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Introduction 
Microbiomes—complex communities of 
microorganisms inhabiting environments ranging 
from soil and oceans to the human body—play a 
critical role in maintaining ecological and 
physiological balance. Recent advances in 
sequencing technologies, bioinformatics, and 
machine learning have enabled researchers to 
monitor these microbial ecosystems with 
unprecedented precision. This capability has given 
rise to microbiome surveillance systems, which are 
now being explored as early warning tools for 
detecting emerging health and environmental risks 
[1, 2]. 

Microbiome surveillance involves the longitudinal 
tracking of microbial communities to identify shifts 
that may signal disease outbreaks, antimicrobial 
resistance, or ecological disturbances. These 
systems are particularly valuable because microbial 
changes often precede visible symptoms or 
environmental degradation. For example, 
wastewater-based epidemiology (WBE) has proven 
effective in detecting viral pathogens like SARS-
CoV-2 before clinical cases emerge, offering a non-
invasive, population-wide method of monitoring 
infectious disease trends [3, 4]. 

Microbiome surveillance has broad applications 
across public health, agriculture, urban planning, 
and climate resilience. In environmental contexts, 
microbial shifts can indicate pollution, soil 
degradation, or ecosystem imbalance. In healthcare, 
changes in the human microbiome have been 
linked to conditions ranging from inflammatory 
bowel disease to diabetes and cancer. Surveillance 
systems can help differentiate between benign 
fluctuations and critical transitions, enabling timely 
interventions [5, 6]. 

One promising area is the integration of 
microbiome data with climate-informed health 
early warning systems. According to the World 
Health Organization (WHO), climate change alters 
disease transmission ecologies and population 
vulnerabilities. By combining meteorological data 
with microbial surveillance, health systems can 
better anticipate outbreaks of climate-sensitive 
diseases such as malaria, cholera, and dengue. The 
foundation of microbiome surveillance lies in high-
throughput sequencing, metagenomics, and 
computational modeling. These tools allow 
researchers to identify microbial taxa, track their 
abundance over time, and detect functional changes 
in microbial communities. Machine learning 
algorithms can analyze vast datasets to uncover 
patterns and predict future shifts. Time-series 
analysis further enhances the ability to detect subtle 
changes that may signal emerging threats. 
Wastewater monitoring is a particularly effective 
application of microbiome surveillance. Studies 
have shown that sewage contains biological 
markers that reflect the health status of entire 
communities. By analyzing wastewater samples, 
researchers can detect pathogens, drug metabolites, 
and antibiotic resistance genes, providing real-time 
insights into public health trends [7, 8]. 

Despite its promise, microbiome surveillance faces 
several challenges. One major hurdle is 
distinguishing meaningful microbial shifts from 
natural variability. Microbiomes are inherently 
dynamic, influenced by factors such as diet, 
climate, and human activity. Developing robust 
frameworks to interpret these changes requires 
interdisciplinary collaboration across microbiology, 
epidemiology, environmental science, and data 
analytics. Infrastructure limitations also pose 
barriers. Effective surveillance requires consistent 
sampling, standardized protocols, and advanced 
computational resources. In low-resource settings, 
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these requirements may be difficult to meet. 
Moreover, ethical considerations around data 
privacy and community consent must be addressed, 
especially when surveillance involves human-
associated microbiomes. To transition from 
descriptive studies to actionable surveillance, 
researchers are developing predictive models that 
integrate microbiome data with other health 
indicators. These models can forecast disease 
outbreaks, guide resource allocation, and inform 
public health policy. For example, the WHO’s 
Early Warning and Response System (EWARS) 
uses climate and microbial data to predict 
outbreaks of vector-borne diseases. The Exemplars 
in Global Health initiative emphasizes the need for 
scalable early warning systems that can rapidly 
detect future outbreaks. Establishing a strong 
knowledge base and integrating diverse data 
sources are key steps toward building resilient 
surveillance frameworks [9, 10]. 

Conclusion 
The success of microbiome surveillance depends 
on collaboration across disciplines and sectors. 
Researchers, public health officials, data scientists, 
and policymakers must work together to design 
systems that are scientifically rigorous, socially 
responsible, and operationally feasible. Training 
programs and capacity-building initiatives are 
essential to equip stakeholders with the skills 
needed to implement and interpret microbiome 
surveillance. As the global risk landscape 
evolves—with climate change, urbanization, and 
antimicrobial resistance intensifying—microbiome 
surveillance offers a proactive, scalable solution. 
By detecting microbial shifts before crises emerge, 
these systems can help safeguard human health and 
environmental integrity. 

