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Abstract 

Volc anic envir onment s pr ovide analogues f or studying the origin of lif e and it s persistence under extr eme conditions on early 

Earth and other planetary bodies. Pioneering microbes that oxidise inorganic gases, such as carbon monoxide (CO), provide 

ener gy f or survival and initia t e primary suc c ession. Similar g eological and a tmospheric conditions shaped b y v olc anism, me te- 
oritic impac t s, and tidal he ating have e xis ted, or s till exis t, on Mars, Venus, and icy moons, wher e CO may serve as a me tabolic 
substra t e. This review explores the evolutionary significance of C O dehydrogenase (C ODH), an enzyme responsible for the ox- 
idation of CO to carbon dioxide, thereby linking geochemical energy fluxes to the emergence of biological carbon. Genomic 
evidence from eight globally distributed volcanic sites confirms the presence of genes encoding CODH. Genes encoding aer- 
obic CO o xidation ( co xL ) were consistently abundant and conserved, whereas genes encoding anaerobic oxidation ( cdh - and 

coo -rela t ed g enes) sho w ed site-specific dominance and variability, r eflec ting differ ences in micr obial c ommunity c omposition 

and environmental conditions. At Poás Volc ano , several tax a, particularly members of Desulf obac ter ota, exhibit ed g enetic ver- 
satility across nine gene clusters, highlighting their adaptive capacity. These findings demonstra t e how trace gas metabolism 

can support microbial survival in volcanic soils, providing insight into potential habitability on other planetary bodies. 

Keywor ds c arbon monoxide, CO dehydrogenase, soil microbes, volcanic deposits, exoplanets, maintenance energy 
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Intr oduc tion 

In the last decade, the search for life beyond Earth has in- 

cr easingly f ocused on envir onment s that ar e geochemic ally ac- 

tive and extremely poor in organic carbon. Understanding mi- 

crobial survival and metabolism in such syst ems bro adens our 

c onc ept of habit ability beyond the tr aditional fr amework, which 

holds that the building blocks of lif e ar e liquid wa t er and or- 

ganic compounds (Cockell et al. 2016 ). Inst e ad, these environ- 

ment s, charac terised by a combination of r edox gradient s and 

high energy availability, enable reactions between otherwise in- 

ert compounds such as carbon monoxide (CO), sulfur dioxide 

(SO 2 ), and hydrogen sulfide (H 2 S), which can serve as alterna- 

tive energy sources for life (Cordero et al. 2019 , Greening & Grin- 

ter, 2022 , Dede et al. 2024 ). Such chemolithotr ophic me tabolism, 

including CO and sulfur oxidation, have been documented in 

terrestrial analogue habitats, emphasising their ecological im- 

port anc e under extreme conditions (King 2007 , Ray et al. 2022 , 

Magnuson et al. 2023 , Dede et al. 2024 ). Recent planetary mis- 

sions, such as NASA’s Per sev erance ro v er exploring Martian sed- 

iments, and the proposed detection of potential biosignatures 

in the Venusian atmospher e, have str engthened the r elevance 

of these geochemically dynamic settings as natural labora t ories 

for testing the limits of life (Greaves et al. 2021 , Hart and Car-

dace 2023 ). Studying such systems provides critical insights into

how metabolism and ecological networks might evolve on other

w orlds, including Mar s, Venus, and the icy moons of the outer solar

system. 

Volc anic envir onment s on Earth offer critic al analogues f or

studying these processes in an accessible real-world context.

F resh lav a flo ws, tephra deposits, and p yroclastic ma t erials cre a t e

s terile surf aces that ar e initially devoid of or ganic c arbon and ar e

exposed to thermal fluc tuations, desicc ation, and toxic volc anic

emissions (Schmidt et al. 2018 ). Despite these harsh conditions,

micr obial lif e rapidly colonises volc anic soils, initiating ecologic al

suc c ession and shaping early biogeochemical cycles (Hernández

et al. 2020 ). Early colonisers often rely on chemolitho aut otrophic

me tabolism, oxidising r educed gases such as CO, hydrogen (H 2 ),

and H 2 S to obtain energy in the absence of sunlight or organic nu-

trients (King 2007 ). Over time, these pioneering microbes we a ther

mineral surfaces, promote the formation of microhabitats, and

contribut e t o the gradual establishment of more complex micro-

bial consortia (Fantom et al. 2025 ). Understanding these initial

c olonisation proc esses provides valuable clues to how life might

take hold on fr eshly f ormed plane tary crust s or in subsurface vol-

c anic r e gions of other plane t s. 
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The oxidation of CO in micr oor ganisms is facilitated by CO de- 

ydrogenase (CODH), a highly conserved enzyme that catalyses 

he rev er sible transformation of CO to carbon dioxide (CO 2 ), al- 

owing microbes to utilise CO as an ener gy sour c e. Genes enc od- 

ng CODH are widespread among microorganisms inhabiting vol- 

anic and other geochemically active environments, where or- 

anic carbon is scarce and trace gases constitute a significant en- 

r gy sour ce. Due to it s long evolutionar y histor y and central role 

n trace gas me tabolism, CODH r epr esent s an effec tive func tional 

arker for investigating microbial survival stra t e gies in volc anic 

oils and their relevance as astr obiologic al analogues. 

