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Abstract 

Biodiversity refers to the structural, functional and evolutionary variability among living organisms 

across genetic, species and ecosystem hierarchical tiers. Accelerating industrialization, habitat 

fragmentation, deforestation, agrochemical saturation and anthropogenic climate change have initiated a 

modern mass extinction event that compromises ecological stability and human survival. Traditional 

conservation frameworks, while foundational, are increasingly constrained by environmental stressors 

and spatial limitations. Modern biotechnology provides powerful interventions that mitigate biodiversity 

loss through integrated ex-situ and in-situ conservation strategies. Techniques such as somatic 

embryogenesis, apical meristem micro propagation, cryopreservation at ultra-low temperatures, 

synthetic seed technology and high-density DNA banking facilitate the long-term preservation and 

recovery of endangered, endemic and economically vital germplasm. Recombinant DNA technology, 

high-throughput molecular marker profiling and next-generation sequencing further allow precise 

monitoring of population genetics, overcoming bottlenecks such as inbreeding depression. In 

environmental management, microbial bioremediation, phytoremediation and bio-fermentation 

processes offer scalable solutions for soil and aquatic detoxification. This review analyses the 

biotechnological tools applied to biodiversity conservation through a structured literature synthesis and 

four comparative assessments. Peer-reviewed global assessments show that between 13.6 % (birds) and 

40.7 % (amphibians) of assessed species in six major lineages are threatened, with a distinct dominant 

driver in each lineage, so interventions must be matched to the lineage. An ordinal field-suitability index 

ranks SSR and SNP platforms highest (4.00 of 5) for conservation genetics, while comparisons of ex-

situ and remediation technologies show that they are complementary rather than interchangeable. The 

review also examines regulatory and bio safety considerations and emerging techniques including 

genome editing and environmental DNA. The synthesis concludes that biotechnological intervention 

functions most effectively as a complement to habitat protection rather than as a substitute for it. 
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Highlights 

 Ex-situ biotechnological preservation is synthesized across meristem culture, somatic embryogenesis 

and cryogenic banking, establishing where each method outperforms conventional seed storage. 

 Five molecular marker systems are scored on four operational attributes, and a field-suitability index 

ranks SSR and SNP platforms highest for conservation field work. 
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 Microbial and plant-based remediation are positioned alongside genomic conservation within a 

single bio safety and governance framework, showing that biotechnology supplements rather than 

replaces in-situ protection. 

 

 
Figure 1. Graphical abstract: integrated biotechnological framework for biodiversity conservation 

and environmental remediation 

 

1. Introduction 

The biosphere is undergoing unprecedented transformation as a result of anthropogenic activity. The 

term biodiversity, introduced by Walter G. Rosen in the mid-1980s and popularised through the 1986 

National Forum on BioDiversity, encompasses the full complex of life forms across all levels of 

biological organisation [1], [2]. Biodiversity is structurally and functionally stratified into three primary 

tiers: genetic diversity, the sum of genetic information contained within individual organisms and 

species populations; species diversity, the variety and abundance of distinct species within defined 

geographic boundaries; and ecosystem diversity, the dynamic variation of habitats, ecological niches and 

biophysical processes. 

Global biodiversity constitutes the biological foundation of human civilization. It underpins ecosystem 

services that include atmospheric gas regulation, soil formation and replenishment, nutrient cycling, 

hydrological filtration, crop pollination and natural pest suppression. Wild germplasm additionally 

serves as an indispensable reservoir for pharmaceutical research, industrial biomaterials and agricultural 

breeding programmes directed at food security [3]. Despite these ecological and economic values, global 

biodiversity is contracting at rates without precedent in human history [2]. 

The drivers of this crisis are multifaceted and synergistic. Habitat destruction driven by agricultural 

expansion, urbanization and industrial mining remains the principal cause of terrestrial species 

extinction. Aquatic biomes face severe degradation from chemical effluents, agricultural run-off, plastic 
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accumulation and thermal discharge. Anthropogenic climate change is altering temperature and 

precipitation regimes, forcing species to adapt, to shift their ranges or to face extinction, and it interacts 

with the other pressures rather than acting independently of them [4]. The consequences are already 

measurable: amphibians are now the most threatened vertebrate class, with 40.7 % of assessed species 

threatened, and climate change has become the leading driver of their status deteriorations since 2004 [5]. 

Invasive alien species, unsustainable overexploitation and emerging infectious pathogens such as 

chytridiomycosis compound species vulnerability further. 

Conventional conservation strategies, centred principally on in-situ protected area networks such as 

national parks, wildlife sanctuaries and biosphere reserves, and on traditional ex-situ facilities such as 

botanical gardens, seed banks and zoological collections, remain vital but are increasingly insufficient 

when operated in isolation. In-situ reserves are vulnerable to external pressures including climate shift, 

poaching, edge effects and catastrophic habitat destruction. Traditional seed banks face constraints when 

managing recalcitrant or vegetatively propagated species whose seeds tolerate neither desiccation nor 

freezing [6]. Modern biotechnology offers a set of tools that supplement and extend these classical 

conservation paradigms rather than displacing them [7]. 

