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ABSTRACT

This study explores the potential of soil microbiomes as indicators
of public health risks, emphasizing the complex interplay
between soil microbial communities and human health outcomes.
Soil microorganisms are critical components of ecosystems,
influencing both beneficial functions, such as nutrient cycling and
plant health, and harmful effects, including the presence of
pathogens and antimicrobial resistance genes that can pose risks
to human populations. The study investigates how anthropogenic
factors—such as urbanization, agriculture, and climate change—
affect soil microbial diversity, which in turn impacts public health.
The integration of advanced biotechnological tools, such as
metagenomics, machine learning, and biosensors, is explored as
a means of enhancing the detection and monitoring of soil health
risks. The study also highlights the current gaps in research linking
soil microbial dynamics to human health outcomes and calls for
interdisciplinary approaches to bridge these gaps. Findings from
this research suggest that soil microbiomes have significant
potential to serve as bioindicators of public health risks, offering
a new avenue for improving health surveillance and informing
policy recommendations. The study concludes with a call to
action for further research, improved monitoring strategies, and
the incorporation of soil health into public health frameworks to
address the global health challenges posed by environmental
changes.
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Soil microbiomes comprise bacteria, fungi, archaea,
viruses, and other microorganisms that perform vital
ecosystem functions. They are essential not only for
sustaining plant and soil health but also for
indirectly influencing human well-being. For
instance, soil microorganisms are sources of
antibiotics, such as penicillin and streptomycin,
which revolutionized medicine (1). However, the
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misuse of antibiotics has led to the evolution of
antimicrobial resistance (AMR), with soil acting as a
hotspot for resistance gene proliferation (2).
Furthermore, soil contamination from pesticides,
industrial pollutants, and pathogens can adversely
affect human health by entering the food chain or
contaminating water supplies. Public health risks,
such as outbreaks of zoonotic diseases, are often
linked to environmental reservoirs. Soil, being a
dynamic interface between humans, animals, and
ecosystems, provides a unique vantage point for
studying these interactions. For example, soil
disturbances from urbanization or agriculture can
lead to the release of pathogenic microorganisms or
pollutants, increasing  exposure risks for
surrounding communities (3).

Environmental epidemiology seeks to understand
how environmental factors influence human health
outcomes. Soil microbes, as mediators of both
beneficial and harmful processes, are emerging as
key players in this field. Beneficial soil microbes,
such as those involved in nitrogen fixation and
carbon cycling, support food production and
environmental sustainability. On the other hand,
harmful microorganisms, such as Clostridium tetani
or Bacillus anthracis, pose direct risks to public
health through soilborne infections (4). Moreover,
soil microbes can serve as bioindicators, reflecting
environmental changes and potential health risks.
For instance, the presence of antibiotic resistance
genes (ARGs) in agricultural soils may signal high
levels of antibiotic use in nearby livestock farming
(5). Similarly, soil microbial diversity—or lack
thereof-can be used to assess the health of
ecosystems impacted by pollutants, deforestation,
or climate change. By studying these microbial
dynamics, researchers can predict potential public
health crises, such as the emergence of resistant
pathogens or zoonotic disease outbreaks.

This study presents a novel perspective by explicitly
integrating soil microbiome data into public health
frameworks, a critical linkage that remains
underexplored in existing literature. By examining
the intersection of soil microbial ecology with global
health challenges such as antimicrobial resistance
(AMR), zoonotic disease transmission, and
environmentally mediated infections, the review
advances current discourse on how environmental
microbiomes shape human health. Recent insights
into soil-pathogen interactions and microbial shifts
due to anthropogenic pressures underscore the
urgency of this integration. The study explores the
potential of soil microbiomes as indicators of public
health risks, identifies the roles soil microorganisms
play in both ecosystem and human health, and
analyzes how microbial dynamics respond to factors
such as urbanization, agriculture, and climate
change. It also highlights emerging
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biotechnological tools such as metagenomics and
biosensors for monitoring and mitigating soil-
related health risks. Furthermore, the study
identifies research gaps and proposes actionable
recommendations to enhance the role of sail
microbiomes in  disease surveillance and
prevention. However, this work contributes to the
growing field of environmental epidemiology and
promotes the inclusion of soil health as a
foundational element of public health strategy
within the broader planetary health framework.

Soil Microbial Communities: An Overview

Soil microbial communities are among the most
diverse and complex biological systems on Earth.
Comprising bacteria, fungi, archaea, viruses, and
protozoa, these microorganisms are critical for
maintaining soil health and ecosystem functionality.
Soil microbes play a pivotal role in biogeochemical
cycles, supporting plant growth and resilience, and
influencing environmental quality. The diversity and
functionality of these communities are shaped by
soil physicochemical properties, land use patterns,
and environmental factors, which can either
enhance their beneficial roles or amplify their risks
to public health.

