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Abstract 

Extremophiles are the microorganisms that survive in extreme environmental conditions such as high and low 

temperature, salinity, pH, pressure and radiation. Their extraordinary physiological and molecular adaptations 

including stable enzymes, specialized membrane structures, effective DNA repair systems and unique metabolic 

pathways, which enable them to survive where most of the life forms cannot. The extremophiles biological diversity 

highlights their significance for evolution and their ability to sustain biogeochemical cycles in hostile conditions. The 

group of extremophiles has drawn a lot of attention in recent years due to its biotechnological potential. They can be 

used in industrial biocatalysis, environmental remediation and bioenergy production because of the exceptional 

stability and activity of their enzymes, known as extremozymes. The discovery and application of novel extremophiles 

and their functional biomolecules have significantly expanded as a result of these recent discoveries as well as 

advancements in metagenomics, genome mining and synthetic biology. These technologies have made it viable to 

identify microorganisms that were previously unable to be grown and develop robust microbial systems for industrial 

application. Extremophiles are becoming one of the most important sources of sustainable innovation and combine 

latest biotechnological techniques. Their distinct characteristics leads them in the next-generation biotechnology, with 

potential solutions to the global problems in industries, energy, and environmental management. 

Keywords: Bioremediation, bioenergy, biotechnology, extremophiles, extremozymes, metagenomics  

Introduction 

Extremophiles are microorganisms that can survive under environmental conditions that were 

previously been considered incompatible with life (Pikuta et al., 2007). These life forms are found 

in the ecological conditions of extreme temperature, pH, salinity, pressure, radiation or desiccation 

such as hydrothermal vents, hypersaline lakes, acidic mine drainages, polar ice and deep-sea 

trenches (Oarga, 2009). The identification of extremophiles essentially transformed the 

understanding of the life on earth and revealed that microbial life is likely to endure and are 
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adaptable than previously believed (Pikuta et al., 2007). Their ability to endure and operate in 

extreme conditions has opened new avenues in microbiology, biotechnology and astrobiology as 

extremophiles have become primary biological resources for scientific and industrial innovation 

(Rawat et al., 2024). Extremophiles have gained major scientific concern after thermophilic 

microorganisms in hot springs and hydrothermal vents were discovered during the late twentieth 

century (Miroshnichenko & Bonch-Osmolovskaya, 2006). The most notable results was the 

identification of thermophilic archaea which can grow at temperatures higher than 100 ℃ (Amend 

& Shock, 2001). Extremophiles are classified into various categories based on the environmental 

stress that they endure such as thermophiles and hyperthermophiles (high temperature), 

psychrophiles (low temperature), halophiles (high salinity), acidophiles and alkaliphiles (extreme 

pH), barophiles or piezophiles (high pressure), and radiophiles (high radiation) (Rekadwad et al., 

2023). Each group possesses their own physiological and molecular adaptations that enable them 

to sustain cellular stability and metabolic activity in extreme condition (Jaenicke, 1991).  

 

Figure 1: Bacteria in Various Environmental Conditions 

Extremophiles survive in harsh conditions due to their specialized biochemical and structural 

adaptations (Brininger et al., 2018). These include stable enzymes, modified membrane lipids, 

efficient DNA repair mechanism, and protective molecules such as compatible solutes and heat-

shock proteins (Sottile & Nadin, 2018). These adaptations have the benefit that they maintain the 

functionality of cellular components despite existing in conditions that would denature proteins 
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or disrupt membrane in most organisms (Jaenicke, 1991). Molecular biology and genomics 

research have revealed that extremophiles have unique metabolic pathways and genetic 

characteristics which enable them to exploit minimal nutrients and sustain energy generation in 

harsh conditions (Rampelotto, 2024). These discoveries have significantly contributed to our 

understanding of microbial evolution and the processes supporting life in the stressful 

environmental conditions (Guan et al., 2017).  

Ecological significance of extremophiles has become highly valuable in biotechnology due to the 

extraordinary stability of their enzymes commonly known as extremozymes (Raddadi et al., 2015). 