1.1 Importance of the Study 

The importance of this study rests on three considerations. First, the pace of loss now exceeds what 

habitat protection alone can reverse. Many populations have already fallen below the size at which 

demographic stochasticity and inbreeding depression drive further decline irrespective of habitat status, 

and recovering them requires genetic management tools that only biotechnology can provide [8]. Second, 

the relevant literature is fragmented across plant tissue culture, cryobiology, conservation genetics and 

environmental microbiology. Conservation managers, particularly in biodiversity-rich but resource-

limited countries such as India, therefore lack a single reference that compares the available tools on 

common criteria. Third, the choice of tool has direct consequences for cost and outcome: an unsuitable 

storage protocol or marker platform can waste irreplaceable collections. A structured comparative 

synthesis that links threat profiles to matched interventions therefore has immediate practical value for 

germplasm banks, botanical gardens, zoological institutions and pollution-control agencies. 

1.2 Objectives of the Study 

This review provides a structured analysis of the intersection between biotechnology, biodiversity 

preservation and environmental management. The specific objectives of the study are as follows: 

 To identify and analyse the primary anthropogenic drivers accelerating biological extinction across 

major taxonomic groups. 

 To review the methodology of advanced ex-situ propagation and preservation technologies, 

including tissue culture, micro propagation, cryopreservation and synthetic seed production. 

 To evaluate the utility of molecular markers, genomic profiling and high-throughput sequencing in 

analysing genetic diversity and preventing inbreeding bottlenecks in threatened populations. 

 To assess environmental biotechnology solutions, with emphasis on microbial bioremediation and 

phytoremediation for the restoration of polluted ecosystems. 

 To examine future trajectories, including genome editing for climate resilience, synthetic biology 

and the international regulatory frameworks governing biosafety. 

1.3 Research Contributions 

The principal contributions of this review are as follows: 
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 An integrated procedural framework (Figure 2) that places plant tissue culture, cryopreservation, 

molecular marker profiling and bioremediation within a single four-workflow structure, with 

protocol parameters stated explicitly. 

 A taxon-level synthesis of peer-reviewed extinction-risk assessments for six major lineages (Table 1, 

Figure 3) that matches the dominant threat in each lineage to the biotechnological intervention best 

suited to it. 

 A comparative evaluation of four ex-situ preservation technologies (Table 2) by material conserved, 

storage period, infrastructure requirement and principal limitation. 

 A transparent ordinal scoring scheme and field-suitability index for five molecular marker systems 

(Equation (2), Table 3, Figure 4), which gives conservation managers an explicit basis for platform 

selection. 

 A comparison of in-situ, ex-situ and plant-based remediation routes (Table 4), positioned within the 

biosafety and governance framework under which all of these tools must operate. 

1.4 Organization of the Article 

This article is organised into five sections. Section 1 introduces the concept of biodiversity, the drivers 

of its decline, and the importance, objectives and contributions of the study. Section 2 reviews the 

related literature spanning ethnobotanical survey, in-vitro conservation, cryogenic storage, DNA 

banking, molecular marker development and bioremediation, and identifies the gaps that this review 

addresses. Section 3 describes the review design, the literature search strategy and the assessment 

metrics, and then sets out the procedural protocols that govern biotechnological conservation practice. 

Section 4 presents the results as four comparative assessments and discusses the efficacy, limitations and 

bio safety implications of these tools relative to traditional methods. Section 5 concludes the review and 

outlines the future scope for research. 

 

2. Related Work 

The evolution of conservation biotechnology reflects several decades of interdisciplinary research 

bridging molecular biology, ecology, forestry and environmental engineering. A synthesis of the seminal 

and contemporary literature identifies the milestones summarized below. 

Ethnobotanical survey documented the medicinal uses of plants in the degraded Chandaka forest patches 

of Bhubaneswar in eastern India and the dependence of local communities on these species [9]. Such 

dependence places sustained harvesting pressure on wild stands and underlines the need for micro 

propagation pipelines that can supply medicinal flora without further depleting natural populations. 

A decade of progress in the in-vitro conservation of threatened plants and showed that tissue culture had 

become a routine component of conservation programmed at botanic gardens [10]. More recently, the 

surveyed micro propagation techniques for rare plant species and emphasised the importance of explant 

choice, growth-regulator balance and genetic-stability testing of regenerated plants [11]. 

In the domain of cryogenic storage and recalcitrant germplasm, evaluated in-vitro culture combined with 

liquid nitrogen storage for endangered Australian flora [12]. Their work established that cryogenic 

storage offers effectively indefinite viability for species whose seeds cannot be held in conventional seed 

banks, a conclusion reinforced subsequently identified the practical barriers to implementing shoot-tip 

cryopreservation at genebank scale, including species-specific protocol optimization, staff training and 

the cost of maintaining a liquid nitrogen supply [13]. 
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It assessed biotechnological applications across crop, forest, animal and aquatic genetic resources within 

the framework of the Food and Agriculture Organization, emphasising how molecular characterisation, 

cryopreservation and in-vitro storage safeguard crop wild relatives and livestock breeds so that climate-

resilient traits remain available to future breeding programmes. A blueprint for DNA banking, 

illustrating that long-term storage of purified genomic DNA offers a stable, compact and cost-effective 

backup for biodiversity research, enabling subsequent analysis even where source populations have been 

lost [14]. 

The development of molecular tools was reviewed who argued that the value of DNA-level data depends 

critically on the analytical framework applied to it [15]. This argument into the genomics era, showing 

that genome-wide data now provide precise estimates of effective population size, inbreeding and 

adaptive variation that directly inform captive breeding and reintroduction. The reviewed environmental 

DNA, which permits species detection from water, soil and sediment samples without capturing 

organisms, while cautioning about imperfect detection and the difficulty of estimating abundance [16]. 