Diversity and function of soil microbes

Soil microbial diversity is vast, with a single gram of
soil estimated to contain billions of microorganisms
and thousands of species (6). These microorganisms
contribute to essential ecological processes, such as
organic matter decomposition, nutrient cycling
(e.g., nitrogen fixation and  phosphorus
solubilization), and the regulation of greenhouse
gas emissions. Soil microbial communities are
highly dynamic, adapting to environmental
conditions and external pressures like climate
change, pollution, and agricultural practices. For
example, nitrogen-fixing bacteria like Rhizobium
and Azotobacter form symbiotic relationships with
plants, enhancing soil fertility (7). The functional
diversity of soil microbes is equally critical.
Functional traits, such as enzyme production,
organic matter degradation, and biofilm formation,
enable soil microbes to mediate nutrient availability
and pathogen suppression. However, disruptions to
soil microbial diversity, often caused by land-use
changes or pollution, can impair these functions,
leading to ecological imbalances and increased
vulnerability to disease outbreaks.

Beneficial roles of soil microorganisms

Soil microorganisms provide numerous ecosystem
services that directly or indirectly benefit human and
environmental health. They are critical for nutrient
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cycling, decomposing organic matter into simpler
compounds, which replenish soil fertility and
support plant growth (8). Mycorrhizal fungi, for
instance, enhance water and nutrient uptake in
plants, promoting agricultural productivity and
resilience to environmental stressors. In addition to
ecosystem services, soil microbes are a source of
bioactive compounds, including antibiotics,
enzymes, and other secondary metabolites.
Streptomyces, a genus of soil bacteria, has been
instrumental in producing life-saving antibiotics like
streptomycin and tetracycline (9). Furthermore, soil
microbes contribute to bioremediation by breaking
down pollutants such as hydrocarbons and
pesticides, reducing environmental contamination
and associated public health risks.

Soil microbes as reservoirs of pathogens and
resistance genes

While soil microbes offer numerous benefits, they
can also act as reservoirs of pathogenic organisms
and antimicrobial resistance genes (ARGs).
Pathogenic microbes, including Clostridium tetani,
Bacillus anthracis, and Mycobacterium ulcerans,
persist in soils and pose risks to human and animal
health through direct contact or environmental
pathways (10). For instance, outbreaks of tetanus
and anthrax are often linked to soil contamination in
agricultural or flood-prone areas. Moreover, soils
are recognized as critical reservoirs for ARGs,
contributing to the global antimicrobial resistance
crisis. Agricultural soils, particularly those exposed
to manure and wastewater, harbor elevated levels of
ARGs due to the overuse of antibiotics in livestock
farming (11). These resistance genes can transfer
between soil microbes and human pathogens,
exacerbating the challenge of treating infectious
diseases. Addressing the dual role of soil microbes
as beneficial agents and potential health risks is
crucial for sustainable public health and
environmental management.

Drivers of Soil Microbial Shifts

Soil microbial communities are highly dynamic and
responsive  to various environmental and
anthropogenic influences. Shifts in these microbial
communities are driven by multiple factors,
including urbanization, industrial activities,
agricultural  practices, and climate change.
Understanding the drivers of soil microbial shifts is
critical for predicting the impacts on ecosystem
services, public health, and the sustainability of
agricultural systems. These shifts can influence soil
fertility, pathogen dynamics, and the proliferation of
antimicrobial resistance genes, which in turn affect
public health outcomes.
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Urbanization and industrial activities

Urbanization and industrial activities significantly
affect soil microbial communities through land
disturbance, pollution, and the introduction of novel
chemicals and materials. Urbanization often involves
soil compaction, construction, and the sealing of
land surfaces with concrete, which limits microbial
diversity and alters soil structure (12). In urban
environments, the concentration of pollutants such
as heavy metals, chemicals, and waste materials can
also disrupt microbial function and composition. For
example, industrial runoff containing petroleum
hydrocarbons can lead to soil contamination, which
negatively impacts microbial populations essential
for nutrient cycling and degradation of organic
matter (13). Industrial activities also introduce
synthetic chemicals, such as plastics and solvents,
into the soil environment, which may either support
or hinder the growth of specific microbial species.
Some microbes may adapt to these pollutants,
forming specialized communities that can degrade
or transform these substances, but this can also lead
to the accumulation of resistance genes. In addition,
the increase in urban and industrialized areas fosters
the spread of pathogenic microorganisms due to
contaminated waste systems, wastewater, and
runoff (14). These environmental stresses on soil
microbial communities can have significant
implications for human health, such as increased
exposure to resistant pathogens or soilborne
infections.