In this re vie w, we analysed metag enomic da ta fr om fr eshly de- 

osited soils of volcanic origin across eight globally distributed 

it es, sp anning div er se clima tic and g eological conditions in- 

luding Llaima Volcano and Atacama Desert (Chile), Poás Vol- 

 ano (Costa Ric a), Mt. Melbourne (Antar c tic a), Pantelleria Vol- 

ano (Italy), Golden Dome Cave (California), Mauna Loa Volcano 

Haw aii), and Svalbar d (Norw ay). To obtain a br o ad comp ara- 

iv e per spectiv e, w e compiled and reanalysed publicly available 

etag enome-assembled g enomes (MAGs) tha t wer e r e trieved 

r om envir onment s with a range of t empera tures, altitudes, and 

ineralogical compositions. The aim of our re vie w is to explore 

he biochemic al, ecologic al, and evolutionary signific ance of po- 

ential CODH-utilising microbes in volcanic environments, to eval- 

a t e g eothermic ally ac tive terr estrial sites as analogues, and to 

iscuss their implications for astrobiology and the search for life 

eyond Earth. By identifying key metabolic p a thways, such as 

hose linked to CO oxidation, this re vie w also seeks to refine po- 

 ential biosigna tur e tar ge t s and inf orm lif e-de tec tion stra t e gies f or 

utur e plane tary exploration missions. 

str obiologic al c ontex t 

olc anism has signific antly modified the surfaces of terrestrial 

lane t s in the inner solar system. Other processes, such as soil 

ynamics and gravitational collapse, cause fracturing and fault- 

ng even on smaller bodies like asteroids and natural satellites, 

ut volcanism and t ect onism have had relatively minor effects on 

hese smaller bodies (Platz et al. 2015 ). Thus, the presence of these 

henomena, even if limited in magnitude, is widespr ead acr oss di- 

 er se planetary objects. 

The role of volcanic environments in shaping planetary sur- 

aces, outgassing volatiles that drive atmospheric composition, 

nd cre a ting dynamic chemic al gradient s makes them critic al tar- 

e t s in the search for ex tr a t errestrial life (Zilinskas et al. 2022 , Mau- 

ice et al. 2024 ). Venus, the second planet from the Sun, has a sur- 

ace t empera ture as high as 464 ◦C (Lebonnois and Schubert 2017 ). 

lthough currently inhospitable, in its early history, the planet 

ay have sustained liquid wa t er, providing a primary substra t e ca- 

able of supporting life (Cockell et al. 2016 , Westall et al. 2023 ). 

hermochemical models have demonstra t ed tha t prolong ed sili- 

a t e we a thering on rela tively stable b asalts could have buffer ed 

tmospheric CO 2 , enabling the decarbonation of the crust (Höning 

t al. 2021 ). Such atmospheric and crustal dynamics might have 

re a t ed transient environments that favoured the accumulation 

f CO, a potential energy source for early microbial life forms har- 

ouring CODH enzymes or similar metabolic p a thways. 

Rec ent orbit al and ro v er observations hav e r ecor ded pr eserved 

vidence of past volcanism in Jez er o Cra t er on Mars. These obser- 

vations identified a conical edifice on Jez er o’s southe ast ern rim

whose morphometry, thermal inertia, cra t er r e tention, and min-

eralogic al signatur es ar e c onsistent with a c omposite volc ano , po-

t entially contributing t o habit able c onditions in the planet’s past

(C uevas-Quiñones e t al. 2025 , Hur owitz e t al. 2025 ). Previous Mars

missions have broadly described atmospheric and sedimentary

pr ocesses (Mahaffy e t al. 2013 , Gr otzinger 2014 ); ho w ev er, Jez er o

provides a specific environment where volcanically influenced

substra t es can be cle arly associa t ed with previous habitability

(Wiens et al. 2022 ). Martian surface and igneous rocks appear to be

mostly tholeiitic basalts reflecting extensiv e mantle-deriv ed v ol-

canism, with little evidence for silica-rich or highly ev olv ed mag-

matic compositions (McSween Jr et al. 2009 , Hurowitz et al. 2025 ).