These enzymes function effectively in conditions that normally inhibit conventional biological 

catalysts such as high temperature, high salinity, or extreme pH (Lowe et al., 1993). Among the 

most well-known examples is the thermostable DNA polymerase derived from the thermophilic 

bacterium Thermus aquaticus which revolutionized the field of molecular biology through its use in 

the polymerase chain reaction (PCR) (Terpe, 2013). With its ability to provide strong catalytic 

activity in harsh industrial environment, extremozymes are now widely applied in various industrial 

sector including food processing, pharmaceuticals, biofuel production, textile manufacturing and 

detergents (Sarmiento et al., 2015).  Recent advances in high-throughput sequencing, 

metagenomics, and genome mining have further enhanced the discovery of novel extremophiles 

and their functional genes (Han et al., 2024). There are various extreme environments that remain 

unexplored and modern omics technologies enable scientists to study microbial communities 

directly on environmental samples, without the need of traditional cultivation (Han et al., 2024). 

Extremophiles are also being explored in bioremediation, bioenergy production and biomining, 

where their resilience allows them to exist in environments that are unfavourable to conventional 

microorganisms (Sepe et al., 2025).  

Diversity of extremophiles 

Extremophiles constitute a diverse group of microorganisms which can survive and thrive in 

environments that are fatal to most life forms. These microorganisms thrive in environmental 

conditions with extreme temperature, salinity, pH, pressure and radiation. Most extremophiles are 

bacteria and archaea, but some fungi and microalgae also known as extremotolerant. Their distinct 

physiological adaptation allows them to colonize ecosystem that were initially consider as hostile 

and they play significant roles in global biogeochemical cycles. The major group of microorganisms 

are thermophiles and hyperthermophiles, psychrophiles, halophiles, acidophiles and alkaliphiles 

and barophiles or piezophiles as discuss in table 1.  
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Table 1: Major group of microorganisms 

Types of 

Extremophiles  

Environmental 

Conditions  

Habitat Feature of 

adaptation  

Example of 

Microorganism  

References 

Thermophiles Temperature is 

high (45-80℃) 

The 

habitat is 

hot 

springs, 

hydrothe

rmal 

vents, 

volcanic 

soils. 

Heat-stable 

enzymes, 

thermostable 

proteins, 

saturated 

membrane 

lipids 

Thermus aquaticus 

Pyrococcus furiosus 

Stetter, (2013) 

Psychrophiles Temperature is 

low 

(<15℃) 

The 

habitat is 

polar ice 

caps, 

glaciers, 

deep 

oceans, 

permafro

st. 

Cold-active 

enzymes, 

flexible protein, 

unsaturated 

membrane 

lipids 

Psychromonas ingrahamii 

Colwellia psychrerythraea 

Carré et al., 

(2022) 

Halophiles  Salinity is high (3-

30% NaCl) 

The 

habitat is 

salt lakes, 

solar 

salterns, 

saline 

soils. 

Compatible 

solutes, salt-

stable proteins 

Halobacterium 

salinarum 

Haloferax volcanii 

Oren, (2011) 

Acidophiles  pH is low (<3) The 

habitat is 

acid mine 

drainage, 

sulfuric 

hot 

springs. 

Proton pumps, 

acid-stable 

enzymes 

Acidithiobacillus 

ferooxidans 

Sulfolobus acidocaldarius 

 

Madigan et al., 

(1997) 
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Alkaliphiles pH is high (>9) Habitat is 

soda 

lakes and 

alkaline 

soils 

Alkaline-stable 

enzymes, 

sodium ion 

transport 

systems 

Bacillus alcalophiles  

Natronobacterium 

gregoryi 

Horikoshi, 

(2006) 

Barophiles 

(Piezophiles) 

Hydrostatic 

pressure is high 

(>10 MPa) 

Found in 

deep-sea 

trenches, 

ocean 

sediment

s  

Pressure-

resistant 

membranes 

and enzymes 

Shewanella benthica  

Colwellia marinimaniae 

Jørgensen and 

Boetius, (2007) 

 

The extremophilic nature of microbes is the indication of the remarkable ability of microorganisms 

to colonize and survive in previously hostile conditions (Kumar et al., 2022).   