Comparative impacts of organic and
conventional farming on soil microbiomes and
public health

Organic and conventional farming practices have
distinct impacts on soil microbial communities,
which in turn influence public health outcomes.
Organic farming, characterized by the use of natural
fertilizers, compost, and minimal synthetic inputs,
generally promotes higher microbial diversity and
activity (15). This enhanced microbial richness
supports beneficial functions such as nutrient
cycling, pathogen suppression, and resilience to
environmental  stressors  (16). In  contrast,
conventional farming, which relies heavily on
synthetic fertilizers, pesticides, and monoculture
cropping, has been shown to reduce microbial
diversity and disrupt soil ecological balance (17).
Soils under conventional farming also tend to
harbor higher concentrations of antimicrobial
resistance (AMR) genes, partly due to the overuse of
agrochemicals and antibiotics in agriculture (18). By
altering the structure and function of soil microbiota,
these contrasting agricultural systems can influence
the emergence and spread of soilborne pathogens
and AMR, underlining the need to integrate soil
health into public health frameworks (19).
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Climate change and environmental stressors

Climate change is an increasingly important driver
of soil microbial shifts. Rising temperatures, altered
precipitation patterns, and more frequent extreme
weather events can directly affect microbial
populations and their functions. Temperature

Urbanization and Industrial | Pollution and
Activities
\
Wastewater
Monoculture

" Fertilizer and pesticide

Deforestatior

Temperature and precipitation

(limate Change ;s /

Increased CO2 and ozone

Biological Sciences, 2025, Vol. 05(03), Page 978-991

developing strategies to mitigate public health risks,
particularly those related to infectious diseases and
antimicrobial resistance. Figure 1 below highlights
the key factors driving shifts in soil microbial
communities: urbanization, industrial activities,
agricultural practices, land use changes, and climate
change. These drivers impact microbial diversity,

Microbial

Resistance genes ~ —¥| Antimicrobial

Figure 1. Drivers of Soil Microbial Shifts: A Complex Interaction Framework.

changes can influence microbial metabolism,
growth rates, and community composition, favoring
thermophilic or drought-tolerant species while
potentially reducing the abundance of mesophilic
organisms (20). Changes in precipitation patterns,
such as prolonged droughts or heavy rainfall, can

alter soil moisture, which is critical for microbial
activity. Drought conditions can reduce microbial
biomass, while flooding can lead to anaerobic
conditions, favoring the growth of harmful bacteria
such as Clostridium species or pathogens that thrive
in low-oxygen environments (21). In addition to
direct climate-related changes, environmental
stressors such as air pollution and UV radiation can
also influence soil microbial communities. For
example, increased atmospheric CO2
concentrations and ground-level ozone can impact
microbial processes such as nitrogen cycling and
the breakdown of organic matter (22). Furthermore,
shifts in microbial communities induced by climate
change can exacerbate the spread of diseases,
particularly in agricultural settings where soilborne
pathogens may thrive under changing conditions.
Understanding the impacts of climate change on
soil  microbial communities is essential for

nutrient cycling, and pathogen dynamics,
influencing ecosystem health and public well-being.
Urbanization causes soil contamination and
compaction, while agriculture disrupts microbial
balance through fertilizers and pesticides. Climate
change further alters conditions, fostering pathogen
growth and resistance. Understanding these drivers
is essential for addressing health risks linked to
antimicrobial resistance and soilborne diseases.
Climate change is altering soil microbial
communities, leading to increased abundance of
thermophilic bacteria like Thermus and Geobacillus,
which thrive in warmer soils (23). Warming also
reduces the fungal-to-bacterial ratio and promotes
pathogenic microbes such as Fusarium and
Phytophthora, increasing disease risks (24).
Moreover, heat affects nitrogen-cycling microbes
like Nitrosomonas, impacting soil fertility and
emissions (25). These shifts highlight the need for
climate-adaptive soil management in public health
planning.

Soil Microbes as Bioindicators of Public Health
Risks
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Soil microbes, as integral components of the soil
ecosystem, can serve as effective bioindicators of
public health risks. The diversity, composition, and
abundance of microbial communities in soil reflect
the health of the environment and can provide
valuable insights into potential health hazards. Soil
microbial populations are influenced by a variety of
factors, including land use, pollution, climate
change, and agricultural practices, which can either
promote or inhibit the growth of pathogenic
organisms and antimicrobial resistance genes. By
monitoring these microbial communities, scientists
can assess risks to human health, including
exposure to infectious diseases, antibiotic-resistant
pathogens, and environmental contaminants.
Therefore, soil microbes hold considerable promise
as early warning systems for potential public health
threats, helping to mitigate disease outbreaks and
guide public health interventions.