Data from Curiosity ro v er’s mission have indica t ed tha t the Mar-

tian atmosphere is composed of five major atmospheric com-

ponents in specific mixing ratios (CO 2 , Ar, N 2 , O 2 , and CO) (Ma-

haffy et al. 2013 ). CO is a minor species in the present Martian

gas mixtur e, pr oduced at high altitude (80-100 km) by photoly-

sis of the main atmospheric CO 2 constituent (Tarnas et al. 2018 ,

Ashimananda et al. 2025 ). Subsurface or vent-proximal environ-

ment s may offer buffer ed niches wher e CO-oxidising micr oor gan-

isms could persist despite the thin, CO 2 -dominated atmosphere,

low atmospheric pr essur e, and chemic ally demanding r e golith

conditions tha t charact erise the modern Martian surface (King

2015 , My er s and King 2017 , Wordsworth et al. 2021 ). This is consis-

tent with experimental evidence showing tha t t err estrial micr obes

can oxidise CO under low-pressure, saline, and suboxic conditions

relevant to the Mars regolith (King 2015 ). Laboratory incubations

have demonstra t ed tha t the halophilic Gammaprot eob act eria Al-
kalilimnicola ehrlichii MLHE-1 maintains CO oxidation even un-

der suboxic and CO 2 -rich atmospheres, simulating Martian condi-

tions. This r einf or ces the idea that trace metabolism could persist

in near-surface or vent-proximal niches on Mars (King 2015 ). Out-

side the Solar System, exoplane t s with activ e v olcanism or thin,

gas-rich atmospheres may similarly host environments where mi-

cr obes c apable of oxidising trac e gases c ould domina t e (Misra et

al. 2015 , Cowan et al. 2022 ). 

The icy moons Europa and Enceladus, which orbit the gas gi-

ants Jupiter and Saturn, r espec tively, ar e charac terised by ex-

treme conditions associa t ed with g eothermal activity. Analyses of

plume ma t erial reve aled the presence of CO, CO 2 , and H 2 , which

could serve as energy sources for microbial life capable of trace-

gas metabolism within subsurface oceans (Mat son e t al. 2007 ).

Analogues, such as Mount Melbourne in Antar c tic a — a basaltic

and trachyandesitic, ic e-c o v ered stra t o v olc ano — pr esent a rar e

c onfluenc e of volcanic he a t and polar cold that could sustain hab-

itable niches. Such an analogue could aid the preservation of po-

t ential biosigna tur es (Myeong e t al. 2024 ). Indeed, metagenomic

studies have shown that these soils host unique microbial commu-

nities capable of thermophilic and chemolithotrophic specialised

metabolic p a thways, such as multiple autotrophic carbon fixation

routes (e.g. CBB c ycle, rTCA c ycle) and sulfur oxidation (e.g. thio-

sulfa t e) (Park et al. 2021 ). 

Early Earth as a volcanic world 

Volcanism on both Mars and Earth, from approxima t ely 4.3 billion

y ear s (Ga) ago to around 3.1 Ga for Mar s, play ed a critical role in

shaping the chemical landscape. Therefore, volcanism potentially
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provided the essential gases and energy fluxes required to fuel 

the complex chemic al r eac tions underpinning prebiotic pathways 

(Sasselov et al. 2020 ). The emergence of life on Earth is fundamen- 

tally linked to the planet’s early geological and atmospheric evo- 

lution, which cre a t ed the nec essary c onditions f or these chemic al 

processes to give rise to living systems as we know them. 

During Earth’s e arly Hade an eon, ext ensiv e v olc anic ac tivity and 

glob al magma oce an phases likely emitt ed CO, H 2 , methane (CH 4 ), 

and CO 2 into a transient atmosphere, while organic carbon was 

sc ar c e, c onditions that may have set the stage for prebiotic chem- 

istry (Lichtenber g e t al. 2021 ). The r edox sta t e of the mantle played 

a critic al r ole in de termining the r elative abundance of out gassed 

species, particularly CO and H 2 , as illustra t ed in recent modelling 

of volcanic gas fluxes under varying mantle oxidation conditions 

(Guimond et al. 2021 ). The magnitude of this redox control has 

been demonstra t ed, with CO more abundant under str ongly r e- 

duc ed c onditions, and cumulative outgassed masses exc eeding 

those of CO 2 , underscoring the potential for CO-rich early atmo- 

spheres (Guimond et al. 2021 ). 