Adaptation mechanisms 

Extremophiles survive and thrive in harsh environmental conditions with a range of highly 

specialized physiological and molecular adaptations (Rampelotto, 2024). The mechanism enables 

them to maintain cellular integrity, metabolic activity and genetic stability even they are exposed 

to extreme temperature, pH, salinity, pressure and radiation. Extremophiles have been identified 

by significant molecular adaptations particularly in terms of protein structure and enzyme stability 

(Rao et al., 2022). They produce enzymes known as extremozymes that are resistant to harsh 

environments (Littlechild, 2015). Psychrophiles produce flexible enzymes that remain active at low 

temperatures and thermophiles have compact, rigid enzymes with strong ionic interactions that 

prevent them from denaturing at high temperature (Feller, 2013).  

Extremophiles modify the structure of their cell membranes to maintain stability so psychrophiles 

utilize unsaturated lipids to maintain the membrane fluid, whereas thermophiles contain rigid 

saturated lipids (Russell, 2007). Barophiles also modify the properties of membrane in response to 

high hydrostatic pressure, which in required maintain the normal functions of cells (Yano et al., 

1998). 

It is essential to adjust to chemical stressors. Both acidophiles and alkaliphiles can survive in 

extremely acidic or alkaline environments by controlling the internal pH through ion transport 

systems and membrane impermeability (Mamo, 2019). Protein stability at high salinity is achieved 

by halophiles storing suitable solutes or ions in response to osmotic stress (Saum & Müller, 2008). 
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Radiophiles have antioxidant mechanisms and efficient DNA repair systems to avoid radiation 

damage (Ranawat & Rawat, 2017). Stress-sensitive genes and molecular chaperones support the 

genomic and metabolic adaptability of extremophiles, which protects their survival in survival in 

several harsh environments simultaneously (Evgen'ev et al., 2014).  

Figure 2: Mechanism of extremophiles in harsh condition 

Next-generation applications  

Extremophiles and their biomolecules are emerging as potent biotechnological tools in the next 

generation, in areas where traditional biological systems fail (Sepe et al., 2025). Their natural 

stability in extreme conditions enables their useful integration into novel industrial and 

environmental applications, which enhance the efficiency, sustainability, and economy. Industrial 

biocatalysis has been revolutionized by extremozymes, which operate at extreme temperature, pH, 

and salinity, thus, leading to low process control conditions and low contamination risks (Zhou et 

al., 2011). Extremozymes are being employed in the pharmaceutical, food, textile and detergent 

industrial sector to enhance the product stability and reaction rates (Kakkar & Wadhwa, 2022). 

For example, thermostable enzymes have enable the application of high temperature in the starch 

conversion and bioethanol production process and alkaliphilic enzymes have broad application in 

detergent formulations to provide performance in alkaline environments (Fujinami & Fujisawa, 

2010). These applications are not just efficient in operations, but also contribute to more 

sustainable and environmentally friendly industrial processes (Jena et al., 2020).  Extremophiles is 

important in environmental remediation especially in industrial wastewater purification and in 
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remediation of polluted ecosystems (Swaminaathan et al., 2024). Their capacity to thrive in adverse 

and toxic mediums enables them to eliminate contaminants including heavy metals, hydrocarbons, 

and synthetic dyes in conditions in which other microorganisms do not work (Tripathi et al., 2023). 