Linking soil microbial diversity to human health
outcomes

Soil microbial diversity plays a pivotal role in
shaping the health of ecosystems and can directly
impact human health outcomes. Diverse soil
microbial communities are essential for maintaining
soil fertility, plant health, and ecosystem services,
which are vital for food production and human well-
being (26). Changes in soil microbial diversity, often
caused by anthropogenic activities such as
agriculture, urbanization, or pollution, can lead to
disruptions in ecosystem functioning and increase
the risk of disease transmission. A decrease in
microbial diversity has been linked to poorer soil
health, reduced resistance to pathogens, and
compromised food safety (27). Emerging research
also suggests that the loss of soil microbial diversity
may be associated with an increase in human health
conditions such as allergies, asthma, and
autoimmune diseases. Soil microbes, particularly
those in agricultural and rural environments, are
thought to play a protective role by helping to train
the immune system and preventing overreactions to
harmless substances (28). This connection, known as
the "hygiene hypothesis," suggests that a loss of
exposure to diverse environmental microbes,
including those from soil, may contribute to the rise
in chronic diseases in developed societies.
Monitoring and maintaining microbial diversity in
soil could, therefore, have significant implications
for public health, particularly in mitigating the rising
incidence of immunological disorders.

Soil microbial pathways for disease transmission

Soil microbes can serve as vectors for disease
transmission, directly influencing public health
through environmental exposure. Pathogenic
microorganisms, including bacteria, viruses, and
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parasites, can survive and proliferate in soil, where
they may be transferred to humans through direct
contact, consumption of contaminated water or
food, orthrough inhalation of dust particles (29). For
example, Clostridium tetani, the bacterium
responsible for tetanus, can persist in soil and cause
infections through wounds. Similarly, soilborne
pathogens such as Bacillus anthracis (anthrax) and
Leptospira species (which cause leptospirosis) are
capable of surviving in soil for extended periods,
creating a risk for agricultural workers, veterinarians,
and individuals living in affected areas (30).

In addition to direct transmission, soil microbes can
play a role in the spread of waterborne diseases. For
instance, fecal contamination of soil and water
sources can lead to the presence of pathogenic
microorganisms such as  Escherichia coli,
Salmonella, and Campylobacter, which are common
causes of gastrointestinal infections. These
pathogens can be spread through soil particles that
contaminate water supplies, leading to outbreaks of
waterborne diseases. In regions with inadequate
sanitation and waste management infrastructure,
the risk of such diseases is heightened. Therefore,
understanding the soil microbial pathways for
disease transmission is critical for developing
effective public health strategies to reduce
exposure and mitigate disease outbreaks.

Antimicrobial resistance genes in soil and public
health implications

The presence of antimicrobial resistance genes
(ARGs) in soil has become a significant public health
concern, as these genes can be transferred between
soil microorganisms and human pathogens.
Agricultural practices, particularly the use of
antibiotics in livestock farming, have led to the
accumulation of ARGs in the soil (31). Manure and
wastewater from farms often contain high
concentrations of antibiotics and resistant bacteria,
which can contribute to the proliferation of ARGs in
the soil environment. These resistance genes can
then spread to soilborne pathogens, such as
Salmonella and Escherichia coli, which may
eventually infect humans through contaminated
food, water, or direct contact. Soil microbes act as
reservoirs and vectors for the spread of ARGs, which
can be transferred through horizontal gene transfer,
a process in which bacteria exchange genetic
material, including resistance traits (32). The
presence of ARGs in soil may lead to the
development of "superbugs" that are resistant to
multiple classes of antibiotics, making infections
more difficult to treat and increasing the burden on
public health systems. Furthermore, the presence of
ARGs in environmental settings, including soils,
raises concerns about the spread of resistance to
community-acquired infections, particularly in
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vulnerable populations. Given the potential for
ARGs to exacerbate the global antimicrobial
resistance crisis, it is crucial to monitor and mitigate
the spread of resistance genes in soil ecosystems to
protect both environmental and public health.

Predictive soil microbiome monitoring for
disease outbreak prevention

Soil monitoring offers a practical and proactive
approach to predicting and preventing disease
outbreaks. By routinely analyzing soil microbial
communities, particularly the presence of
pathogens, antimicrobial resistance (AMR) genes, or
shifts in microbial diversity, public health officials
can identify early warning signals of potential health
threats. For instance, detecting increased levels of
Escherichia coli, Salmonella, or AMR-related genes
in agricultural or urban soils may indicate a
heightened risk of foodborne or waterborne
disease transmission (33). Such insights enable
targeted interventions, such as improved sanitation,
regulation of agrochemical use, or public health
advisories in high-risk zones. Integrating real-time
soil biosensor data into health surveillance systems
can further enhance early detection and response
strategies, ultimately reducing the burden of
environmentally linked diseases (34).
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researchers can now explore the entire microbial
community in soil samples without the need for
culturing organisms. These technologies have led to
significant breakthroughs in understanding how soil
microbial communities influence soil health, disease
transmission, and ecosystem functioning.
Furthermore, the integration of machine learning
and biosensor technologies has enhanced our
ability to predict and monitor soil health in real-time,
providing valuable insights for public health risk
assessments. These advancements have paved the
way for a more comprehensive understanding of
soil microbiomes, their impact on human health,
and the development of novel biotechnological
solutions for monitoring and mitigating public
health risks.