In labora t ory experiment s, volc anic ash and me t eoritic p arti- 

cles have been shown to catalyse the conv er sion of CO 2 into or- 

ganic precur sor s (alcohols, aldehy des, hy dr oc arbons) under early 

Earth–like conditions (Peters et al. 2023 ). This sugg ests tha t vol- 

canic ma t erial was not merely a passive landscape but actively 

pr omoted chemic al r eac tions tha t may have contribut ed t o the 

emergence of life (Peters et al. 2023 ). This catalytic activity not 

only contributed to the synthesis of organic molecules but also 

the g enera tion of reduced gases such as CO, which could have la t er 

served as an energy substra t e for e arly anaer obic c arbon-fixing mi- 

cr oor ganisms. By ex amining fr esh volc anic deposit s, r esear chers 

are gaining insight into the evolution of microbial metabolism and 

the conditions under which life could arise to infer ecological 

stra t egies tha t e arly b act eria may hav e emplo y ed to thriv e in lo w- 

carbon, high-gas environments. 

Volcanic analogues on Earth 

The relevance of volcanic environments on Earth stems not only 

from their dynamic g eological fe a tures, such as morphology and 

composition, which have been confirmed as plausible plane- 

tary analogues, but also from their ability to host microbial life 

that thrives under extreme conditions. The Central Cordillera 

in Costa Rica, is a massive orogenic system that includes the 

b asaltic-andesit e stra t o v olcano of Poás Volc ano . This struc tur e ex- 

hibit s ac tive fumar oles and hydr othermal alt era tion in b asaltic- 

andesitic substra t e, producing minerals such as na tro alunit e, 

jarosite, gypsum, and hydrated silica (including the disordered 

mixture crist ob alit e-tridymit e known as op al-CT), which are also 

found in Martian alt era tion sit es (Hynek et al. 2018 ). In particular, 

Laguna Calient e cra t er lake, with it s extr emely acidic pH ( −1 to 

∼1.5), high sulfur emissions fr om fr equent phr e a tic eruptions, and 

t empera tur e fluc tua tions (19 ◦C t o ∼90 ◦C), host s extr emely low 

microbial div er sity, domina t ed by acidophilic chemolithotrophs 

(Hynek et al. 2018 ). 

Fumarolic soils are also present in the high-elevation volcanic 

debris fields of the Atacama Desert in Chile, where dry oxidised 

b asaltic t ephra is exposed t o high U V flux, lo w atmospheric shield- 

ing, and strong t empera ture fluctua tions (Schmidt et al. 2018 ). 

This makes the site one of the most Mars-like locations on Earth, 

especially when compared with surface conditions inf err ed f or

early Mars during periods of enhanced volcanism and limited at-

mospheric shielding (Schmidt et al. 2018 ). At high altitude, fu-

mar oles pr ovide mor e stable, w armer t empera tur es and mor e

r eliable w a t er supplies, supporting tr ophic ally complex micr o-

bial communities comparable to the div er se soil communities

found at lo w er elevations. This includes the pr olif era tion of ex -

tremophiles, in particular eukaryotes such as Naganishia spp. that

can withstand UV radiation, cold, and large temperature fluctua-

tions (Schmidt et al. 2018 ). 

An additional geothermal-polar analogue that has revealed 

trace gas microbial stra t egies is Mount Erebus in the Antarctic re-

gion. This volcanic system has a st able, c onvecting phonolitic lava

lake characterised by c ontinuous surfac e o v erturn and thermal

emissions exceeding ∼827 ◦C. The lake displays morphological

and radia tive fe a tures similar to those found at the Pele lava lake

on Jovian moon Io (Davies et al. 2008 ). Furthermore, the forma-

tion of ice to w er s and fumarolic chimneys in this polar volcanic

ar ea, thr ough the sublimation and deposition of volcanic gases

(particularly H 2 O, CO 2 , and SO 2 ), establishes thermally buffer ed

micr ohabitat s with internal temperatures remaining abo v e freez-

ing, despit e ext ernal conditions dropping below –50 ◦C. These en-

vir onment s parallel hypothesised subglacial and fumar olic r efu-

gia on early Mars (Hoffman and Kyle 2003 ). Under such physico-

chemical conditions, a putative CODH gene cluster ( coxMLS ) has

been identified within the genome of Candidatus Aramenus ere-

busense, a facultatively anaerobic heterotroph capable of surviv-

ing in cold, oligotrophic, and redox-variable conditions (Herbold

e t al. 2024 ). The pr esence of CODH g enes sugg ests a pot ential ca-

pacity for trace-gas metabolism, specifically CO oxidation, which

may contribute to energy acquisition in ecosystems with limited

organic substra t es (Tebo et al. 2015 ). 

