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Abstract

Protection of ecological balance and sustainable agriculture approaches are of great importance in
minimizing environmental impacts and efficient use of natural resources. In this context, biological
applications attract attention because they offer environmentally friendly and effective solutions. Microbial
biosensors constitute important alternatives especially in monitoring parameters such as pesticides and
fertilizers used in agriculture and water quality. Because the use of microorganisms that are sensitive to
environmental changes in microbial biosensors enables early detection of pollution and development of
management strategies. At the same time, these biosensors minimize the negative effects of environmental
factors on agricultural production by making low-cost, fast and high-precision measurements. At the same
time, microbial biosensors contribute to the protection of natural ecosystems by providing efficient and
environmentally friendly solutions for the dissemination of practices that serve sustainable agriculture.
Thus, it will be possible to contribute to the sustainable development of agriculture without harming the
ecological balance.
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1. Introduction

It is believed that the exponential growth occurring in human activities could lead to imbalances in
critical systems on Earth. This raises concerns that it could trigger sudden or irreversible environmental
changes that could be detrimental or even catastrophic for human well-being [1]. Therefore, the
relationships involving the environment, human security, and nature security have become the subject of
numerous studies in recent years. Due to the global significance of environmental issues, it has become
essential to establish environmental policies at both the national and international levels [2].

The link between sustainable development and ecological security

In the 1987 Bruntland Report on Our Common Future (Brundtland Report), the concept of sustainable
development is defined as a development that indicates that today's needs should be met without impairing
the ability of future generations to meet their own needs [3; 2] Therefore, the most effective move to ensure
environmental security is to ensure sustainable development. In the elaboration of environmental security, it
has been concluded that it is more useful to examine it within the framework of the distinction made at
macro and micro levels. Degradation of ecosystems, global climate change and sea level rise are considered
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at the macro level, while air pollution, poor waste management and emergency resource scarcity are
considered at the micro level [2].

Ecological security is a concept based on the principle of maintaining the resilience of ecosystems over
time and in harmony with different species [4, 2]. This approach aims to maintain the dynamic balance of
the ecosystem [5, 2]. Since the disruption of this balance will pose the risk of extinction of humans and
other species, the focus is on the need to restore the balance by protecting ecosystems damaged by human
activities. Although ecological security is generally considered as a sub-dimension of ecological
environmental security, ecological security adopts an ecosystem-centered approach. In contrast,
environmental security is human-centered, which constitutes the fundamental difference between the two
concepts [6, 2].

Sustainable use of natural resources

In this context, by conserving natural resources and minimizing environmental impacts, sustainable
agricultural practices constitute a critical solution that as ecological security adopts an ecosystem-centered
approach to protect and balance ecosystems, it further emphasizes the importance of sustainability in
agricultural practices, supports ecosystem health and ecological security.

To meet global food demand, food production needs to increase by 70% by 2050 [7, 8]. However,
intensive farming practices involving the excessive use of mineral fertilizers, water, and agricultural
chemicals have led to environmental pollution, soil degradation, and the depletion of natural resources.
Modern agricultural practices, the use of mineral fertilizers and high use of agro- chemicals inhibit nutrient
cycling in the soil [9, 8] while the adoption of such practices harms beneficial insects, plants and the soil
microbiome. It also causes climate change in terms of fluctuating temperature and precipitation by polluting
water systems. [10, 8]. Considering all these factors, food production practices that minimize chemical
residues in the food chain and reduce environmental impact to the lowest levels pave the way for
sustainable agriculture [11, 8]. In fact, sustainable agricultural practices are based on protecting natural
resources against soil and water degradation, minimizing environmental pollution and protecting soil
health and biodiversity. In more detail, it refers to the efficient use of farm manure, crop residues and
other plant and animal products to meet human food and fiber needs by minimizing non-renewable
resources. Such an approach is based on improving both farmers' quality of life and environmental health as
well as enhancing economic sustainability [12, 8, 25]. In the mid-20th century, agricultural technologies
guaranteed a green revolution, but at high ecological costs. They have also contributed to global pollution,
adverse climate change and biodiversity loss [13, 8]. Biotechnology and microbiology offer a wide field
of research to improve the quality and efficiency as well as sustainability of existing systems [14, 8].

Plants are of indispensable importance in agriculture as they constitute the primary source of food, fiber,
pharmaceuticals and basic raw materials for different industrial sectors. Therefore, it is inevitable that many
challenges arising from stressors, both abiotic and biotic, must be addressed to safeguard the continued
health and sustainability of plant communities and the ecosystems in which they thrive [15]. In this context,
microbial biotechnology provides many benefits by contributing to crop production without the use of high
amounts of chemical fertilizers, pesticides, etc. [8]. The widespread use of chemicals in agricultural as well
as industrial sectors further increases the release of potentially toxic pollutants into the environment. These
toxic pollutants, which are also carcinogenic and mutagenic, pose significant threats to human health and
ecological diversity due to their widespread distribution. For these reasons, rapid and reliable detection of
these compounds is of great importance. Moreover, the use of sensitive and cost-effective techniques is a key
requirement for methods aimed at reducing pollution. Although there are traditional strategies based on
chromatography used for these purposes, these techniques require complex procedures and expensive
specialized equipment and have the disadvantages of requiring long detection times [16].