References  

1. Gupta GN, Srivastava S, Khare SK, et 
al. Extremophiles: an overview of 
microorganism from extreme 
environment. Int J Agr Environ 
Biotechnol. 2014;7(2):371-80. 

2. Rothschild LJ, Mancinelli RL. Life in 
extreme environments. Nature. 
2001;409(6823):1092-101. 

3. von Hegner I. Extremophiles: a special or 
general case in the search for extra-
terrestrial life?. 2020;24(1):167-75.  

4. Pikuta EV, Hoover RB, Tang J. Microbial 
extremophiles at the limits of life. Crit 
Rev Microbiol. 2007;33(3):183-209. 

5. Cleaves HJ, Chalmers JH. Extremophiles 
may be irrelevant to the origin of life. 
Astrobiology. 2004;4(1):1-9. 

6. Travis J. Unveiling a tuberculosis drug 
target. Science. 1994;263(5144):172-3. 

7. Singhal M, Khanna SC, Rai A, et al. Rare 
case of multi-drug resistant endometrial 
tuberculosis unveiled by DNA signature 
studies of the rpoB, katG and inhA genes. 
Eur J Obstet Gynecol Reprod Biol. 
2012;164(1):114-5. 

8. Merchant S, Bharati A, Merchant 
N. Tuberculosis of the genitourinary 
system-Urinary tract tuberculosis: Renal 
tuberculosis-Part I. Indian J Radiol 
Imaging. 2013;23(01):46-63. 

9. Kumar VS, Dhananjaya SR, Gowda 
S. Tuberculosis treatment spills the beans 
on Wilson’s disease and more. MJAFI. 
2021 Oct 29. 

10. Cruz AT, Mandalakas AM, Starke 
JR. Childhood tuberculosis: a preventable 
disease not being prevented. Pediatrics. 
2012;130(6):e1672-3.

 

 

 

https://www.indianjournals.com/ijor.aspx?target=ijor:ijaeb&volume=7&issue=2&article=025
https://www.indianjournals.com/ijor.aspx?target=ijor:ijaeb&volume=7&issue=2&article=025
https://www.indianjournals.com/ijor.aspx?target=ijor:ijaeb&volume=7&issue=2&article=025
https://www.nature.com/articles/35059215
https://www.nature.com/articles/35059215
https://link.springer.com/article/10.1007/s00792-019-01144-1'
https://link.springer.com/article/10.1007/s00792-019-01144-1'
https://link.springer.com/article/10.1007/s00792-019-01144-1'
https://www.tandfonline.com/doi/abs/10.1080/10408410701451948
https://www.tandfonline.com/doi/abs/10.1080/10408410701451948
https://www.liebertpub.com/doi/abs/10.1089/153110704773600195
https://www.liebertpub.com/doi/abs/10.1089/153110704773600195
https://www.science.org/doi/pdf/10.1126/science.8284668
https://www.science.org/doi/pdf/10.1126/science.8284668
https://www.sciencedirect.com/science/article/pii/S0301211512002047
https://www.sciencedirect.com/science/article/pii/S0301211512002047
https://www.sciencedirect.com/science/article/pii/S0301211512002047
https://www.sciencedirect.com/science/article/pii/S0301211512002047
https://www.thieme-connect.com/products/ejournals/abstract/10.4103/0971-3026.113615
https://www.thieme-connect.com/products/ejournals/abstract/10.4103/0971-3026.113615
https://www.thieme-connect.com/products/ejournals/abstract/10.4103/0971-3026.113615
https://www.sciencedirect.com/science/article/pii/S0377123721002562
https://www.sciencedirect.com/science/article/pii/S0377123721002562
https://publications.aap.org/pediatrics/article-abstract/130/6/e1672/30324
https://publications.aap.org/pediatrics/article-abstract/130/6/e1672/30324

	Microbiome Surveillance: Early Warning Systems for Emerging Health and Environmental Risks.
	Yves Tornos*
	References