Microbial colonisation of fresh 

volcanic soils 

The freshly deposited substrates produced during volcanic erup-

tions are initially st erile, charact erised by unstable physical s truc -

tures and low organic carbon content. Pioneering microorgan-

isms, capable of using inorganic energy sources, drive primary

suc c ession under these conditions (Fantom et al. 2025 ). In addi-

tion to ensuring their own survival, these pioneers facilita t e the

gr adual tr ansformation of the substr a t e int o soil cap able of sup-

porting more complex ecosystems. 

Among the pr edominant bac terial phyla found in early vol-

canic soils are Actinomyc etot a, Pseudomonadot a, and Chloroflex-

ota (Fantom e t al. 2025 ). Ac tinomyce tota, and especially mem-

bers of class Ac tinomyce tia, such as Mycolicibacterium smegmatis
(f ormerly Mycobacterium smegmatis ), ar e r enowned f or their tol-

erance to anaerobic or hypoxic stress via fermentative hydrogen

pr oduc tion (Berney e t al. 2014 ). In contrast, some Pseudomon-

adota members display strong adaptations to low–oxygen or fluc-

tuating redox conditions, partly via changes in the quinone path-

way (Chobert et al. 2025 ). These species frequently possess genes

encoding CODH, which facilita t e high-affinity CO oxidation and

pr ovide ener gy f or c ell maintenanc e in nutrient-limited c ondi-

tions (Hernández et al. 2020 ). These microbial communities can

efficiently absorb ambient CO in pristine soils, as demonstra t ed

by experimental analysis of Hawaiian volcanic deposits, where
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easurable uptake ra t es have been observed within days of de- 

osition, ranging approxima t ely 0.2 t o 5 mg CO m 

−2 day −1 (King 

nd Weber 2008 ). 

CO oxidiser s hav e an ecological function that goes beyond ob- 

aining energy. These microorganisms contribut e t o the carbon 

nput in barr en, c arbon-limited envir onment s by oxidising CO to 

O 2 , or in the Calvin–Benson–Bassham (CBB) cycle for the CO 2 fix- 

tion. Thus, CO-oxidisers are likely to support the growth of early 

utotr ophs and he ter otr ophic micr obes (Tebo e t al. 2015 , Hernán- 

ez et al. 2020 ). Over time, this r esult s in the f ormation of mor e 

unctionally div er se, structured microbial communities, preparing 

he way for vascular plants, lichens, and mosses to colonise. 

ODH: biochemical and genetic 

oundations 

ODH is a highly conserved metalloenzyme that catalyses a re- 

 er sible redox reaction in which CO is oxidised using wa t er as 

he elec tr on donor to f orm CO 2 , r eleasing two pr otons and two 

lec tr ons. This fundamental r eac tion is r elevant to both biolog- 

cal systems (e.g. CO oxidation by enzymes like CODH) and abi- 

tic chemical processes, including electrochemical experiments 

n redox catalysis (Wang et al. 2013 ). This enzymatic reaction 

erves as a central component in the microbial carbon cycle, me- 

iating a significant ecological and evolutionary role in oxida- 

ion and r educ tion pr ocesses under both aerobic and anaerobic 

onditions (Bährle et al. 2023 ). Two principal types of CODH en- 

 ymes hav e been identified based on their metal cofactors and 

xygen sensitivity: the oxygen-sensitive nickel-C ODH (Ni-C ODH) 

ypic ally f ound in anaer obic bac teria and archaea, either as an 

ndependent enzyme or as part of a larger complex with acetyl- 

oenzyme A (CoA-SH) synthase/decarbonylase (ACS), and the 

xyg en-t olerant CODHs c ont aining the molybdopterin/ C u/Fe–S 

luster (MoC u-CODH), pr edominantly pr esent in aer obic pr ok ary- 

tes (Boer et al. 2014 ). 

Func tionally, CODH plays dual r oles in micr obial me tabolism. In 

naer obic c arbo xydo tr ophs, CODH is linked to the c arbon fix ation 

 a thways of the Wood–Ljungdahl pathway or the CBB cycle. These 

icr oor ganisms c an utilise CO as their sole c arbon sour ce and as 

 r educ tant to fix the resulting C O 2 . The C O produced by C ODH 

erves as a substra t e for acetyl-CoA synthase (ACS), which com- 

ines it with a me thyl gr oup and coenzyme A to form acetyl-CoA, 

hereby linking carbon fixation directly to energy conservation 

nd biosynthesis. In this cont ext, CODH media t es both the gener- 

tion of r educing equivalent s and the transfer of carbon, allowing 

hese organisms to utilise CO 2 as their sole carbon source while 

roducing ATP and reducing equivalents NAD(P)H + H 

+ . In con- 

rast, in carboxy do v ores, CODH is primarily used for energy acqui- 

ition, f eeding elec tr ons into r espira t ory chains or other elec tr on 

c c eptors such as O 2 , nitrate, or sulfate. In some cases, CODH also 

upports the CBB cycle by supplying CO 2 via low-affinity CODH en- 

ymes, but relying on other carbon sources for biosynthesis (King 

nd Weber 2007 , Cor der o e t al. 2019 ). In these c ases, CODH pr o- 

ides a source of energy that allows microorganisms to survive in 

arsh conditions over extended periods. 