Bioremediation techniques have been classified according to their site of application, and their 

underlying principles, advantages, and limitations have been compared for environmental remediation. 

The mechanisms through which plants extract, stabilise, and sequester heavy metals from contaminated 

soils have also been reviewed. Additionally, current strategies for plant biodiversity conservation and the 

international conventions governing these efforts have been discussed [17]. The potential applications 

and associated risks of synthetic biology, including genome-editing technologies, in mitigating global 

biodiversity loss have also been explored. 

Taken together, the literature confirms the transformative potential of biotechnology in conservation. 

Three gaps nonetheless persist. The first concerns the integration of genomic profiling with operational 

field management, which remains weakly developed relative to the maturity of the underlying 

sequencing technology. The second concerns the scaling of bioremediation from controlled trials to 

complex, mixed chemical pollution in the field[18]. The third is the absence of explicit, reproducible 

criteria for choosing among tools, since most reviews describe techniques individually rather than 

comparing them on common attributes. This review addresses these gaps by presenting the available 

tools within a single integrated framework and by comparing them on stated criteria. 

 

3. Materials and Methods 

This study is a structured narrative review supported by a comparative synthesis of secondary data. The 

methodology comprised four stages: (i) identification and screening of the literature; (ii) extraction of 

quantitative and descriptive data; (iii) derivation of comparative metrics; and (iv) consolidation of 

standard laboratory and field protocols into an integrated procedural framework (Figure 2). No new 

primary experimental data were generated for this review. 

3.1 Review Design and Literature Search Strategy 

Peer-reviewed literature was identified through searches of Scopus, Web of Science, Pub Med and 

Google Scholar, supplemented by backward citation tracking from key reviews. Search strings combined 

the terms conservation biotechnology, micro propagation, cryopreservation, synthetic seed, DNA 

banking, molecular marker, population genomics, environmental DNA, bioremediation and 

phytoremediation with biodiversity, threatened species or endangered [19]. Only journal articles, books 

and conference proceedings were retained; web pages and other grey literature were excluded. Studies 
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were included where they (a) described a biotechnological method applied to the conservation of wild 

species or genetic resources, or to the remediation of contaminated environments, (b) reported protocol 

parameters or comparative performance, or (c) reported a global, taxon-wide extinction-risk assessment. 

Priority was given to global assessments and to syntheses published since 2020 so that the comparative 

data reflect current conditions. 

3.2 Data Extraction and Assessment Metrics 

For each taxonomic group, the number of species assessed, the proportion threatened and the dominant 

extinction drivers were extracted from the most recent peer-reviewed global assessment available: 

amphibians [5], mammals [20], gymnosperms [21], birds [22], reptiles [23] and reef-building corals [24]. 

The proportion of species threatened follows the IUCN Red List convention, in which species listed as 

Critically Endangered (CR), Endangered (EN) or Vulnerable (VU) are counted as threatened, and 

Extinct (EX) and Data Deficient (DD) species are excluded from the denominator, as expressed in 

Equation (1). 

 (1) 

where T is the percentage of species threatened and NA is the total number of species assessed. Because 

the cited assessments were conducted in different years, the values are compared as relative indicators of 

threat rather than as a synchronous census. 

Marker system characteristics were compiled from the conservation genetics literature [8], [14], [15] and 

described on five operational attributes: genomic abundance, degree of polymorphism, mode of 

inheritance, DNA quality requirement and principal conservation application (Table 3). To convert these 

descriptive categories into a comparable measure, the first four attributes were coded on an ordinal scale 

of 1 to 5, where 5 denotes the condition most favourable to conservation field work. Abundance and 

polymorphism were coded Low = 1, Medium = 2, High = 3, Very high = 4 and Ultra high = 5. 

Inheritance was coded Dominant = 1 and Co-dominant = 5, because only co-dominant markers 

distinguish heterozygotes, which pedigree and inbreeding analysis requires. DNA quality requirement 

was reverse-coded as tolerance of degraded DNA, from High (pure, undegraded) = 1, High = 2, Medium 

to high = 3 and Medium = 4 to Low to medium = 5. A field-suitability index (FSI) was then computed 

for each marker system as the unweighted mean of its attribute scores, as given in Equation (2). 

 (2) 

where smj is the ordinal score of marker system m on attribute j, and k = 4 is the number of attributes 

scored. Equal weighting was adopted deliberately so that the index remains transparent and reproducible; 

users with specific objectives may re-weight the attributes accordingly. Ex-situ preservation 

technologies and bioremediation approaches were compared qualitatively on material conserved or 

treated, time scale, infrastructure requirement and principal limitation, using the sources cited in Tables 

2 and 4. 

3.3 Plant Tissue Culture and Micro propagation 

Plant tissue culture relies on totipotency, the capacity of a single plant cell to divide and differentiate 

into a complete organism. For threatened flora, micro propagation provides a rapid route to pathogen-

free clonal offspring [20], [21] through the following sequence. 

http://www.ijfmr.com/


 

International Journal for Multidisciplinary Research (IJFMR) 
E-ISSN: 2582-2160   ●   Website: www.ijfmr.com       ●   Email: editor@ijfmr.com 

 

IJFMR260590643 Volume 8, Issue 5, September-October 2026 7 

 

1. Explant selection and preparation. Active meristematic tissues, apical buds or nodal segments are 

collected from healthy mother plants. Tissues are pre-washed under running tap water for 

approximately 30 minutes with gentle detergent treatment. 

