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Abstract

Biodiversity provides the biological foundation for ecosystem functioning, food production, human health and environmental
sustainability, yet rapid habitat loss, climate change, pollution, invasive species and overexploitation are accelerating the degradation of
biological resources. Conventional conservation approaches remain essential but are increasingly being complemented by modern
biotechnological tools capable of detecting, monitoring, conserving and restoring biodiversity at genetic, species and ecosystem levels.
Molecular markers, DNA barcoding, environmental DNA, genomic analysis, cryopreservation, tissue culture, assisted reproduction,
microbial biotechnology, bioinformatics and emerging genome-editing technologies provide new opportunities for biodiversity
assessment and conservation. Biotechnology can also support sustainable utilization of biological resources through the development of
bio-based products, microbial inoculants, enzymes, biopolymers and other value-added materials. Environmental biotechnology
contributes to habitat recovery through bioremediation, wastewater treatment and restoration of contaminated ecosystems. The
integration of biotechnology with ecological monitoring, conservation biology and community participation can improve the
effectiveness of biodiversity management while reducing pressure on natural resources. This review discusses major biotechnological
approaches for biodiversity assessment, genetic conservation, species recovery, ecosystem restoration and sustainable biological-
resource utilization. Future conservation strategies should integrate molecular technologies with ecological knowledge, ethical

safeguards, community participation and long-term environmental monitoring.
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1.Introduction

Biodiversity encompasses the genetic diversity within species,
diversity among species and diversity of ecosystems. It supports
ecological processes such as nutrient cycling, pollination,
decomposition, soil formation, water purification and carbon
sequestration. Biological diversity also provides food,
medicines, fibres, industrial raw materials and genetic
resources that contribute to human welfare and economic
development. However, biodiversity is declining rapidly as a
consequence of habitat destruction, overexploitation, pollution,
invasive species and climate change. The global assessment of
biodiversity has highlighted that human activities have
substantially altered terrestrial, freshwater and marine
ecosystems and that many components of biodiversity are
experiencing serious declines [1]. Conventional biodiversity
conservation has traditionally relied on protected areas, habitat
management, species protection, captive breeding and
ecosystem restoration.

These approaches remain fundamental, but the increasing
complexity and scale of environmental change require more
precise tools for biodiversity assessment and management.
Biotechnology has emerged as an important component of
modern conservation because it provides methods for
investigating biological diversity at molecular, cellular and
genetic levels. The development of molecular biology has
transformed the identification and monitoring of organisms [2].
DNA barcoding can assist in species identification, particularly
where morphological characteristics are difficult to distinguish.
Environmental DNA (eDNA) provides a non-invasive approach
for detecting organisms from DNA fragments present in water,
soil or other environmental samples. Genomic and
metagenomic approaches can provide information about
genetic variation, population structure, microbial communities
and ecosystem-level biological changes. Biotechnology is also
increasingly relevant to the conservation of geneticresources.
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Tissue culture, cryopreservation, seed storage, germplasm
conservation and assisted reproductive technologies can help
maintain genetic material from threatened plants and animals.
In some cases, these approaches can complement in-situ
conservation by providing additional safeguards against
extinction. Environmental biotechnology provides another
important dimension. Microorganisms can be used for the
degradation of pollutants, restoration of contaminated soils and
treatment of wastewater. Such applications can improve habitat
quality and consequently contribute to biodiversity recovery
[3]- Microbial biotechnology can also reduce dependence on
environmentally damaging chemicals through the development
of biological fertilizers, biopesticides and other sustainable
agricultural inputs. The growing importance of biotechnology in
conservation is also reflected in modern biotechnology
research, which encompasses environmental biotechnology,
agricultural biotechnology, microbial systems, molecular
approaches and computational biology.

2.Biotechnology and Biodiversity Assessment

Effective conservation requires accurate information about
species distribution, population size, genetic variation and
ecosystem condition. Traditional biodiversity surveys based on
morphological identification and field observations remain
important but may be time-consuming and difficult for cryptic,
microscopic or morphologically similar organisms.
Biotechnology provides molecular approaches that can improve
the speed and accuracy of biodiversity assessment.

2.1 DNAbarcoding

DNA barcoding uses short standardized DNA sequences to
identify organisms. In animals, mitochondrial genes such as
cytochrome c oxidase I are widely used, while different genomic
regions are commonly employed for plants and
microorganisms.

DNA barcoding has applications in:

. Speciesidentification

. Detection of cryptic species

. Wildlife monitoring

. Identification ofinvasive organisms

e Authentication of biological products

. Biodiversity inventories

o Conservation genetics

The technique is particularly useful when organisms are
present as immature stages or when morphological
identification s difficult.

