun metagenomics are 
highly informative methods for pathogen surveillance and identification in TFMs (39). 
There are two leading platforms for shotgun metagenomics for pathogen surveillance 
in TFMs: short-read sequencing (e.g., Illumina) and long-read sequencing (e.g., Oxford 

FIG 3 Floor plan of Orussey Live Bird Market in Phnom Penh, Cambodia, with approximate air sampler placement highlighted in orange.
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Nanopore). The short-read platform delivers high sequencing depth and accuracy but 
has processing times of up to several days (40, 41). Long-read platforms are more rapid, 
enabling portable de novo assembly capabilities ideal for quick field deployment and 
intervention in TFMs yet offer less sequencing depth and accuracy. Combined, deploy­
ing both of these strategies in TFMs can yield great benefits, as short-read platforms 
can provide robust, cost-effective metagenomic information for routine TFM pathogen 
surveillance, while long-read platforms can be deployed in outbreak settings requiring 
speed. Aside from unbiased shotgun metagenomics, targeted metagenomic methods 
can also bring increased specificity into pathogen surveillance in TFMs, as these methods 
can be used to identify pathogens with increasingly similar genomes.

Despite some of the challenges associated with metagenomics, such as cost, 
technical expertise required, and the need for standardized workflows, continuous 
environmental sampling paired with metagenomics holds significant potential to bring 
a clearer vision of the pathogens present within TFMs. We envision metagenomics 
bringing a deeper layer of surveillance to TFMs in both continuous monitoring and 
outbreak settings.

Pathogen agnostic testing

Thermal sensor-based surveillance

With a thin blackened strip of platinum, a Wheatstone bridge circuit, and an ammeter, 
an American astronomer, Samuel Langley, made a device capable of measuring a cow’s 
heat from ~400 m away (42). Nearly 50 years later, Langley’s early invention was built 
upon, as Hungarian physicist Kálmán Tihanyi developed the evaporograph, an infrared-
sensitive electronic television camera for anti-aircraft defense declassified by Britain in 
1956 (43). Today, thermal sensor-based surveillance systems enable rapid detection of 
actively febrile individuals. Most commonly seen in airports, grocery stores, and other 
high pedestrian traffic areas during the COVID-19 pandemic, thermal image scanning 
is a relatively high-throughput surveillance system to find feverish individuals. Because 
fever is a broad symptom associated with many infectious diseases, prompt recognition 
of febrile individuals may allow intervention and delay the importation of infection 
into other environments. Notably, most animals and nearly all mammals can develop 
fevers when infected with an infectious pathogen (44). In a proof-of-concept study, using 
thermal imaging cameras, researchers could differentiate between febrile birds infected 
with highly pathogenic avian influenza and uninfected birds within a flock in a small 
chicken pen (45). While preliminary research looks promising, further research is needed 
to establish thermal imaging as a robust surveillance technique.

As the benefits of thermal sensing systems continue beyond monitoring the animals 
of the market, thermal sensing can also be utilized in TFMs in places with high pedes­
trian congestion. In addition to surveilling congregate animal-holding areas, thermal 
sensing systems can delay the importation of disease from humans back into animals. 
Infrared thermal detection systems for mass fever screening in hospitals have success­
fully detected febrile individuals in real time with high sensitivity and specificity, making 
thermal screening implementation in TFMs potentially feasible for animals and humans 
(46). Conceivably, utilizing advancements in machine learning, a thermal sensing system 
could be paired with artificial intelligence capable of identifying and quantifying spikes 
in the number of febrile individuals, thereby activating an alert system to the potential of 
a developing outbreak.