2. Surface sterilization. Explants are transferred to a laminar airflow cabinet and treated with 70 % 

ethanol for 60 seconds, followed by immersion in 1.5 % sodium hypochlorite or 0.1 % mercuric 

chloride with Tween-20 for 8 to 12 minutes. Explants are then rinsed five times in sterile distilled 

water. 

3. Culture medium formulation. Explants are inoculated onto Murashige and Skoog (MS) basal 

medium containing 3 % sucrose and 0.8 % agar, adjusted to pH 5.7 to 5.8. Growth regulators, 

comprising auxins such as indole-3-acetic acid (IAA) or naphthaleneacetic acid (NAA) and 

cytokinins such as 6-benzylaminopurine (BAP) or kinetin, are added in controlled ratios to promote 

shoot multiplication or callus formation. 

4. Incubation conditions. Cultures are maintained in controlled growth chambers at 25 ± 2 °C and 60 to 

70 % relative humidity, under a 16-hour photoperiod provided by cool-white fluorescent lamps at 

approximately 3000 lux. 

5. Rooting and acclimatisation. Elongated shoots are transferred to half-strength MS medium 

supplemented with indole-3-butyric acid to induce rooting. Rooted plantlets are moved to hardening 

pots containing a sterile 1:1 mixture of vermiculite and soilrite, acclimatised in shade houses and 

subsequently reintroduced to their natural habitat. 

3.4 Cryopreservation and Synthetic Seed Technology 

Cryopreservation stores biological tissues such as meristems, embryos, pollen and cell suspensions at 

ultra-low temperature, in liquid nitrogen at −196 °C or in its vapour phase at approximately −150 °C. At 

these temperatures enzymatic degradation and metabolic activity effectively cease, permitting storage 

over indefinite periods [19]. 

Before cryoprotection, explants are commonly pre-cultured on sucrose-enriched medium to increase 

their tolerance of dehydration [13]. To prevent lethal intracellular ice crystal formation during cooling, 

tissues are then treated with cryoprotectant formulations such as Plant Vitrification Solution 2 (PVS2), 

comprising 30 % (w/v) glycerol, 15 % (w/v) ethylene glycol and 15 % (w/v) dimethyl sulfoxide in liquid 

medium containing 0.4 M sucrose. Droplet-vitrification protocols apply the solution to explants held on 

aluminium foil strips before direct immersion in liquid nitrogen. On rewarming, the foil strips are 

transferred directly into a 1.2 M sucrose unloading solution, whereas samples vitrified in cryovials are 

first rewarmed in a water bath at approximately 40 °C; explants are then washed and transferred to 

recovery medium. 

For animal germplasm, cryopreservation is applied to spermatozoa, oocytes, embryos and somatic cell 

lines. Assisted reproductive technologies based on cryopreserved sperm have produced offspring in 

several threatened amphibian species [25], and cryopreserved coral sperm has been used to cross 

geographically separated populations of a critically endangered coral, providing a practical route to 

assisted gene flow for reef restoration [26]. 

Synthetic seed technology complements cryopreservation. Somatic embryos or nodal explants are 

encapsulated in a 3 % sodium alginate matrix and dropped into a 100 mM calcium chloride solution to 

form protective calcium-alginate beads. These artificial seeds can be stored for short periods, transported 
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and germinated directly under sterile conditions, which reduces the logistical burden of moving living 

material between collection sites and laboratories [6]. 

3.5 DNA Banking and Molecular Marker Diagnostics 

DNA banking involves the systematic extraction, purification and cold storage at −80 °C of genomic 

DNA from endangered flora and fauna [14]. Genomic DNA is extracted using modified 

cetyltrimethylammonium bromide (CTAB) protocols for plant tissue, or proteinase K digestion with 

phenol-chloroform extraction for animal tissue. Molecular markers are then applied to evaluate genetic 

diversity, population structure and gene flow [15]. The five platforms compared in Section 4 are 

characterised below. 

 Restriction fragment length polymorphisms (RFLP) are co-dominant, hybridisation-based markers 

that require large quantities of pure, undegraded DNA and are now used mainly for historical 

phylogenetic comparison. 

 Random amplified polymorphic DNA (RAPD) markers use short arbitrary primers, need no prior 

sequence information and tolerate low-quality DNA, but are dominant and have limited 

reproducibility between laboratories. 

 Amplified fragment length polymorphisms (AFLP) provide a high-throughput dominant marker 

technique giving genome-wide coverage without prior sequence knowledge. 

 Simple sequence repeats (SSR), or microsatellites, are co-dominant, highly polymorphic loci used to 

detect subtle genetic differences between isolated populations and to assess rates of inbreeding. 

 Single nucleotide polymorphisms (SNP) analysed by next-generation sequencing (NGS) evaluate 

functional variation, adaptive traits and evolutionary history across many thousands of loci 

simultaneously [8]. 

 Environmental DNA (e DNA) metabarcoding amplifies DNA shed by organisms into water, soil or 

sediment, allowing many species to be detected from a single environmental sample without capture 

[16]. 