This renders them useful tools of bioremediation efforts that are geared towards rehabilitating 

polluted environment (Pande et al., 2020).  Extremophiles are also being studied in the context of 

the bioenergy sector with regards to their role in the production of biofuels like biohydrogen, 

biomethane and advanced bioethanol (Sarkar, 2022). Their metabolic mechanisms are also 

modified to work effectively across the extremes, which allows sustained and stable bioenergy 

production even in the harsh industrial environment. This provides viable options of sustainable 

power (Yadav et al., 2025).  Synthetic biology and genome engineering have increased the pace of 

exploitation of extremophiles (Ye et al., 2023). The technologies of metagenomics and gene editing 

allow utilizing new genes and metabolic pathways present in extremophiles and express them in 

engineered systems (Gallo et al., 2021). This has created new prospects of creating strong microbial 

platform that is able to generate high-value product, pharmaceuticals and bio-based products on 

the harsh process environments (Liu et al., 2025). 

Future prospects 

The future of the field of extremophiles research is already determined by exceptional recent 

advancements in metagenomics, genomics mining and innovative biotechnology techniques that 

enable the exploration of currently unexplored microbial diversity (Rampelotto, 2024). Genome 

mining is another technology that speeds it up as it allows the in-silico discovery of functional 

genes and biosynthetic gene clusters that relate to stress tolerance, enzyme production, and 

secondary metabolites (Lee et al., 2020). Using the most sophisticated bioinformatics, one can 

forecast the functions, stability and even applications without necessarily having to do a lot of 

growing up of the enzymes (Suplatov et al., 2015). This strategy has greatly increased the range of 

repertoires of extremozymes which are applicable in industrial biocatalysis, pharmaceutical and 

environmental technologies (Espina et al., 2022). Genetic engineering integrated with synthetic 

biology transforming how extremophilic characteristics are applied (Rehman et al., 2026). 

Extremophile derived genes can now implanted into well-known microbial hosts to produce 

engineered strains that are capable of functioning under extreme process conditions (Vavitsas et 

al., 2022). CRISPR-Cas technologies and other technologies are able to edit the genome with 

maximum regulation of metabolism and producing high-value of compounds (Dudeja et al., 2025). 

These developments are resulting in emergence of strong microbial cell that can be used in industry 

(Nielsen et al., 2022). Extremophile genes have been susceptible to transfer into established 

microbial hosts and produce engineered strains that can operate in extreme process environments 
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(Gallo et al., 2021). Such technologies as CRISPR-Cas systems provide accurate genome editing, 

which allows optimizing metabolic pathways and enhancing the synthesis of high-value 

compounds (Das et al., 2024). These development are leading to the emergence of powerful 

microbial cell factories to  industrial purposes (Clomburg et al., 2017). Machine learning and 

artificial intelligence are emerging tools that are becoming critical in the prediction of protein 

structure, enzyme stability, and functional structures in extreme conditions (Niazi, 2025). These 

technologies are efficient in enzyme discovery and design and less time and cost are used in 

conducting experiments (Bunzel et al., 2018). Combined with high-throughput screening methods, 

they make it possible to shorten the time spent to identify attractive candidates to be used in 

biotechnology (Zeng et al., 2020). 

References 

Amend, J. P., & Shock, E. L. (2001). Energetics of overall metabolic reactions of thermophilic and hyperthermophilic 
Archaea and Bacteria. FEMS microbiology reviews, 25(2), 175–243.  

Brininger, C., Spradlin, S., Cobani, L., & Evilia, C. (2018). The more adaptive to change, the more likely you are to 
survive: Protein adaptation in extremophiles. Seminars in cell & developmental biology,  

Bunzel, H. A., Garrabou, X., Pott, M., & Hilvert, D. (2018). Speeding up enzyme discovery and engineering with 
ultrahigh-throughput methods. Current Opinion in Structural Biology, 48, 149–156. 
https://doi.org/https://doi.org/10.1016/j.sbi.2017.12.010  

Carré, L., Zaccai, G., Delfosse, X., Girard, E., & Franzetti, B. (2022). Relevance of earth-bound extremophiles in the 
search for extraterrestrial life. Astrobiology, 22(3), 322–367.  