The role of biosensors and microbial biosensors in environmental monitoring

As one of the alternative applications serving this field, biosensors are increasingly being applied in
environmental analysis, as well as in many other areas such as food analysis, pharmaceutical and human
health analysis. Biosensors have many advantages such as ease of transport, in situ monitoring, eliminating
the need for sample transportation to the laboratory and the need for experts, minimal sample preparation
requirements, sensitivity and high selectivity in small sample volumes, and the generation of a sensitive
signal that is proportional to the analyte concentration [17].

Since the evaluation of key environmental variables, including bioavailability, mutagenicity,
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genotoxicity or cytotoxicity, is only possible with the use of living cells, whole cell (WCB)
microbialderived biosensors are gaining prominence in the detection of toxic chemicals or pollutants of
environmental concern. These biosensors offer enhanced analytical selectivity, lower detection limits (LOD),
and greater sensitivity, among other advantages. Previous studies in this field have shown that various types
of WCBs are successful in discriminating target analytes such as heavy metals, xenobiotics, pesticide
residues, pesticide residues, other synthetic organic compounds/pollutants and numerous potentially toxic
elements, and in environmental monitoring [16].

Microbial biosensors offer several notable benefits compared to conventional sensing methods. They are
cost-efficient and require less labor, enabling the sensitive detection of bioavailable pollutant fractions.
These biosensors can simultaneously monitor multiple compounds and provide rapid, precise identification
of specific substances. However, they also have certain limitations, such as extended response times and
challenges in maintaining cell viability and activity. The genetic stability of engineered systems is often
limited, and the use of genetically modified strains may face technical and societal hurdles. Additionally,
the slow diffusion of substrates and products across the cell membrane, along with environmental factors like
pH, temperature, and nutrient availability, can significantly impact their performance [16]. Among the
disadvantages, microbial-based biosensors may fail to detect when chemical concentrations are low or may
respond only to specific groups of compounds [18, 19, 15]. Additionally, delays in response times present
critical limitations for real-time detection applications. To overcome these problems, methods such as
improvement of host strains [20, 15], manipulation of novel enzyme-producing strains [21, 16] and design
of more sensitive promoters [22, 16] and incorporation of surface-expressed proteins have been tried [23,
16]. These innovations have led to significant advancements in improving the sensitivity, specificity, and
response times of microbial biosensors [16].

Additionally, from an environmental perspective, three key advantages provided by microbial biosensors
compared to other analytical methods are as follows:

e Easy and environmentally friendly analysis of individual compounds (e.g. heavy metals) or
mixtures thereof, which are subject to continuous on-site monitoring on different samples
e The analysis of compounds that are difficult to analyze through conventional methods (e.g.,
microplastics) and the monitoring of degradation processes related to these pollutants.
¢ Increasing efficiency by reducing the time required for acute and chronic toxicity analysis in
environmental research [17].

Developments in new biosensors based on microorganisms such as bacteria, fungi and yeasts provide an
excellent alternative to physicochemical methods in the traditional sense due to their high sensitivity and
specificity in monitoring the bioavailable fraction of pollutants. The main advantage of biosensors in such
analyses is that continuous measurements can be carried out directly at the sampling site [24, 17]. For
example, bacterial biosensor technologies are recommended as rapid methods for monitoring water and
wastewater quality in EPA, USA, Mexico, Canada and European countries as an alter- native to traditional
techniques. At this point, the biological material to be selected requires care because it is of great
importance whether it is sensitive to the heavy metal ions being tested [17]. There are some challenges to
overcome to produce biosensors of commercial interest. It should not be overlooked that a number of
genetic changes in cell viability and activity, time, environmental conditions and the amount of nutrients in
the medium can affect the biosensor response [16, 17].

Conclusions

As a result, the design and development of novel microbial-derived biosensors, thanks to their capacity
to effectively monitor environmental pollutants, is seen as an efficient alternative to conventional sensing
techniques used for this purpose. It is thought that the serious development of whole cell biosensors for
potentially toxic pollutants, chemicals and heavy metals will be of great advantage, especially for use in
remote or isolated environments that do not allow the transportation of test samples. In addition, real-time
detection, commercialization and applications in environmental fields require overcoming technical
limitations such as selectivity, increased sensitivity and stability in environmentally challenging conditions.
In this direction, increasing the sensitivity and safety of microbial biosensors has significant potential for
large- scale applications [16].
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