Acoustic monitoring

Through the detection of coughing, sneezing, grunting, or even silence, recent 
developments in bioacoustic monitoring devices enable ecologists and epidemiologists 
to use sound to characterize the behaviors, spatial estimation, occupancy, and general 
health of wildlife species (47, 48). Coughing, consistent with respiratory disease or 
distress, is an excellent marker for bioacoustic monitoring as coughing manifests as 
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a characteristic and distinctive soundwave sufficiently different from other noises. In 
one study conducted in Jinju, Korea, by Chung et al. (49), researchers were able to 
employ bioacoustic monitoring and a simple algorithm to separate acoustic footprints 
of coughing noises from background noise to accurately identify general areas with 
sick animals in a pig breeding farm. While bioacoustic monitoring may not be able to 
provide us with specific information on the identity of the pathogens in circulation, they 
do provide early warning signals that sickness may be spreading throughout a popula­
tion. In this way, automation of acoustic monitoring may provide early warning signals 
prompting timely biosecurity intervention and aiding in the continuous surveillance of 
TFMs for pathogens. As with any surveillance system that captures human data, public 
trust and the development of robust systems to ensure data privacy and security will be 
critical for the success of any surveillance.

Putting it all together - the future of “smart” markets

Surveillance technology is developing and progressing at phenomenal speeds. The 
futuristic cities imagined in science fiction are closer than expected. The concept of 
“smart” systems is not new by any means. “Smart cities” are proposed environments 
capable of collecting and parsing large amounts of population data through surveillance 
devices and communication networks and have existed in literature for decades (50). 
These systems streamline surveillance with automation and early detection mechanisms. 
Although the formation of smart surveillance systems is largely controversial due to 
privacy concerns, the potential benefits of applications in the medical, public health, 
environmental, and animal health sectors are exceptional.

The ideal smart market would harness the power of continuous surveillance 
technology for safeguarding health and preventing outbreaks in TFMs. By strategically 
integrating specific and nonspecific host and pathogen surveillance systems, such as 
wastewater and air sampling, with approaches such as metagenomic sequencing and 
acoustic monitoring, this model provides a unique advanced warning system using 
real-time data collection and analysis.

Imagine entering a bustling smart market filled with families, vendors, animals, 
and food. As you step into this lively ecosystem, passive pathogen surveillance technol­
ogy seamlessly blends into the surroundings, collecting continuous pathogen data to 
keep us safe. Air sampling machines hum quietly, well positioned in the environment, 
capturing airborne particles from the air. Wastewater sampling devices sit patiently and 
discreetly at drainage sites from the animal stalls, continuously screening for pathogens 
and offering insights into chicken health. Overhead, bioacoustic sensors resembling 
speakers are placed strategically to listen to the animals throughout the night. This 
network of continuous surveillance systems creates a dynamic interwoven mosaic, 
enabling swift and comprehensive pathogen surveillance of TFMs.

In practice, robust surveillance systems are most effective with thoughtful and 
productive intervention and reporting plans. When a pathogen of high concern is 
detected through environmental sampling and confirmed in a laboratory setting, a 
response team can be initiated to conduct rapid, targeted sampling triage in the affected 
area of the TFM. Without causing unnecessary alarm, an intervention team can find the 
affected site, isolate the animals, and work with exposed individuals. The highest success 
of this approach is foreseen in communities with non-endemic emerging infectious 
diseases (EIDs), as the system can enable a rapidly targeted response to emerging 
pathogens. Using bioinformatic pipelines and metagenomics can significantly enhance 
the speed and efficiency of tracking and detecting emerging viral threats. Through the 
analysis of the vast amount of data produced by continuous environmental sampling, 
these pipelines have the potential to condense and analyze information previously 
impossible without modern computing power (Fig. 4). In communities where EIDs are 
endemic and occur at a higher rate in TFMs, the smart market system can aid in outlining 
and assembling a more comprehensive impression of viral prevalence within a commun­
ity. Following an initial case investigation or routine surveillance, the information on the 
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incident can be shared throughout national and global networks, enabling a multisec­
toral response (Fig. 5).

As each country differs in the funding, personnel, and ability to implement sur­
veillance technology, the ideal environmental surveillance system for TFMs would be 
consistent, inexpensive, and easily reproducible. To achieve this, a standardized protocol 
is envisioned utilizing a list of affordable and durable equipment and employing a 
periodical systemized sampling schedule. With increased accessibility to surveillance 
technology, surveillance strategies could prioritize communities that serve as hubs for 
rural/remote areas, as people in these communities may have frequent contact with wild 
and domestic animals, with increasing zoonotic disease exposure risks (51).