The genetic architecture of CODHs reflects their deep evolu- 

ionary divergence and functional specialisation. Aerobic MoCu- 

ODHs are encoded by cox genes (Cunliffe 2011 ), in which coxL en- 

odes the large catalytic subunit, coxM the medium subunit, and 

coxS the small elec tr on-transf er subunit. Two major f orms of coxL
have been described: form I represents the canonical catalytic en-

zyme r esponsible f or CO o xidation under o xic conditions using

quinones as elec tr on ac c ept ors (Bährle et al. 2023 , Fant om et al.

2025 ), while form II is more diverg ent, often acting in regula t ory or

ac c essory roles rather than dir ec t CO oxidation (Bährle et al. 2023 ).

In contrast, [NiFe]-CODHs, central to CO 2 r educ tion and CO for-

mation, are encoded by acs , cdh , and coo operons depending on

their functional context (Dent et al. 2023 ). The coo system en-

codes CODH along with accessory proteins needed to liberate

ener gy fr om CO oxidation when coupled with pr oton r educ tion

to form H 2 or another reductive process. Generally, it includes

cooS , encoding the catalytic subunit containing the Ni–Fe–S ac-

tive site, cooF , encoding an iron–sulfur electron carrier, and cooC , a

nickel-insertion chaperone required for enzyme ma tura tion (Dent

et al. 2023 ). In many methanogens and acet og ens, the CODH/ACS

oper on consist s of a five subunits Ni–Fe–S enzyme complex of

the Wood–Ljungdahl pathw ay. cdhA / acsA c atalyses CO 2 r educ tion

to CO, cdhC / acsB forms acetyl-CoA from CO and a methyl group,

and c dhD –c dhE / acsD - acsE pr ovide the me thyl via a corrinoid iron–

sulfur complex (Adam et al. 2018 ). 

This metabolic v er sa tility highlights the pot ential f or lif e to per-

sist in envir onment s charac t erised by g eochemical disequilibria

and minimal carbon input, supporting the astr obiologic al r ele-

vance of volcanic terrains in the search for biosignatures. We con-

ducted a thorough syst ema tic re vie w of the lit era ture and ex -

amined publicly ac c essible met ag enomic da tasets from volcanic-

origin soils around the world. Our g o al was t o investiga t e the

global distribution and functionality of CODH enzymes in vol-

c anic astr obiologic al analogues. Eight volcanic origin sites, con-

sider ed key astr obiologic al analogues, wer e selec ted f or our anal-

ysis: Llaima Volcano (Hernández et al. 2020 ) and Atacama Desert

(Chile) (Andr eani-Gerar d e t al. 2024 ), Poás Volc ano (Costa Ric a)

(R ogers e t al. 2023 ), Mount Melbourne (Antar c tic a) (Myeong e t al.

2024 ), Pantelleria Volcano (Italy) (Picone et al. 2020 ), Golden Dome

Cave (Calif ornia, U SA) (Maggiori e t al. 2025 ), Mauna Loa Volc ano

(Haw aii, U SA) (Gadson e t al. 2022 ), and Svalbar d (Norw ay) (Ricci e t

al. 2025 ). These sites span seven countries and encompass div er se

environment al c onditions, from hyperarid deserts and subglacial

volcanoes t o g eothermal soils, pr oviding a br oad r epr esentation

of volcanic habitats relevant to the search for ex tr a t errestrial life

(Fig. 1 ). 

Publicly available MAGs from these sites were used as the

source of genomic data ( Table S1 ). A total of 212 MA Gs wer e anal-

ysed to investigate the presence and div er sity of CODH-rela t ed

g enes. To do this, cust om da tab ases were constructed prior to

conducting BLASTx analysis. Reference CODH protein sequences

were ex tr acted from the GlobDB r226 (Speth et al. 2025 ) based on

their KEGG annotations (Kanehisa et al. 2023 , Kananen et al. 2025 )

and were used to build the three CODH-specific da tab ases. The

first included b act erial-type Ni-CODH sequenc es c orresponding to

K00198 ( cooS ) and K00196 ( cooF ). The second comprised archaeal-

type Ni-CODH sequences annota t ed as K00192 ( cdhA ), K00195

( c dhB ), K00193 ( c dhC ), K00194 ( c dhD ), and K00197 ( c dhE ). The

third da tab ase represent ed MoCu-CODH and included sequences

associa t ed with K03518 ( coxS ), K03519 ( coxM ), and K03520 ( coxL ).