Metagenomics and soil microbial profiling

Metagenomics, a powerful tool for analyzing
genetic material directly from environmental
samples, has transformed the study of soil
microbiomes. Traditional methods of microbial
profiling, such as culturing and microscopy, were
limited by the inability to detect unculturable
microorganisms, which represent a substantial
portion of the microbial community. Metagenomic
sequencing bypasses these limitations by allowing

Advances in Soil Microbiome
Analysis

Machine Learning

Biosensors

Microbial

Figure 2. Advances in Soil Microbiome Analysis: Interconnected Tools and Techniques.

Advances in Soil Microbiome Analysis

Advances in soil microbiome analysis have
revolutionized our understanding of microbial
communities in soil and their roles in environmental
and public health. Historically, studying soil
microbes was limited by cultivation techniques,
which only allowed for the analysis of a small fraction
of microbial diversity. However, with the
development of molecular techniques, including
metagenomics and high-throughput sequencing,

for the extraction and sequencing of DNA from
entire soil samples, providing a comprehensive
snapshot of microbial diversity (35). This approach
enables the identification of a wide range of
microbial species, including bacteria, fungi,
archaea, and viruses, that might play important roles
in soil health and disease dynamics. Soil microbial
profiling using metagenomics has provided
valuable insights into the functions and dynamics of
microbial communities under different
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environmental conditions. For instance,
metagenomic analysis has revealed how soail
microbiomes respond to factors such as land use
change, pollution, and climate change, offering a
better understanding of their role in ecosystem
services, such as nutrient cycling, plant health, and
disease suppression (36). Furthermore,
metagenomics can be used to identify specific
microorganisms associated with health risks, such as
pathogens or antimicrobial-resistant bacteria,
making it an essential tool for environmental
epidemiology. By identifying microbial taxa and
functional genes linked to disease transmission,
researchers can assess public health risks more
effectively and design interventions to mitigate
these threats.

Machine learning in soil microbial risk prediction

Machine learning (ML) has emerged as a powerful
tool for predicting soil microbial risks and
understanding the complex interactions between
soil microorganisms and public health outcomes.
ML algorithms can analyze large and complex
datasets derived from soil microbiome profiling,
identifying patterns and correlations that might be
difficult to detect through traditional statistical
methods. By integrating metagenomic data,
environmental variables (such as climate and land
use), and public health data, ML models can predict
the likelihood of disease outbreaks, soil
contamination, or antimicrobial resistance
transmission linked to soil microbial communities
(37). One of the key applications of ML in soil
microbiome analysis is the identification of
microbial risk factors associated with disease
transmission. For example, ML algorithms have
been used to predict the presence of pathogenic
bacteria in soil, linking microbial community
changes to outbreaks of waterborne diseases or
zoonotic infections. These models can also identify
early warning signs of antimicrobial resistance in soil
environments, helping to predict the spread of
resistance genes and their potential impact on
public health. By applying predictive models to
large-scale soil health monitoring, researchers can
identify areas at high risk for microbial
contamination and recommend  targeted
interventions to reduce exposure.

Biosensors for real-time soil health monitoring

Biosensors have gained significant attention for
their potential to provide real-time monitoring of
soil health, including microbial communities and
pathogens. These sensors are designed to detect
specific biological or chemical markers in soil, such
as microbial metabolites, toxins, or pathogens,
providing immediate feedback on the condition of
the soil environment. Biosensors can be deployed in
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the field to monitor changes in soil microbial
populations or detect the presence of harmful
microorganisms that may pose a risk to public health
(38). Recent developments in biosensor technology
have led to the creation of highly sensitive and
specific devices capable of detecting microbial
contaminants, including soilborne pathogens such
as Salmonella, Escherichia coli, and Clostridium
difficile (39). These biosensors can provide valuable
data on microbial diversity, metabolic activity, and
environmental stressors in real-time, facilitating
rapid decision-making for land management,
agricultural practices, and public health monitoring.
For instance, biosensors can be used in conjunction
with other tools, such as metagenomics and
machine learning, to enhance the prediction and
monitoring of microbial health risks in soils. By
enabling continuous, on-site soil health monitoring,
biosensors offer a promising approach to
preventing the spread of infectious diseases,
antimicrobial resistance, and other public health
threats linked to soil microbes. Figure 2 below
highlights the interplay between cutting-edge tools
in  soil microbiome research—-metagenomics,
machine learning, and biosensors. It showcases how
these advancements collectively enhance our
understanding of microbial diversity, functional
gene analysis, real-time monitoring, and predictive
risk assessments, fostering novel solutions for public
and environmental health challenges.