With the data collected from continuous pathogen surveillance, a risk category 
classification system for TFMs could be developed to increase biosecurity, biosafety, 
and target intervention methods to keep markets safe. This system could be used 
to help develop and evaluate other methods of mitigating spillover risk, such as 
improved segregation of animals and pathogen screening protocols. Likewise, as there 
is an increase in metagenomic information acquired from TFMs, the development and 
implementation of a metagenomic viral surveillance matrix are envisioned to outline 
details on viral movement between livestock and humans (52). To aid in the visualization 
and parsing of the vast amount of data generated from the metagenomic analysis 
of environmental samples, we envision the use of advanced bioinformatic pipelines 
capable of analyzing large data sets and producing clean and easily visualized summary 
reports (53–58). Importantly, the relative speed of these surveillance pipelines is only 
as fast as their rate-limiting step. Ongoing efforts to streamline potentially slower steps 
such as PCR and sequencing can further assist to bypass bottlenecks and expedite 
turnaround. Appropriate data safety protocols must be implemented to ensure data 
sharing and availability, while protecting the human right to privacy.

Smart markets employing continuous environmental surveillance have the potential 
to intercept spillover events before they happen. Through meticulous categorization of 
known pathogens, one study noted that 60.3% of EIDs in humans were of zoonotic origin 
and nearly 72% of those originated in wildlife (59). As a common gathering place for 

FIG 4 Integration of bioinformatic pipelines to transform raw data into straightforward information for scientists and decision-makers.
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wild animals, domestic animals, and humans, TFMs represent an interface that carries a 
significant spillover risk. With this intensity of interaction, there is a high likelihood that 
future pandemics will arise from TFMs.

A One Health approach that highlights the integrated nature of humans, animals, 
and the environment is widely acknowledged as the most comprehensive and effec-
tive approach to address emerging zoonotic pathogens (60). One Health involves 
multiple sectors, disciplines, and communities at varying levels of society working to 
foster well-being and tackling threats to human, animal, and environmental health. To 
maximize the benefits of a continuous environmental surveillance program, a multi­
disciplinary, multisectoral approach is necessary. Successful implementation relies on 
collaboration between key stakeholders, including global, local, and regional entities. 
Implementing surveillance systems in these TFMs can carry manifold benefits, from an 
early warning system for emerging diseases to further documenting the prevalence of 
viruses in animal communities (8, 61).

Conclusion

To prevent the next pandemic, a combinatorial One Health approach is warranted. 
Drastic changes to the food supply system, such as shutting down food markets 
that sell animals, have been shown to be ineffective (2). Instead, rapid data sharing 
and availability will be vital to any successful surveillance and intervention program. 
Continuous environmental surveillance is a tool with significant potential to delay future 
spillover events; however, technology cannot prevent outbreaks alone. With this in mind, 
outbreak/pandemic prevention through the development and implementation of robust 

FIG 5 Prospective pathway for reporting pathogens of concern for environmental samples.
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biosecurity and biosafety measures responsive to consistent pathogen surveillance 
results should become the main focus of EID management. Importantly, smart market 
systems can stand as a marker or tool to assess the impact of biosecurity interventions 
on viral diversity in food markets, such as better air circulation, using lids on defeathering 
machines, and separating slaughter areas from holding areas.

Currently, mass implementation of surveillance systems such as wastewater testing 
and air sampling in TFMs remains challenging. Implementing these systems often 
comes with high costs (both implementation and upkeep) that are unreasonable for 
many LDCs. Innovations and benchmarking are needed to overcome the monetary and 
logistical challenges associated with environmental sampling; however, these systems 
will transform how we sample pathogens today. Innovative or Orwellian, regardless, 
smart surveillance systems in TFMs carry immense potential to prevent future spillover 
events, potentially stopping pandemics before they happen. An ounce of prevention is 
worth a pound of cure.
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