Sequences from each functional annotation were dereplica t ed a t

90% sequence identity with CD-HIT v4.8.1 default p aramet ers (Li

and Godzik 2006 ). In the case of the MoCu-CODH large subunits

(CoxL), sequences were further split into form I (AYRCSFR) and
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Figure 1 Global map displaying the geographic locations of selected volcanic sites relevant to our study. The sites span a wide range of latitudes and 

longitudes across the globe. Included locations are: Llaima Volcano and Atacama Desert (Chile), Poás Volcano (Costa Rica), Mount Melbourne 

(Antar c tic a), Pantelleria Volcano (Italy), Golden Dome Cave (California, USA), Mauna Loa Volcano (Hawaii, USA), and Svalbard (Norway). 
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f orm II (AYRGA GR), based on stric t ma t ching of their c anonic al mo- 

tifs using SeqFu’s v1.22.3 (Telatin et al. 2021 ) grep command. 

The analysis revealed distinct p a tt erns in the presence, 

abundanc e, and sequenc e c onservation of CODH (CoxL) and 

CODH/acetyl-CoA synthase ( c dh / c oo ) gene clusters. The gene 

relative abundance profiles (Fig. 2 ) highlight clear differences 

in the dominance of these gene families, depending on the 

environment al c ont ext. In p articular, the abundance of CoxL 

(K03520_CoxL-form I and K03520_CoxL-form II) was observed 

acr oss most loc ations, specific ally in the Atac ama Desert, Mauna 

Loa, and Mt. Melbourne. These trends suggest that aerobic CO 

oxidation r epr esent s the primary ener gy acquisition p a thway 

across these environments. 

Other g ene clust ers t ended t o show loca tion-specific promi- 

nence. The anaerobic cooF (K00196_CooF) was highly dominant 

in the Pantelleria Island sample. This result is associa t ed with the 

dominance of the Bacillota phylum in this site and with the pres- 

ence of thermoacidophilic and chemolitho aut otrophic strains of 

Hydr ogenisulf obacillus filiaventi and Kyrpidia spormannii ( Table S 

2 . MAGs: GCA_902809825.1_R50 and GCA_902829265.1_FAVT5) . 

Similarly, the Golden Dome Cave soils exhibited a predominance 

of cdhE g enes, indica ting tha t anaer obic CO-dependent c arbon fix- 

ation was a central pathway in these more carbon-poor or redox- 

variable envir onment s. This cdh dominance in Golden Dome Cave 

aligns with a substantial presence of an unclassified species ( Ta 

ble S2 . MAG: GCA_048569215.1_ASM4856921v1), potentially ca- 

pable of r educ tive ace tyl-CoA p a thway utilisa tion. Crucially, g ene 

abundance varied not only in terms of environmental context but 

also across phyla. For inst anc e, sites like the Atacama Desert and 

Mauna Loa Volcano that sho w ed high abundances of CoxL-rela t ed 

genes were also rich in Acidobacteriota and Ac tinomyce tota phyla 

( Table S2 ). Ho w ev er, this tr end w as not observed at Mt. Melbourne. 

While the site was also rich in aerobic CO oxidation genes, the mi-

cr obial community struc tur e w as pr edominantly composed of the

Chloroflex o ta family Dormib act erace ae (MAG: SRR30404090) and

the ar chaeon A ustr alar chaeum er ebusense (MA G: SRR30463440).

Members of Dormib act erace ae hav e been sho wn to possess Ru-

BisCO type IE and a functional CBB cycle, enabling atmospheric

chemosynthesis and allowing them to fix CO 2 using energy derived

primarily from CO oxidation in nutrient-poor environments (Mont-

gomery et al. 2021 ). This supports the idea that, under differ ent se-

lec tive envir onment s, micr oor ganisms may expr ess similar func-

tions. Moreo v er, the observ ed corr elation be tween the dominant

CODH gene profile and the dominant microbial phylum at spe-

cific locations (e.g. Pantelleria’s CooF linked to Bacillota, and CoxL

forms a t Llaima, A tacama, Mauna Lo a, and Mt. Melbourne linked

t o Acidob act erio ta and Chloroflex o ta) sugg ests tha t similar func-

tional capacities for CO metabolism are maintained across distinct

microbial communities in different environmental contexts. 