3.6 Bio remediation and Environmental Detoxification 

Environmental biotechnology employs biological organisms, including bacteria, fungi, algae and higher 

plants, to degrade, neutralise or sequester environmental pollutants [17]. Three procedural families are 

distinguished. 

 In-situ bioremediation includes biosparging, bioventing and bioaugmentation, in which specialised 

microbial strains such as Pseudomonas putida and Rhodococcus erythropolis are introduced directly 

into contaminated soil or groundwater to metabolise hydrocarbons and organic solvents. 

 Ex-situ bioremediation excavates contaminated soil or wastewater for processing in slurry-phase 

bioreactors, biopiles, landfarming units or composting beds under controlled oxygen and nutrient 

supply [17]. 

 Phytoremediation employs hyperaccumulating plant species such as Brassica juncea and Helianthus 

annuus to absorb heavy metals including cadmium, lead, arsenic and chromium from soil through 

phytoextraction, phytostabilisation or rhizofiltration [18]. 

3.7 Integrated Procedural Framework 

Figure 2 summarises the four workflows described in Sections 3.3 to 3.6 as sequential pipelines. Each 

row begins with the conservation objective on the left and proceeds through its principal procedural 

stages. Workflows 1 and 2 are linked, because in-vitro cultures supply the explants for cryopreservation, 
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and workflow 3 provides the genetic monitoring that verifies the fidelity of material regenerated from 

workflows 1 and 2 before reintroduction. Workflow 4 operates on the habitat rather than on the 

organism, restoring the sites to which conserved material can ultimately be returned. 

 

 
Figure 2. Integrated conservation biotechnology procedural framework: the four standardized 

workflows described in Sections 3.3 to 3.6 

 

4. Results and Discussion 

4.1 Results 

4.1.1 Global Assessment of Biodiversity Threats 

Table 1 summarises the extinction-risk profile of six major lineages, compiled from the peer-reviewed 

global assessments listed in Section 3.2, together with the biotechnological interventions most closely 

matched to each profile. The proportions threatened are plotted in Figure 3. 

 

Table 1. Global extinction vulnerability across six major lineages and the matched 

biotechnological intervention 

Taxonomic 

Group 

Species 

Assessed 

Threatened 

(%) 

Principal Extinction 

Drivers 

Matched 

Biotechnological 

Intervention 

Source 

Amphibians 8,011 40.7 

Chytrid fungal 

disease, habitat loss, 

climate change 

Sperm cryopreservation 

and assisted reproduction; 

biobanking of cell lines 

[5], [25] 
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Taxonomic 

Group 

Species 

Assessed 

Threatened 

(%) 

Principal Extinction 

Drivers 

Matched 

Biotechnological 

Intervention 

Source 

Gymnosperms 1,004 39.9 

Deforestation, 

logging, habitat loss 

in restricted ranges 

Meristem 

micropropagation; 

somatic embryogenesis; 

shoot-tip 

cryopreservation 

[6], [21] 

Reef-building 

corals 
845 32.8a 

Bleaching and disease 

driven by elevated sea 

temperature; local 

impacts 

Sperm cryopreservation 

for assisted gene flow; 

heat-evolved symbionts 

[24], [26], 

[27] 

Mammals 5,487 25.4b 

Habitat loss and 

degradation, 

harvesting 

Genome resource 

banking; molecular 

monitoring of captive 

populations 

[3], [20], 

[23] 

Reptiles 10,196 21.1 

Agriculture, logging, 

urban development, 

invasive species 

Assisted reproduction; 

molecular sexing and 

population markers 

[23], [25] 

Birds ≈11,000 13.6b 

Habitat loss, climate 

change, 

overexploitation, 

invasive species 

Genetic profiling; 

genomic monitoring of 

small populations 

[22], [23] 

a Proportion of the 704 coral species with sufficient data for assignment of a conservation status [24]. b 

Threatened proportion as reported by Cox et al. [23]; species-assessed totals from [20] (mammals) and 

[22] (birds). 

 

Three results emerge from Table 1 and Figure 3. First, the proportion of species threatened varies about 

threefold across lineages, from 13.6 % in birds to 40.7 % in amphibians, with a mean of 28.9 % across 

the six groups. Second, the two most threatened groups, amphibians and gymnosperms, are 

phylogenetically and ecologically unrelated, which indicates that high threat is not confined to any 

single branch of the tree of life. Third, the dominant driver differs between groups: disease and climate 

change for amphibians, forest loss within restricted ranges for gymnosperms and thermal stress for 

corals, whereas habitat loss and overexploitation dominate for mammals, reptiles and birds. 
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Figure 3. Proportion of assessed species threatened with extinction (CR + EN + VU) in six major 

lineages; n = number of species assessed. Data compiled from Table 1 

 

In Figure 3 the lineages are ordered by threat level. Each bar gives the percentage of species classified as 

CR, EN or VU, and the label inside each bar gives the number of species assessed. The figure shows that 

proportional threat is not a function of assessment effort: reptiles and birds, the two largest samples, 

show the lowest proportions threatened, whereas the much smaller gymnosperm sample ranks second. 

The practical consequence is that biotechnological intervention must be matched to the lineage rather 

than applied uniformly. Gamete cryopreservation addresses amphibian and coral decline because it 

preserves genetic diversity independently of the disease- or heat-affected habitat, whereas meristem 

culture and shoot-tip cryopreservation suit gymnosperms, whose long generation times slow recovery 

from seed and for which clonal propagation preserves specific genotypes. 