2.2 Environmental DNA

Environmental DNA has become one of the most promising
molecular tools for biodiversity monitoring. Organisms
continuously release DNA into their surroundings through skin
cells, mucus, faeces, gametes and other biological materials [4].
These DNA fragments can be collected from water, soil or
sediments and analyzed using molecular techniques.

eDNA can be particularly valuable for detecting:
. Rare species

. Aquatic organisms

o Invasive species

. Threatened species

. Microbial communities

. Species thatare difficult to observe directly
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The method is non-invasive and can potentially detect species
even when population abundance islow.

3.Genomics and Conservation Genetics

Genetic diversity is a fundamental component of biodiversity
and determines the evolutionary potential of populations to
respond to environmental changes, diseases and other
ecological pressures. Small, fragmented and isolated
populations are particularly vulnerable to genetic erosion
caused by inbreeding, genetic drift and reduced gene flow.
These processes can decrease genetic variation and
reproductive fitness, potentially reducing the ability of
populations to adapt to changing environmental conditions [5].
Conservation genetics therefore plays an important role in
identifying genetically distinct populations, assessing their
vulnerability and developing strategies for maintaining long-
term genetic diversity.

3.1 Population Genomic Analysis

Modern genomic technologies have substantially improved the
ability to investigate genetic variation within and among
populations. Population genomic approaches use large
numbers of molecular markers distributed throughout the
genome to characterize population structure, genetic
differentiation and patterns of gene flow [6]. These analyses can
reveal whether populations are genetically connected or
isolated and can identify populations containing unique or rare
genetic variants. Such information is valuable for defining
appropriate conservation units, determining priority
populations and designing management strategies that
maintain genetic connectivity. Genomic data can also help
identify populations that possess genetic characteristics
associated with adaptation to particular environmental
conditions, making them important targets for conservation
under changing climatic and ecological conditions.

3.2 Assessment of Genetic Diversity

Molecular markers provide quantitative information about the
genetic condition of populations. Genetic analyses can be used
to estimate allelic diversity, genetic differentiation, levels of
inbreeding, gene flow, population connectivity and evidence of
genetic bottlenecks. High genetic diversity generally provides
populations with greater evolutionary potential, whereas
populations with low genetic variation may be more vulnerable
to environmental disturbances and emerging diseases.
Information obtained from molecular analyses can therefore
guide conservation breeding programmes, translocation
strategies and population reinforcement efforts [7]. In
fragmented landscapes, genetic data can also identify barriers
to gene flow and help determine where ecological corridors or
habitat restoration could improve connectivity among
populations.

3.3 Genomic Resources for Endangered Species

Genome sequencing has created new opportunities for the
conservation of endangered and threatened species. Reference
genomes can provide comprehensive information about genetic
variation, population history and genes potentially associated
with environmental adaptation, disease resistance,
reproduction and other important biological traits.
Comparative genomic analyses can further identify genetic
differences among populations and assist in determining which
populations should receive conservation priority.
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Genomic information may also support captive-breeding
programmes by helping managers select individuals that
maximize genetic diversity and minimize inbreeding. However,
genomic approaches should be integrated with ecological,
behavioural and demographic information because genetic
diversity alone does not determine population viability [8]. The
combined use of genomics, field ecology and long-term
population monitoring can provide a more reliable scientific
foundation for the conservation and sustainable management of
threatened biological resources.

4.Biotechnology for Genetic Resource Conservation

The conservation of genetic resources is essential for
maintaining biodiversity, evolutionary potential and the long-
term availability of valuable biological traits. Conventional
approaches such as seed banks, field germplasm collections and
protected populations remain important, but biotechnology has
expanded the possibilities for conserving genetic material that
is difficult to maintain under conventional conditions. Plant
tissue culture, micropropagation, in vitro conservation and
cryopreservation are particularly valuable for threatened, rare
and economically important plant species . Tissue culture
allows rapid multiplication of plants from relatively small
amounts of starting material and can support the recovery of
species with limited natural regeneration. It can also facilitate
the production of disease-free planting material and the
maintenance of genetically valuable lines under controlled
conditions [9]. Cryopreservation provides an additional long-
term conservation strategy in which cells, tissues, embryos,
seeds or reproductive materials are stored at ultra-low
temperatures, generally in liquid nitrogen. Under appropriate
conditions, biological materials can remain viable for extended
periods with minimal metabolic activity. Cryobanking can
therefore serve as an important safeguard against genetic
erosion resulting from habitat destruction, environmental
disasters, diseases or population decline. In plants with
recalcitrant seeds or species that cannot be effectively
conserved through conventional seed storage, in vitro
conservation and cryopreservation can be particularly useful.
Similarly, conservation of sperm, oocytes, embryos and other
reproductive materials can contribute to the maintenance of
genetic diversity in threatened animal populations. Integration
of these technologies with in-situ conservation is important
because ex-situ approaches preserve genetic material but
cannot independently maintain the ecological interactions and
evolutionary processes occurring within natural ecosystems.
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5.Biotechnology for Wildlife Conservation