Following BLASTx, a heatmap was generated to visualise the

highest perc ent age identity (ID%) of hits to a r ef er ence gene

da tab ase for e ach MAG (Fig. 3 ). These da ta further demonstra t ed

contrasting evolutionary dynamics between gene families. For ex-

ample, co xL sequences (K03520_Co xL-form I and K03520_CoxL-

f orm II) wer e highly conserved acr oss all envir onment s, consis-

t ently re aching 90–100% identity, indica ting str ong selec tive pr es-

sure to maintain aerobic CO oxidation functionality. Here, the two

f orms wer e similarly distributed, with f orm II being more con-

served than form I, ex cep t at the Pantelleria site, where only form

II was det ect ed. 

Conv er sely, genes encoding for Cdh/Coo exhibited much

gre a t er variability in both presence and sequence identity,

with high conservation limited to specific sites such as At-

acama (K00196_CooF), Poás Volcano (from K00192_CdhA to 
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Figur e 2 R elative abundance of Cdh/ Coo and CoxL enzymes acr oss eight global loc ations. 

Figure 3 Maximum BLASTx identity (%) of key Cdh/Coo and CoxL enzymes across eight global locations. This heatmap illustrates the sequence 

conservation of each gene in differ ent envir onment s, ranging fr om highly conserv ed (bright y ello w) to poorly conserv ed (dark blue). 
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00198_CooS) and Pantelleria (K00198_CooS). cdh genes were 

ess conserved in sites like Golden Dome Cave (K00196_CooF) 

nd Svalbard (K00195_CdhB), suggesting localised adaptations of 

naer obic CO fix a tion p a thways. Such p a tt erns likely r eflec t dif- 

 er ences in substra t e availability, oxyg en exposure, and compet- 

ng metabolic processes. The observed absence or low de tec tion 

f some c dh / c oo g enes in Llaima, Pant elleria, Mauna Lo a, and Mt. 

Melbourne highlights that these genes may not be univ er sally re-

quir ed, and micr obial communities may r ely pr edominantly on CO

oxidation in more oxyg ena t ed or thermally dynamic substra t es. 

These contrasting evolutionary and ecological p a tt erns frame

the interpr e tation of the Poás Volcano dataset, which represents a

notable outlier in both gene abundance and metabolic v er satility.

Specifically, the higher gene abundances and conservation at Poás
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Volcano likely occurred due to the higher microbial div er sity ob- 

served at this site, dominated by Acidobac teriota, Chlor oflexota, 

and Pseudomonadota, along with minor contributions from other 

phyla. Notably, two species within the generally anaerobic sulfa t e- 

reducing phylum Desulfob act erota displayed striking gene versa- 

tility, with de tec table hit s f or all nine CODH-r ela t ed g ene clus- 

t ers associa t ed with both anaerobic and aer obic me tabolism ( Tabl 

e S2 . MAGs: GCA_037440645.1_GCA_037440645.1_ASM3744064v1 

and GCA_037440525.1_GCA_037440525.1_ASM3744052v1). Espe- 

cially MAG GCA_037440525.1_GCA_037440525.1_ASM3744052v1 

sho w ed the highest functional gene abundances across all 

datase t s, supporting the high potential of these micr oor ganisms 

for CO oxidation. 

Conclusions 

The study of CODH distribution in volcanic-origin soils that are 

consider ed astr obiologic al analogues highlight s the inte gral r ole 

of trace gas metabolism in shaping early microbial ecosystems. 

Under div er se carbon-limited and geochemically dynamic condi- 

tions, distinct global patterns in the presence of CODH-encoding 

genes were observed. Aerobic MoCu-CODH, encoded by coxL 
genes, sho w ed a broad distribution, indicating that aerobic CO 

oxidation may r epr esent a me tabolic ally s table s tra t e gy acr oss a 

range of volcanic environments. In contrast, cdh - and coo -rela t ed 

g enes were p a t chily distribut ed, possibly in a site-specific man- 

ner, highlighting both the evolutionary antiquity of CODH and its 

notable functional plasticity. We propose that these pioneering 

chemolitho trophs no t only pr ovide ener gy f or survival but ac tively 

drive primary suc c ession by c onverting inorganic CO into bioavail- 

able c arbon, ther eby enabling the establishment of mor e com- 

plex microbial communities and laying the biochemical founda- 

tion for subsequent ecosystems. The ex cep tional gene v er satility 

observed in taxa from Poás Volcano, spanning both anaerobic and 

aerobic CODH p a thways, illustra t es the pot ential f or me tabolic 

flexibility to support life under fluctuating environmental stresses. 

Our re vie w demonstra t es tha t v olcanic soils host div er se CODH- 

encoding micr oor ganisms whose me tabolic stra t e gies r eflec t the 

he ter ogeneity of volc anic habitat s, pr oviding insight s into poten- 

tial metabolic p a thways tha t could support life on Mars and other 

ex tr a t err estrial volc anic ecosystems. 
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