Clomburg, J. M., Crumbley, A. M., & Gonzalez, R. (2017). Industrial biomanufacturing: The future of chemical 
production. Science, 355(6320), aag0804. https://doi.org/doi:10.1126/science.aag0804  

Das, S., Kwon, M., & Kim, J.-Y. (2024). Enhancement of specialized metabolites using CRISPR/Cas gene editing 
technology in medicinal plants [Review]. Frontiers in Plant Science, Volume 15 - 2024. 
https://doi.org/10.3389/fpls.2024.1279738  

Dudeja, C., Mishra, A., Ali, A., Singh, P. P., & Jaiswal, A. K. (2025). Microbial Genome Editing with CRISPR–Cas9: 
Recent Advances and Emerging Applications Across Sectors. Fermentation, 11(7), 410.  

Espina, G., Muñoz-Ibacache, S. A., Cáceres-Moreno, P., Amenabar, M. J., & Blamey, J. M. (2022). From the discovery 
of Extremozymes to an enzymatic product: roadmap based on their applications. Frontiers in bioengineering and 
biotechnology, 9, 752281.  

Evgen'ev, M. B., Garbuz, D. G., & Zatsepina, O. G. (2014). Heat shock proteins and whole body adaptation to extreme 
environments. Springer.  

Feller, G. (2013). Psychrophilic enzymes: from folding to function and biotechnology. Scientifica, 2013(1), 512840.  

Fujinami, S., & Fujisawa, M. (2010). Industrial applications of alkaliphiles and their enzymes–past, present and future. 
Environmental technology, 31(8-9), 845–856.  

Gallo, G., Puopolo, R., Carbonaro, M., Maresca, E., & Fiorentino, G. (2021). Extremophiles, a Nifty Tool to Face 
Environmental Pollution: From Exploitation of Metabolism to Genome Engineering. International journal of 
environmental research and public health, 18(10), 5228.  

Guan, N., Li, J., Shin, H.-d., Du, G., Chen, J., & Liu, L. (2017). Microbial response to environmental stresses: from 
fundamental mechanisms to practical applications. Applied microbiology and biotechnology, 101(10), 3991–4008.  

Han, J.-R., Li, S., Li, W.-J., & Dong, L. (2024). Mining microbial and metabolic dark matter in extreme environments: 
a roadmap for harnessing the power of multi-omics data. Advanced Biotechnology, 2(3), 26.  

Horikoshi, K. (2006). Alkaliphiles-genetic properties and application of enzymes. 2006.  

https://doi.org/https:/doi.org/10.1016/j.sbi.2017.12.010
https://doi.org/doi:10.1126/science.aag0804
https://doi.org/10.3389/fpls.2024.1279738


BIOCHEMICA Volume 1 Issue 1 2026 
 

17 

 

Jaenicke, R. (1991). Protein stability and molecular adaptation to extreme conditons. European Journal of Biochemistry, 
202(3), 715–728.  

Jena, M. C., Mishra, S. K., & Moharana, H. S. (2020). Application of Industry 4.0 to enhance sustainable 
manufacturing. Environmental Progress & Sustainable Energy, 39(1), 13360.  

Jørgensen, B. B., & Boetius, A. (2007). Feast and famine—microbial life in the deep-sea bed. Nature Reviews Microbiology, 
5(10), 770–781.  

Kakkar, P., & Wadhwa, N. (2022). Extremozymes used in textile industry. The Journal of The Textile Institute, 113(9), 
2007–2015.  

Kumar, R., Merugu, R., Mohapatra, S., & Sharma, S. (2022). Extremophiles life of microorganisms in extreme 
environments. In Extremophiles (pp. 43–66). CRC Press.  

Lee, N., Hwang, S., Kim, J., Cho, S., Palsson, B., & Cho, B.-K. (2020). Mini review: Genome mining approaches for 
the identification of secondary metabolite biosynthetic gene clusters in Streptomyces. Computational and 
Structural Biotechnology Journal, 18, 1548–1556.  

Littlechild, J. A. (2015). Enzymes from extreme environments and their industrial applications. Frontiers in bioengineering 
and biotechnology, 3, 161.  