4.1.2 Comparative Evaluation of Ex-situ Preservation Technologies 

Table 2 compares the four principal ex-situ technologies on the material they conserve, the storage 

period they support, their infrastructure requirements and their chief limitation. 

 

Table 2. Comparative evaluation of ex-situ preservation technologies used in conservation 

biotechnology 

Technology 
Material 

Conserved 
Storage Period 

Infrastructure 

Requirement 

Principal 

Limitation 
Source 

Micropropagation 

and slow-growth 

storage 

Shoots, nodal 

segments, 

somatic 

embryos 

Months to a few 

years between 

subcultures 

Laminar airflow 

cabinets, growth 

rooms, trained 

staff 

Somaclonal 

variation and 

contamination risk 

over repeated 

subculture 

[10], 

[11] 
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Technology 
Material 

Conserved 
Storage Period 

Infrastructure 

Requirement 

Principal 

Limitation 
Source 

Cryopreservation 

Shoot tips, 

embryos, 

pollen, gametes, 

cell lines 

Long-term; 

theoretically 

indefinite 

Reliable liquid 

nitrogen supply, 

cryotanks, species-

specific protocols 

Protocol 

optimisation 

needed for each 

species; recovery 

rates vary 

[6], 

[13] 

Synthetic seeds 

Encapsulated 

somatic 

embryos or 

nodal explants 

Short to 

medium term 

unless combined 

with 

cryopreservation 

Basic tissue 

culture facilities; 

sodium alginate 

and calcium 

chloride 

Limited storage 

life; conversion to 

plantlets varies 

between species 

[6] 

DNA banking 
Purified 

genomic DNA 

Long-term at 

−80 °C or below 

Ultra-low freezers; 

extraction and 

quality-control 

facilities 

Preserves genetic 

information only; 

cannot regenerate 

living organisms 

[14] 

 

Table 2 shows that the four technologies are complementary rather than interchangeable. Micro 

propagation provides the living material and the multiplication capacity on which the other methods 

depend, but it is the least suitable for long-term storage because every subculture adds risk of 

somaclonal variation and contamination. Cryopreservation removes that risk and offers the longest 

storage period, at the cost of a continuous liquid nitrogen supply and species-specific protocol 

development [13]. Synthetic seeds occupy an intermediate position and are useful mainly for exchange 

and short-term holding of material between sites. DNA banking is the most compact option but 

preserves information rather than organisms. An effective germplasm programme therefore combines at 

least two of these technologies: a living collection maintained in vitro and a cryopreserved or DNA-

banked back-up. 

4.1.3 Comparative Evaluation of Molecular Marker Systems 

Selection of an appropriate molecular marker system is decisive for population structure analysis and for 

guiding reintroduction programmes. Table 3 summarises the operational characteristics of the five 

marker platforms described in Section 3.5, together with the field-suitability index calculated from 

Equation (2). 

 

Table 3. Operational comparison of molecular marker technologies used in conservation genetics, 

with field-suitability index (FSI) 

Marker 

System 
Abundance Polymorphism Inheritance 

DNA Quality 

Needed 

Primary 

Conservation 

Application 

FSI 

RFLP Low Medium 
Co-

dominant 

High (pure, 

undegraded) 

Historical 

phylogenetic 

studies 

2.25 
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Marker 

System 
Abundance Polymorphism Inheritance 

DNA Quality 

Needed 

Primary 

Conservation 

Application 

FSI 

RAPD High High Dominant 
Low to 

medium 

Initial genetic 

screening of wild 

flora 

3.00 

AFLP Very high High Dominant High 

Genome mapping 

and species 

identification 

2.50 

SSR 

(microsatellite) 
High Very high 

Co-

dominant 
Medium 

Inbreeding and 

pedigree analysis 
4.00 

SNP / NGS Ultra high High 
Co-

dominant 

Medium to 

high 

Genome-wide 

conservation 

adaptation studies 

4.00 

 

The comparison shows a consistent trade-off. Platforms requiring high-purity, undegraded DNA deliver 

clean phylogenetic resolution but are poorly suited to the degraded material typically recovered from 

non-invasive field sampling such as hair, faeces or shed skin, whereas microsatellite and SNP platforms 

tolerate intermediate DNA quality while retaining co-dominant inheritance, which is the property 

required for pedigree and inbreeding analysis [8]. 

 

 
Figure 4. Heat map of ordinal scores for five molecular marker systems on four operational 

attributes, with the resulting field-suitability index (FSI, Equation (2)). Scores derived from Table 

3 

 

Figure 4 displays the ordinal scores behind the index as a heat map, in which darker cells indicate 

conditions more favourable to field conservation work; the column to the right of the red divider gives 

the FSI. SSR and SNP/NGS platforms share the highest index (4.00), but for different reasons: SSR 
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markers combine the highest polymorphism with good tolerance of degraded DNA, whereas SNP/NGS 

platforms derive their score from genome-wide abundance. RAPD scores 3.00 on the strength of its 

tolerance of low-quality DNA, but its dominant inheritance and limited reproducibility restrict it to 

preliminary screening [15]. AFLP (2.50) and RFLP (2.25) score lowest because both require high-

quality DNA that is rarely obtainable from field samples. 

4.1.4 Comparative Evaluation of Bio remediation Approaches 

Table 4 compares the three bioremediation routes described in Section 3.6 on their mode of action, the 

contaminants they address, and their main advantage and limitation. 

