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Abstract
This paper explores the significance of extremophiles—organisms that thrive in Earth's most extreme conditions—in the broader 
context of astrobiology. By studying these resilient life forms, scientists can redefine the limits of habitability and guide the 
search for life on other planets. This research delves into the biochemical pathways that allow extremophiles to survive, the 
concept of the Last Universal Common Ancestor (LUCA), and the implications of these findings for the exploration of planetary 
bodies like Mars, Europa, and Enceladus.

NoRCEL, U.K

1. Introduction
Astrobiology seeks to understand the emergence, evolution, and 
potential for life elsewhere in the universe. Traditionally, life was 
thought to exist within a narrow range of environmental conditions, 
but the discovery of extremophiles has expanded this view [1]. 
These organisms have adapted to survive in extreme temperatures, 
pH levels, salinities, and pressures—conditions once thought 
inhospitable to life [2]. As we explore other planetary bodies, 
extremophiles offer valuable models for potential extraterrestrial 
life, challenging our understanding of habitability and guiding 
planetary exploration [3]. 

2. The Last Universal Common Ancestor (LUCA) and Early 
Life Forms 
Technically, LUCA is one of the hypothetical constructs which 
allows us to envisage how life on the Hadean Earth may have 
emerged. Thus, this construct is fundamental to understanding how 
life might emerge under extreme conditions. LUCA represents 
the most recent common ancestor of all current life forms and 
likely thrived in environments resembling those inhabited by 
extremophiles today [4]. Biochemical evidence, such as carbon 
and sulfur fractionation analysis, suggests that early life on Earth 
relied on processes exemplified by methanogenesis, a primitive 
form of energy production used by some modern extremophiles 
[5]. One of the most ancient metabolisms for energy generation 
and carbon fixation in the Archaea is methanogenesis [6]. 

The general equation for hydrogenotrophic methanogenesis is 
shown in (Eq. 1):
4H₂ + CO₂ → CH₄ + 2H₂O ΔG0 = −131 kJ mol−1, i.e., reduction 
of CO2 to CH4 (Eq. 1)

Other methanogenesis pathways include as follows:
Methylotrophic: (H₂-dependent): CH₃OH + H₂ → CH₄ + H₂O 

(Eq. 2)
Acetoclastic: CH₃COOH → CH₄ + CO₂ (Eq. 3)

Understanding LUCA's survival mechanisms allows us to 
hypothesize how early life may have persisted on other worlds [7]. 

3. Extremophiles: Living Beyond the Limits of Conventional 
Life
3.1 Types of Extremophiles
Extremophiles are categorized according the type of extreme 
environment they inhabit (at least) on the Earth [8]: 
• Thermophiles survive at temperatures above 80°C plus;
• Acidophiles thrive in highly acidic environments (pH < 3);
• Halophiles endure high-salt environments, such as saline lakes 
(e.g., the Dead Sea); and
• Radiophiles are resilient to intense radiation, as demonstrated by 
Deinococcus radiodurans residing in nuclear reactors [9]. 

These organisms can serve as analogues for potential life forms 
on planets like Mars, where there are high doses of both UVC 
(<280 nm) and UVB (280-315 nm) radiations ae ever present; low 
atmospheric pressure range of 6–7 millibars, which is less than 1% 
of Earth's sea level pressure; and extreme freezing temperatures 
(average night-time temperature is in the order of (-50°C) are 
pretty norm [10]. Their survival strategies reveal the plasticity of 
life, challenging the long-held notion that life is confined to Earth-
like conditions.

3.2 Polyextremophiles
Some extremophiles exhibit multiple adaptations, allowing 
them to survive in two or more extreme conditions. Tardigrades 
(a eukaryote), for example, can withstand freezing, esiccation, 
radiation, and even the vacuum of space [11]. 
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4. Microbial Mats and Early Ecosystems on Earth
Microbial mats, some of the oldest ecosystems on Earth, offer 
a window into the early biosphere. Fossilized mats, called 
stromatolites, date back approximately 3.5 billion years [12]. 
They represent complex microbial communities that functioned as 
self-sustaining ecosystems. These mats are lithified by sediment 
deposition and provide clues to the earliest life processes on Earth 
[13]. 

Microbial mats consist of several layers, each dominated by 
specific types of microorganisms, mainly prokaryotes. The 
products of each group of microorganisms serve as a substrate for 
other groups above it [14]. Some key biochemical processes in 
microbial mats include:
1. Oxygenic photosynthesis: CO₂ + H₂O + Light → CH₂O + O₂ 
(Eq. 4)
2. Aerobic fermentation: CH₂O + O₂ → CO₂ + H₂O (Eq. 5)
3. Anoxygenic photosynthesis: 4CO₂ + 2HS⁻ + 4H₂O → 4CH₂O + 
2SO₄²⁻ (Eq. 6)
4. Anaerobic fermentation: 3CH₂O → C₂H₅OH + CO₂ (Eq. 7)
5. Sulfate-reduction: SO₄²⁻ + CH₃COOH → HS⁻ + 2HCO₃⁻ (Eq. 8)
6. Methanogenesis: CO₂ + 4H₂ → CH₄ + 2H₂O (Eq. 9)

By studying these systems, we can better understand how life might 
evolve and survive on other worlds, particularly in environments 
like Europa, which may harbour subsurface oceans beneath its icy 
crust [15]. 

5. Extremophiles and the Habitability of Other Worlds
5.1 Mars
Mars presents an environment of extreme cold, low pressure, 
and intense UV radiation. Extremophiles on Earth, such as 
radiation-tolerant bacteria, offer models for the type of life that 
could exist beneath the Martian surface [16]. Methanogens, in 
particular, are of interest due to the detection of methane on Mars 
[17]. Methanogenesis is an ancient form of metabolism (Eq. 1) 
that could potentially occur in Martian subsurface environments, 
where water might exist in liquid form sporadically as running 
water gullies have been recently observed on the side of craters 
on Mars [18].

5.2 Europa and Enceladus
The icy moons of Jupiter and Saturn are Europa and Enceladus 
respectively, which are prime candidates in the search for 
extraterrestrial life due to their subsurface oceans [19]. 
Extremophiles that thrive in high-pressure and low-temperature 
environments (i.e., polyextremophiles) on Earth, such as 
piezophiles and psychrophiles, provide models for potential life in 
these far-flung distant oceans [20]. The presence of hydrothermal 
activity on Enceladus, inferred from its regular exuding of water 
plumes, further supports the possibility that life could exist in its 
ocean, much like microbial communities near Earth's deep-sea 
hydrothermal vents [21]. 

6. Conclusion
The study of extremophiles reshapes our understanding of where 

and how life could exist beyond Earth. From methanogens in 
Martian-like environments to psychrophiles in subsurface oceans 
of Europa, extremophiles broaden the scope of astrobiology 
and highlight the remarkable resilience of life [22]. As space 
exploration continues, extremophiles will remain central to 
identifying and characterizing potentially habitable environments 
throughout the cosmos.
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