Liu, T., He, M., Shi, R., Yin, H., & Luo, W. (2025). Biofuel–Pharmaceutical Co-Production in Integrated Biorefineries: 
Strategies, Challenges, and Sustainability. Fermentation, 11(6), 312.  

Lowe, S. E., Jain, M. K., & Zeikus, J. G. (1993). Biology, ecology, and biotechnological applications of anaerobic 
bacteria adapted to environmental stresses in temperature, pH, salinity, or substrates. Microbiological reviews, 
57(2), 451–509.  

Madigan, M. T., Martinko, J. M., & Parker, J. (1997). Brock biology of microorganisms (Vol. 11). Prentice hall Upper Saddle 
River, NJ.  

Mamo, G. (2019). Challenges and adaptations of life in alkaline habitats. In Alkaliphiles in biotechnology (pp. 85–133). 
Springer.  

Miroshnichenko, M. L., & Bonch-Osmolovskaya, E. A. (2006). Recent developments in the thermophilic 
microbiology of deep-sea hydrothermal vents. Extremophiles, 10(2), 85–96.  

Niazi, S. K. (2025). Critical assessment of AI-based protein structure prediction: Fundamental challenges and future 
directions in drug discovery. Computational and Structural Biotechnology Reports, 2, 100064. 
https://doi.org/https://doi.org/10.1016/j.csbr.2025.100064  

Nielsen, J., Tillegreen, C. B., & Petranovic, D. (2022). Innovation trends in industrial biotechnology. Trends in 
Biotechnology, 40(10), 1160–1172. https://doi.org/10.1016/j.tibtech.2022.03.007  

Oarga, A. (2009). Life in extreme environments. Revista de Biologia e ciencias da Terra, 9(1), 1–10.  

Oren, A. (2011). Thermodynamic limits to microbial life at high salt concentrations. Environmental microbiology, 13(8), 
1908–1923.  

Pande, V., Pandey, S. C., Sati, D., Pande, V., & Samant, M. (2020). Bioremediation: an emerging effective approach 
towards environment restoration. Environmental Sustainability, 3(1), 91–103.  

Pikuta, E. V., Hoover, R. B., & Tang, J. (2007). Microbial extremophiles at the limits of life. Critical reviews in microbiology, 
33(3), 183–209.  

Raddadi, N., Cherif, A., Daffonchio, D., Neifar, M., & Fava, F. (2015). Biotechnological applications of extremophiles, 
extremozymes and extremolytes. Applied microbiology and biotechnology, 99(19), 7907–7913.  

Rampelotto, P. H. (2024). Extremophiles and extreme environments: a decade of progress and challenges. Life, 14(3), 
382.  

Ranawat, P., & Rawat, S. (2017). Radiation resistance in thermophiles: mechanisms and applications. World Journal of 
Microbiology and Biotechnology, 33(6), 112.  

Rao, A. S., Nair, A., Nivetha, K., More, V. S., Anantharaju, K., & More, S. S. (2022). Molecular adaptations in proteins 
and enzymes produced by extremophilic microorganisms. In Extremozymes and their industrial applications (pp. 
205–230). Elsevier.  

Rawat, M., Chauhan, M., & Pandey, A. (2024). Extremophiles and their expanding biotechnological applications. 
Archives of Microbiology, 206(6), 247.  

https://doi.org/https:/doi.org/10.1016/j.csbr.2025.100064
https://doi.org/10.1016/j.tibtech.2022.03.007


BIOCHEMICA Volume 1 Issue 1 2026 
 

18 

 

Rehman, Y. A., Fayyaz, A., Alblooshi, A. S., Muhammad, K., Mundra, S., & Alam, M. T. (2026). Molecular adaptations 
and engineering of extremophiles for synthetic biology and biotechnological applications. Frontiers in 
Microbiology, 17, 1754802.  

Rekadwad, B. N., Li, W. J., Gonzalez, J. M., Punchappady Devasya, R., Ananthapadmanabha Bhagwath, A., Urana, 
R., & Parwez, K. (2023). Extremophiles: the species that evolve and survive under hostile conditions. 3 
Biotech, 13(9), 316. https://doi.org/10.1007/s13205-023-03733-6  

Russell, N. J. (2007). Psychrophiles: membrane adaptations. Physiology and biochemistry of extremophiles, 155–164.  