Biotechnology is increasingly being applied to wildlife
conservation through molecular identification, genetic
monitoring, reproductive technologies and disease
surveillance. Genetic techniques can provide valuable
information about population size, genetic diversity,
relatedness, migration and connectivity without requiring
extensive capture or handling of animals. DNA obtained from
hair, feathers, faeces, saliva, shed skin and other biological
materials can be used for individual identification and
population genetic studies. Such non-invasive approaches are
particularly useful for rare and threatened species that are
difficult to observe directly. Molecular diagnostics can also
facilitate the early detection of infectious diseases, allowing
conservation managers to identify pathogens and assess
potential risks to vulnerable populations before outbreaks
become widespread.

Assisted reproductive technologies provide another important
application of biotechnology in wildlife conservation.
Techniques such as artificial insemination, semen preservation,
embryo transfer and reproductive material cryopreservation
may help maintain genetic diversity when natural reproduction
is limited by small population size, geographical isolation or
reproductive difficulties. These approaches can facilitate the
exchange of genetic material between geographically separated
populations while reducing the need for physically transporting
animals. Genetic information can also support captive-breeding
programmes by helping managers select breeding individuals
that minimize inbreeding and preserve representative genetic
diversity [10]. Nevertheless, biotechnology should complement
rather than replace habitat protection and natural population
management. Successful wildlife conservation ultimately
depends on maintaining viable habitats, ecological interactions
and natural evolutionary processes, with biotechnology serving
as an additional tool for informed and scientifically based
conservation management.

6.Microbial Biotechnology and Biodiversity Conservation
Microorganisms are essential components of ecosystems and
contribute to decomposition, nutrient cycling, soil formation
and plant productivity. Microbial biotechnology can therefore
support biodiversity conservation through both direct and
indirect mechanisms [11]. Beneficial microorganisms can be
used to improve soil health, plant growth and ecosystem
recovery. Mycorrhizal fungi, nitrogen-fixing bacteria and plant-
growth-promoting rhizobacteria can support vegetation
establishment during habitat restoration. Microbial
biotechnology can also reduce environmental pollution through
biodegradation.

Table 1. Major biotechnological approaches and their applications in biodiversity conservation

Biotechnological approach
DNA barcoding
Environmental DNA
Genomics
Tissue culture
Cryopreservation
Assisted reproduction
Microbial biotechnology
Bioremediation
Bioinformatics
Genome editing

Major application
Species identification
Species detection
Population analysis
Plant multiplication
Genetic-resource storage
Wildlife breeding
Soil and habitat restoration
Pollutant removal
Biodiversity data analysis
Potential trait modification

Conservation benefit
Improved biodiversity inventories
Monitoring rare and aquatic organisms
Identification of genetic diversity
Recovery of threatened plant species
Long-term conservation
Support for threatened populations
Ecosystem recovery
Restoration of degraded habitats
Improved conservation planning
Emerging conservation applications
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7.Environmental Biotechnology for Ecosystem Restoration
Environmental degradation is one of the major causes of
biodiversity loss. Biotechnology can contribute to restoration by
reducing contaminants and improving environmental
conditions.

7.1 Bioremediation

Bioremediation uses microorganisms, plants or biological
systems to remove or transform environmental pollutants.
Microorganisms can degrade petroleum hydrocarbons,
pesticides and other organic contaminants. Phytoremediation
uses plants to remove, immobilize or transform contaminants in
soil and water. These approaches can be particularly useful in
degraded landscapes where conventional remediation is
expensive or disruptive.

7.2 Wastewater biotechnology

Biological wastewater treatment uses microbial communities to
remove organic matter, nitrogen, phosphorus and other
pollutants. Improved wastewater treatment can reduce
pollution entering rivers, lakes and coastal ecosystems.

7.3 Restoration of contaminated ecosystems

Combining microbial inoculation, phytoremediation and
ecological restoration can accelerate recovery of degraded
environments. Such approaches can improve soil quality and
facilitate the re-establishment of native plant and animal
communities.

8. Biotechnology for Sustainable Management of Biological
Resources

Biodiversity conservation must be accompanied by sustainable
utilization. Biotechnology can help convert biological resources
into useful products while reducing environmental pressure.