 

Table 4. Comparative evaluation of bioremediation and phytoremediation approaches for habitat 

restoration 

Approach Mode of Action 
Typical 

Contaminants 

Main 

Advantage 

Principal 

Limitation 
Source 

In-situ 

bioremediation 

(bioventing, 

biosparging, 

bioaugmentation) 

Microbial 

degradation at the 

contaminated site, 

enhanced by 

aeration or 

introduced strains 

Petroleum 

hydrocarbons, 

organic 

solvents 

No excavation; 

lower cost; 

minimal 

disturbance of 

soil structure 

Subsurface is 

difficult to 

monitor and 

control; treatment 

is slower 

[17] 

Ex-situ 

bioremediation 

(biopiles, 

landfarming, 

slurry-phase 

bioreactors) 

Excavated soil or 

water treated under 

controlled 

conditions 

Hydrocarbons, 

pesticides and 

other organic 

pollutants 

Close control of 

oxygen, 

nutrients and 

temperature; 

faster treatment 

Excavation and 

transport costs; 

disturbance of the 

site 

[17] 

Phytoremediation 

(phytoextraction, 

phytostabilisation, 

rhizofiltration) 

Plants absorb, 

immobilise or 

filter contaminants 

Heavy metals 

(Cd, Pb, As, 

Cr) and some 

organic 

pollutants 

Low cost and 

solar-driven; 

improves soil 

cover and 

landscape 

Slow; limited to 

rooting depth; 

contaminated 

biomass requires 

safe disposal 

[18] 

 

Table 4 indicates that the choice among remediation routes is governed by the contaminant and by the 

value placed on soil integrity. Where organic pollutants must be removed quickly and the site can 

tolerate disturbance, ex-situ bioreactors offer the greatest process control. Where soil structure and its 

associated biodiversity are themselves conservation targets, in-situ approaches and phytoremediation are 

preferable despite slower rates, because they leave the soil profile intact [17]. For heavy metals, which 

cannot be degraded, phytoextraction physically removes the metal from the soil into harvestable biomass, 

whereas microbial processes can only alter its mobility or chemical form; the harvested biomass must 

then be handled as hazardous waste [18]. 

4.1.5 Summary of Key Findings 

The results of the four comparative assessments can be briefly reviewed as follows: 
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 Threat is high and uneven: between 13.6 % and 40.7 % of assessed species are threatened across the 

six lineages examined (mean 28.9 %), and the dominant driver differs between lineages. 

 Ex-situ technologies are complementary: micropropagation supplies material, cryopreservation 

provides the longest secure storage, and DNA banking offers a compact genetic back-up. 

 SSR and SNP/NGS platforms have the highest field-suitability index (4.00 of 5), whereas RFLP 

(2.25) and AFLP (2.50) are least suited to degraded field samples. 

 The choice of remediation route depends on the contaminant type and on whether soil integrity is 

itself a conservation objective. 

 

4.2 Discussion 

The integration of biotechnological techniques into conservation biology addresses weaknesses inherent 

to traditional conservation methods. In-situ reserves, while critical for protecting intact ecosystems, are 

increasingly exposed to shifting climate conditions that can move suitable habitat outside reserve 

boundaries [4], as well as to illegal land conversion and localised environmental disaster. Where a wild 

population falls below a critical threshold, demographic stochasticity and inbreeding depression can 

accelerate extinction irrespective of physical habitat protection, which is precisely the failure mode that 

the marker platforms compared in Table 3 are designed to detect before it becomes irreversible [8]. 

Ex-situ biotechnological methods provide an essential safeguard against that failure mode. 

Micropropagation permits rapid multiplication of critically endangered plants from minimal initial tissue, 

circumventing seed dormancy and poor germination rates [11]. Cryopreservation provides near-

indefinite storage without the somaclonal variation or genetic drift associated with continuous in-vitro 

subculture [6], [12]. DNA banking preserves genomic information even where wild populations have 

been extirpated [14]. The taxon-specific matching set out in Table 1 matters here: gamete 

cryopreservation addresses amphibian and coral decline in a way that micropropagation cannot, while 

meristem culture addresses gymnosperm loss in a way that gamete banking cannot. 

In pollution management, bioremediation and phytoremediation offer sustainable alternatives to 

conventional physical and chemical clean-up. Excavation and incineration frequently cause severe 

secondary damage, destroying soil structure and soil fauna. By contrast, bioaugmentation using adapted 

microbial consortia breaks down toxic aromatic hydrocarbons, synthetic pesticides and industrial dyes 

into less harmful products, principally carbon dioxide, water and biomass [17]. Hyperaccumulating 

plants remove heavy metals from soil, restoring fertility and reducing toxic run-off into aquatic 

ecosystems [18]. 

Technical and biosafety constraints must nonetheless be managed. In-vitro micro propagation carries a 

risk of somaclonal variation where growth regulator concentrations are improperly balanced [10]. 

Cryopreservation requires specialised equipment, a reliable liquid nitrogen supply chain and species-

specific protocol optimisation, which limits deployment in exactly those regions where endemic 

diversity is highest [13]. The release of genetically engineered organisms or engineered biocontrol 

agents into wild ecosystems raises further concerns regarding self-dissemination, gene transfer to wild 

relatives and non-target ecological effects [19]. 