Limitations of current analytical tools in soil
microbiome surveillance

Despite the transformative potential of advanced
analytical tools like metagenomics in studying soil
microbiomes, several limitations persist. One key
challenge is the inherent bias toward dominant
microbial species, which can obscure the detection
of rare but potentially significant taxa involved in
health-related functions or pathogen emergence
(40). Furthermore, metagenomic approaches often
lack resolution at the strain level, making it difficult
to distinguish pathogenic strains from their non-
pathogenic relatives. Functional inference from
metagenomic data is also limited by incomplete
reference databases, which hampers accurate
annotation of microbial genes and pathways (41).
Furthermore, high sequencing costs and complex
data analysis requirements can limit accessibility in
low-resource settings, restricting widespread
implementation for real-time public health
surveillance.

Integrating Soil Microbiome Data into Public
Health Frameworks

Integrating soil microbiome data into public health
frameworks is a critical step in advancing our
understanding of how soil environments affect
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human health. The growing recognition of sail
microbes as pivotal players in ecosystem dynamics
and disease transmission has spurred efforts to
incorporate microbial data into public health
surveillance systems. Traditional public health
frameworks often overlook the influence of
environmental microbiomes on human health
outcomes, but emerging research is highlighting
the need to broaden these frameworks to include
soil health. By integrating soil microbiome data, we
can better predict and mitigate potential health
risks, such as the spread of zoonotic diseases,
antimicrobial resistance, and foodborne illnesses,
which often originate in the soil environment. The
integration process involves developing cross-
disciplinary models that link microbial community
dynamics to health outcomes, providing valuable
insights for disease prevention, early detection, and
intervention. This requires collaboration between
environmental scientists, epidemiologists,
policymakers, and public health professionals to
ensure that microbial data is effectively utilized in
public health decision-making. Furthermore, it
necessitates the development of standardized
methods for soil sample collection, microbial
analysis, and risk assessment to ensure data
consistency and comparability across studies and
regions (42).

Development of predictive models for health
surveillance

The development of predictive models for health
surveillance that incorporate soil microbiome data is
an essential step toward improving public health
outcomes. Predictive models leverage soil microbial
data to forecast potential health risks, such as the
emergence of infectious diseases, antimicrobial
resistance (AMR), or the spread of soilborne
pathogens. These models typically rely on machine
learning algorithms and statistical tools that analyze
large datasets, identifying patterns and correlations
between soil microbial composition and public
health data. For instance, by integrating data on
soilborne pathogens and environmental conditions
with public health records, researchers can predict
the likelihood of disease outbreaks, identify high-
risk areas, and implement timely interventions (43).
Recent advances in artificial intelligence (Al) and
machine learning (ML) have significantly enhanced
the accuracy and predictive power of these models.
For example, Al algorithms can analyze complex
relationships between microbial diversity, soil
conditions, and climate variables, generating
forecasts that support preventive measures.
Predictive models have also been used to track the
spread of AMR genes in soil, providing early
warning signals for potential public health threats.
These models have the potential to revolutionize
public health surveillance by enabling real-time
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monitoring of soil health and its link to disease
transmission, ultimately leading to more proactive
public health strategies (44).

Policy recommendations for soil health and
public safety

Policy recommendations that link soil health to
public safety are crucial for preventing health risks
associated with soilborne pathogens, pollutants,
and antimicrobial resistance. Governments and
regulatory bodies need to recognize the
importance of soil microbiomes in shaping human
health outcomes, particularly in the context of
urbanization, agriculture, and climate change.
Policymakers should advocate for the incorporation
of soil health assessments into national health
strategies, particularly in regions where soil
contamination and microbial risks are prevalent.
Recommendations include the implementation of
soil monitoring programs that regularly assess
microbial diversity and health, as well as policies
aimed at reducing soil pollution and managing land
use changes. Furthermore, there is a need for
regulations that control the use of antibiotics and
other chemicals in agriculture, which can contribute
to the development of antimicrobial resistance in
soil microbial communities (45). Public health
guidelines should also address the safe use of
biosensors for soil microbial monitoring and the
incorporation of microbiome data into health
surveillance  systems.  For  example, the
establishment of soil health standards, supported by
research, can guide land management practices
that promote beneficial microbial communities and
reduce exposure to harmful pathogens. The
integration of soil microbiome data into public
health policies can also help to address issues
related to food security and nutrition. For instance,
soil microbiomes play a critical role in enhancing
crop health and productivity, which directly affects
human nutrition. Policies that promote sustainable
agricultural practices, such as crop rotation, organic
farming, and soil conservation, can help to maintain
healthy soil microbiomes and prevent diseases that
may affect both crops and human populations (46).