Sarkar, N. (2022). Application of Extremophiles in the Area of Bioenergy. In Extremophiles (pp. 214–227). CRC Press.  

Sarmiento, F., Peralta, R., & Blamey, J. M. (2015). Cold and Hot Extremozymes: Industrial Relevance and Current 
Trends. Front Bioeng Biotechnol, 3, 148. https://doi.org/10.3389/fbioe.2015.00148  

Saum, S. H., & Müller, V. (2008). Regulation of osmoadaptation in the moderate halophile Halobacillus halophilus: 
chloride, glutamate and switching osmolyte strategies. Saline systems, 4(1), 4.  

Sepe, F., Costanzo, E., Ionata, E., & Marcolongo, L. (2025). Biotechnological potential of extremophiles: 
Environmental solutions, challenges, and advancements. Biology, 14(7), 847.  

Sottile, M. L., & Nadin, S. B. (2018). Heat shock proteins and DNA repair mechanisms: an updated overview. Cell 
Stress and Chaperones, 23(3), 303–315.  

Stetter, K. O. (2013). A brief history of the discovery of hyperthermophilic life. Biochemical Society Transactions, 41(1), 
416–420.  

Suplatov, D., Voevodin, V., & Švedas, V. (2015). Robust enzyme design: Bioinformatic tools for improved protein 
stability. Biotechnology journal, 10(3), 344–355.  

Swaminaathan, P., Shaji, A., Saravanan, A., & Yaashikaa, P. (2024). Innovative approaches in extremophile-mediated 
remediation of toxic pollutants: a comprehensive review. Water Conservation Science and Engineering, 9(2), 39.  

Terpe, K. (2013). Overview of thermostable DNA polymerases for classical PCR applications: from molecular and 
biochemical fundamentals to commercial systems. Applied microbiology and biotechnology, 97(24), 10243–10254.  

Tripathi, M., Singh, P., Singh, R., Bala, S., Pathak, N., Singh, S., Chauhan, R. S., & Singh, P. K. (2023). Microbial 
biosorbent for remediation of dyes and heavy metals pollution: a green strategy for sustainable environment. 
Frontiers in Microbiology, 14, 1168954.  

Vavitsas, K., Glekas, P. D., & Hatzinikolaou, D. G. (2022). Synthetic biology of thermophiles: taking bioengineering 
to the extremes? Applied Microbiology, 2(1), 165–174.  

Yadav, J., Marwah, H., & Kumar, C. (2025). Synthetic biology and metabolic engineering paving the way for 
sustainable next-gen biofuels: a comprehensive review. Energy Advances, 4(10), 1209–1228.  

Yano, Y., Nakayama, A., Ishihara, K., & Saito, H. (1998). Adaptive changes in membrane lipids of barophilic bacteria 
in response to changes in growth pressure. Applied and environmental microbiology, 64(2), 479–485.  

Ye, J.-W., Lin, Y.-N., Yi, X.-Q., Yu, Z.-X., Liu, X., & Chen, G.-Q. (2023). Synthetic biology of extremophiles: a new 
wave of biomanufacturing. Trends in Biotechnology, 41(3), 342–357.  

Zeng, W., Guo, L., Xu, S., Chen, J., & Zhou, J. (2020). High-Throughput Screening Technology in Industrial 
Biotechnology. Trends in Biotechnology, 38(8), 888–906. https://doi.org/10.1016/j.tibtech.2020.01.001  

Zhou, H., Fan, T., & Zhang, D. (2011). Biotemplated materials for sustainable energy and environment: current status 
and challenges. ChemSusChem, 4(10), 1344–1387.  

 

https://doi.org/10.1007/s13205-023-03733-6
https://doi.org/10.3389/fbioe.2015.00148
https://doi.org/10.1016/j.tibtech.2020.01.001