Examples include:

. Production of enzymes from microorganisms

. Development of microbial biofertilizers

. Production of biopesticides

. Extraction of bioactive compounds

. Algalbiotechnology

. Production of biopolymers

. Fermentation-based food production

. Development of bio-based chemicals

. Conversion of agricultural residues into value-added
products

Algal biotechnology is particularly promising because algae can

provide biomass, pigments, proteins, lipids, polysaccharides

and other valuable compounds. Sustainable cultivation and

biorefinery approaches may allow multiple products to be

obtained from the same biological resource [12].

The sustainable utilization of biodiversity should, however,

avoid overharvesting and genetic erosion. Biotechnology

should complement conservation rather than encourage

unrestricted exploitation of biological resources.

9. Bioinformatics and Artificial Intelligence in Biodiversity
Conservation

The increasing availability of genomic and ecological datasets
has created a need for advanced computational approaches.
Bioinformatics provides tools for processing DNA sequences,
genomicinformation and molecular data.
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Artificial intelligence and machine-learning approaches can
support:

. Speciesidentification

. Image-based wildlife recognition

. Habitat classification

. Population modelling

. Distribution prediction

. Genomicanalysis

. Disease surveillance

J Environmental monitoring

Combining remote sensing, molecular data and artificial
intelligence could provide integrated biodiversity-monitoring
systems. Such systems may enable researchers to identify
environmental changes earlier and prioritize conservation
interventions.

10.Emerging Role of Genome Editing

Genome-editing technologies, including CRISPR-based
approaches, represent an emerging area of conservation
biotechnology. Genome editing can potentially modify genes
associated with disease susceptibility, environmental tolerance
orreproductive characteristics.

However, the use of genome editing for biodiversity
conservation remains scientifically, ethically and ecologically
complex [13-14]. Unintended ecological consequences, gene
flow, effects on non-target organisms and governance issues
mustbe carefully evaluated.

Genome editing should therefore not be considered a
replacement for habitat protection. Conservation of natural
populations and ecosystems should remain the primary
strategy, while genetic technologies may eventually provide
complementary tools for carefully defined conservation
challenges.

11. Community Participation and Ethical Considerations
Biotechnology alone cannot solve biodiversity loss.
Conservation outcomes depend on ecological, economic and
social conditions. Local communities often possess valuable
knowledge about species distribution, seasonal changes and
resource use. Community participation can improve
biodiversity monitoring and conservation outcomes. Local
people can contribute to species inventories, ecological
observations, habitat restoration and resource management.
Ethical considerations are equally important. Genetic resources
and traditional knowledge may have cultural and economic
value. Their utilization should respect principles of informed
participation, benefit sharing and appropriate access to
biological resources [15-17]. The use of genetic technologies
also requires transparent governance. Conservation
biotechnology should be implemented with appropriate risk
assessment, regulatory oversight and consideration of
ecological uncertainty.

12.Challenges and Future Perspectives

Despite its considerable potential, conservation biotechnology
faces several limitations.

First, advanced molecular technologies can be expensive and
require specialized infrastructure. This may limit their
application in biodiversity-rich regions with limited scientific
resources. Second, molecular detection does not always provide
direct information about population abundance or ecological
importance [18-20].
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For example, detection of DNA does not necessarily indicate
whether a population is viable or reproducing. Third, genomic
information requires careful interpretation. Genetic diversity
alone does not guarantee ecological resilience. Fourth,
emerging technologies such as genome editing require
extensive ecological and ethical evaluation before large-scale
application.

Future conservation biotechnology should therefore emphasize
integration rather than technological isolation. Molecular tools
should be combined with field ecology, taxonomy, remote
sensing, ecological modelling and community knowledge. The
development of portable sequencing technologies, automated
biodiversity monitoring, Al-assisted species identification and
integrated environmental DNA platforms may substantially
improve future biodiversity assessment.

13.Conclusion

Biotechnology is becoming an increasingly important
component of modern biodiversity conservation and
sustainable biological-resource management. Molecular tools
such as DNA barcoding, environmental DNA and genomics
provide powerful approaches for identifying species,
monitoring populations and understanding genetic diversity.
Tissue culture, cryopreservation and assisted reproductive
technologies can support the conservation of threatened
genetic resources, while microbial biotechnology and
bioremediation can contribute to ecosystem restoration. At the
same time, biotechnology can support sustainable utilization of
biological resources through bio-based products, microbial
technologies, algal biotechnology and biological processing
systems. Computational biology, artificial intelligence and
emerging genomic technologies provide additional
opportunities for improving biodiversity monitoring and
conservation planning. Nevertheless, biotechnology should
complement rather than replace conventional conservation.
Habitat protection, ecological restoration and sustainable
resource management remain fundamental. The most effective
future strategy will be an integrated framework combining
biotechnology, ecology, conservation biology,
environmental management and community participation.
Such integration can strengthen the capacity to conserve
biodiversity while supporting sustainable use of biological
resources and long-term environmental resilience.
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