Case studies: successful integration of soil
microbial data

Several successful case studies demonstrate the
potential benefits of integrating soil microbial data
into public health frameworks. One such example is
the use of soil microbial data to predict outbreaks of
waterborne diseases. In a study conducted in rural
India, researchers combined soil microbial analysis
with water quality monitoring to identify the
presence of pathogens such as Escherichia coli and
Vibrio cholerae in soil, which was directly linked to
an increase in waterborne diseases in local
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populations (47). By incorporating microbial data
into public health surveillance, authorities were able
to identify hotspots for disease transmission and
implement targeted water purification efforts,
ultimately reducing the incidence of cholera and
other waterborne diseases. In another case,
researchers in the United States investigated the
role of soilborne pathogens in foodborne
outbreaks, particularly those linked to produce
contamination. By analyzing the soil microbiome
and its connection to foodborne illness outbreaks,
they were able to develop predictive models that
helped identify high-risk regions and provide
recommendations for safer farming practices (48).
These case studies highlight the importance of
integrating soil microbial data into public health
frameworks to enhance early warning systems and
improve public health outcomes. Moreover, the
successful integration of biosensors into public
health surveillance systems in European countries
has enabled real-time monitoring of soil health,
identifying microbial contamination, and allowing
for prompt action. This integration has helped
improve disease control and prevent the spread of
pathogens in agricultural regions, benefiting both
public health and food safety (49). These case
studies  underscore  the  importance  of
interdisciplinary collaboration and the potential of
soil microbiome data in safeguarding public health.

Research Gaps and Future Directions

The growing recognition of soil microbiomes as
crucial components of both environmental health
and public health presents a wealth of opportunities
for research and innovation. However, significant
gaps in our understanding still exist, particularly
regarding the complex relationships between soil
microbial communities and human health
outcomes. Addressing these gaps requires a
concerted effort from researchers, policymakers,
and healthcare professionals to explore uncharted
territories and implement novel biotechnological
tools that can aid in the study of soil microbes.

Unexplored soil microbial pathways and health
risks

Although research on soil microbiomes has grown
substantially, key microbial pathways linking soil

ecosystems to human health remain poorly
understood.  Soilborne  pathogens such as
Salmonella, Escherichia coli, and Clostridium

species are known contributors to foodborne
illnesses. However, the exact routes of their
persistence, mobilization, and human exposure,
especially through the food chain and water
systems, require deeper investigation (50). One
critical but underexplored domain is the soil
microbiome-gut microbiome axis. Emerging
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evidence suggests that frequent environmental
exposure to soil microbes through ingestion of
unwashed produce, physical contact with soil during
childhood, or inhalation of dust can influence the
composition and function of the human gut
microbiome (51). This interface may modulate
immune system development, allergic responses,
and even neuroinflammatory pathways. These
findings indicate a vital role for environmental
microbes in shaping human health and disease
susceptibility.

In addition, chronic exposure to soil pollutants and
pathogens may contribute to the development of
non-communicable diseases such as certain
cancers, autoimmune disorders, or cardiovascular
conditions. While these associations remain
speculative, limited mechanistic evidence points to
a need for further exploration. Another pressing
knowledge gap involves the poorly defined
pathways through which soil microbiomes facilitate
the spread of antimicrobial resistance (AMR).
Although it is well established that soil acts as a
major reservoir for resistance genes, the specific
transmission routes into clinical and community
settings, whether through crops, water, or livestock,
are not fully delineated (52). Addressing these gaps
requires interdisciplinary research that integrates
metagenomics, exposomics, and longitudinal
human microbiome studies to trace microbial
pathways from the environment to human hosts.
Advancing our understanding of these mechanisms
is essential for designing public health interventions
that consider environmental microbial exposures.

Advancing biotechnological tools for soil

microbial studies

Advancements in biotechnological tools offer the
potential to significantly improve our ability to study
and monitor soil microbiomes. While traditional
culture-based methods of soil microbial analysis
have provided foundational insights, these
techniques are often limited in their ability to detect
and characterize the full spectrum of microbial life
present in the soil. Recent breakthroughs in
metagenomics, which allow for the comprehensive
sequencing of all microbial DNA in a given sample,
have opened up new avenues for soil microbiome
research (53). However, challenges remain in
refining these technologies to allow for more
precise identification of microorganisms and their
functional roles within complex soil ecosystems.
One promising avenue for future research is the
development of biosensors for real-time monitoring
of soil microbial health. These devices would enable
the rapid detection of pathogens, AMR genes, or
other health-related markers in the soil, facilitating
early warning systems and more effective public
health responses (53). The integration of machine
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learning algorithms with metagenomic and
biosensor data could further enhance the predictive
capacity of these tools, enabling more accurate
assessments of microbial risks associated with soil
contamination  and  environmental  change.
Moreover, the application of CRISPR-based gene
editing techniques could play a significant role in
understanding soil microbial function and disease
transmission. By targeting specific genes in soil
microbes, researchers could study microbial
behavior and interactions in unprecedented detail.
This technology could also help develop strategies
for mitigating harmful microbial activity in the soil,
such as reducing the presence of pathogenic
organisms or limiting the spread of AMR genes (54).