Deployment must therefore be governed by robust biosafety protocols and legal frameworks. The 

Convention on Biological Diversity provides the overarching framework for the conservation and 

sustainable use of biodiversity [2], and its Cartagena Protocol on Biosafety sets international standards 

for the transboundary movement and management of living modified organisms. Rigorous multi-tier risk 
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assessment should precede any field introduction of genetically modified biocontrol agents or transgenic 

flora, in order to prevent unintended disruption of wild food webs. Compliance with the Nagoya 

Protocol ensures that genetic resources and traditional knowledge accessed for biotechnological research 

are used with fair and equitable benefit-sharing among indigenous and local communities [19]. Public 

concern surrounding genomic modification, de-extinction and synthetic biology requires transparent 

communication, functioning ethical review committees and sustained interdisciplinary collaboration. 

Read together, the four comparative assessments point to a single operational sequence. Threat 

assessment (Table 1) identifies which lineages require intervention and what the dominant driver is; the 

ex-situ comparison (Table 2) determines how material should be secured; marker profiling (Table 3, 

Figure 4) verifies that the secured material is genetically representative and monitors the populations to 

which it is returned; and remediation (Table 4) restores the habitat that reintroduction requires. Omitting 

any stage weakens the others, which is the principal practical argument for the integrated framework 

presented in Figure 2. 

Emerging tools are extending this sequence. Environmental DNA surveys allow managers to confirm the 

presence of rare species and to monitor reintroduced populations without capture [16], and laboratory 

evolution of coral endosymbionts has already produced symbiont strains that raise the bleaching 

tolerance of coral larvae [27]. Synthetic biology and genome editing may in future supply similar 

adaptive capacity to other lineages, but they raise questions of self-dissemination, gene flow to wild 

relatives and public acceptance that remain unresolved [19]. 

The limitations of the present analysis should be acknowledged. The comparative tables rest on 

secondary data drawn from published assessments rather than on primary measurement, and those 

assessments were conducted between 2008 and 2023 using differing survey effort, so the threatened 

proportions in Table 1 are indicative rather than strictly comparable. Plants and invertebrates remain 

substantially under-assessed relative to vertebrates. The field-suitability index uses a coarse ordinal scale 

with equal weights, and a different weighting would change the ranking of intermediate platforms such 

as RAPD and AFLP. Direct empirical field trials of the micro propagation and bioremediation protocols 

described in Section 3 were beyond the scope of this review, and reported efficacy therefore reflects the 

conditions of the originating studies. Future work should prioritise controlled comparison of protocol 

variants across a common species set, which would allow the qualitative rankings presented here to be 

replaced by quantitative effect estimates. 

 

5. Conclusion and Future Scope 

Biotechnology represents a vital frontier in the effort to slow biodiversity loss and to mitigate 

environmental degradation. This review has shown that tissue culture micropropagation, ultra-low 

temperature cryopreservation, synthetic seed technology, DNA banking and molecular marker 

diagnostics together allow genetic diversity to be secured across endangered flora and fauna, including 

the recalcitrant and vegetatively propagated species that conventional seed banking cannot hold. 

Comparative assessment of extinction risk across six major lineages showed that between 13.6 % and 

40.7 % of assessed species are threatened and that the dominant driver differs between lineages, so 

intervention must be matched to the lineage rather than applied uniformly, with gamete cryopreservation 

suited to amphibian and coral decline and meristem culture suited to gymnosperm loss. Comparison of 

ex-situ technologies showed that they are complementary, and that a secure programme combines a 

living in-vitro collection with a cryopreserved or DNA-banked back-up. The field-suitability index 
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identified SSR and SNP/NGS platforms (FSI = 4.00) as best suited to field conservation genetics, 

providing conservation managers with an explicit, reproducible basis for platform selection. In parallel, 

microbial bioremediation and phytoremediation offer scalable and comparatively non-destructive routes 

to the restoration of contaminated soil and water systems. The principal limitation of these approaches is 

that they remain resource-intensive and species-specific, requiring specialised infrastructure and reliable 

supply chains that are frequently least available in the regions of highest endemic diversity. The central 

recommendation arising from this synthesis is that biotechnological intervention be positioned as a 

complement to habitat protection rather than as a substitute for it, since preserved germplasm has 

conservation value only where a habitat remains to receive it. 

Several developments are likely to shape the future scope of this field. Precise genome editing offers a 

route to introducing climate-adaptive traits, such as fungal disease resistance in threatened forest trees, 

without the introduction of foreign DNA, although its release into the wild requires careful governance 

[19]. High-throughput sequencing of environmental DNA recovered from soil, water and air permits 

non-invasive monitoring of elusive species and microbial communities at landscape scale, and represents 

the most plausible near-term route to closing the gap between genomic capability and operational field 

management identified in Section 2 [16]. Assisted evolution of symbionts, already demonstrated for 

corals, may be extended to other holobionts under thermal stress [27]. Advanced reproductive 

technologies combining somatic cell nuclear transfer, induced pluripotent stem cells and primordial 

germ cell manipulation offer theoretical pathways for restoring functionally extinct species, though these 

remain experimental and ethically contested. Finally, the establishment of automated, remotely 

monitored and internationally networked cryogenic biobanks would standardise conservation protocols 

and streamline germplasm exchange between countries. Research directed at these areas, coupled with 

field validation of existing protocols and refinement of the comparative indices proposed here, will 

determine whether conservation biotechnology fulfils its demonstrated potential. 
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