Advanced tools such as metagenomics offer
powerful insights into soil microbial communities,
yet their widespread adoption is limited by
significant cost and accessibility barriers, particularly
in  low-resource  settings.  High-throughput
sequencing platforms, bioinformatics infrastructure,
and skilled personnel are often lacking in many
developing regions, restricting local researchers’
ability to conduct in-depth soil microbiome studies.
Furthermore, the costs of reagents, data storage,
and computational tools further limit routine
surveillance or integration into public health
programs. These disparities highlight the need for
more affordable, scalable technologies and
capacity-building initiatives to ensure equitable
access to cutting-edge microbial analysis (55).

Bridging soil health and global public health
goals

As the world grapples with issues like climate
change, urbanization, and the increasing burden of
infectious diseases, there is an urgent need to
bridge soil health with global public health goals.
Soil health, often overlooked in global health
frameworks, plays a crucial role in food security,
water safety, and disease prevention. There is a
growing recognition  that sustainable  soil
management practices can contribute to broader
global health objectives, including the United
Nations Sustainable Development Goals (SDGs),
such as Zero Hunger (SDG 2), Clean Water and
Sanitation (SDG 6), and Good Health and Well-
Being (SDG 3). Integrating soil health into global
public health initiatives requires a holistic approach
that recognizes the interdependence between soil

ecosystems and human health. This involves
interdisciplinary collaboration between
environmental scientists, public health
professionals, and policymakers to develop

integrated strategies for improving both soil health
and human well-being. For instance, sustainable
agricultural practices that promote soil biodiversity
could reduce the risk of soilborne diseases and
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enhance food security, while also supporting the
health of nearby communities by preventing
contamination of water supplies (56). Moreover,
there is a need to advocate for soil health policies
that account for both ecological and public health
outcomes. This includes developing regulations that
mitigate the effects of industrial activities,
urbanization, and intensive farming practices that
degrade soil health. Public health strategies must
also incorporate soil microbiome monitoring as part
of their surveillance systems, ensuring that soil-
related risks are considered in disease prevention
and control programs (57). Future research should
focus on building a strong evidence base linking sail
microbial health to public health outcomes. This
evidence could drive the adoption of policies that
integrate soil microbiome management into global
health frameworks, ensuring a more sustainable and
health-focused approach to land wuse and
environmental stewardship.

Conclusion

The study highlights the dual role of soil microbial
communities in both ecosystem and human health.
While soil microbes support soil fertility and plant
health, they also act as reservoirs for pathogens and
antimicrobial resistance (AMR) genes, which can
directly impact human health. Environmental
changes such as urbanization, agricultural practices,
and climate change are shifting soil microbial
composition, potentially escalating public health
risks. The application of advanced technologies,
including metagenomics and biosensors, offers
valuable tools for monitoring these microbial risks,
although challenges persist in understanding the
complexities of microbial pathways and their links to
human diseases. The research reveals a correlation
between soil microbial diversity and human health
outcomes, positioning soil microbiomes as potential
bioindicators of public health risks. However,
significant knowledge gaps remain, particularly
concerning the long-term health effects of exposure
to soilborne pathogens and the mechanisms by
which soil microbes influence chronic diseases. The
study calls for more targeted research and the
integration of soil health monitoring into public
health strategies. The findings emphasize the
importance of the soil microbiome in environmental
epidemiology, urging a paradigm shift in how
environmental factors are considered in public
health research. Soil microbes have the potential to
act as early warning systems for emerging health
threats, suggesting that environmental health
surveillance systems should include soil health data.
Incorporating soil microbiome monitoring into
public health frameworks can provide insights into
the prevention of infectious diseases, chronic
conditions, and the spread of AMR. Integrating soil
microbial data into epidemiological models can
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improve understanding of how environmental
factors, such as soil quality, influence human health.
To address the identified research gaps,
interdisciplinary collaboration among
environmental scientists, microbiologists, public
health experts, epidemiologists, and policymakers
is crucial. Investment in advanced biotechnological
tools, such as metagenomic sequencing,
biosensors, and machine learning models, is
essential to improve soil health monitoring. Public
health policies must also evolve to incorporate soil
health as a key determinant of well-being, ensuring
comprehensive  strategies to mitigate  soil
contamination, reduce AMR, and protect public
health from environmental threats.
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