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Abstract
Iron -ric h caves are li tt le-explored environments that can be used as analogs to Martian environments, such as the lava tub es protected from

radiati on that could harbor chemo lit hoautotrophic life. Understanding how life can thrive in these environments could provide us with in­

formation about th e present and ancient habitabil ity of Mars. Through metabarcod ing, and mineral and geochemical characterization, we

observed that silica-rich environments presented large populations of microorgan isms from the Alphaproteobacteria and Gammaproteobac­

ter ia classes (phylum Proteobacteria). However, a tendency to increase the presence of the phylum Actinomycetota was observed upon silica

amorphization (formation of opal-AN) and the presence of nit rate. A large presence of the phylu m Acidobacteriota was detected in locations

with low pH, and a ten dency for a greater presence of the phylum Actinomycetota and Planctomycetota appears in a higher presence of iro n

and manganese, respectively. Metagenomic analyzes of selected samples will still be carried out focusing on the search for genes related to

sulfur, ni trogen , and carbon metabolisms. The results highl ight the significance of iron-rich caveswith distinct environmental characteristics

as an important ecosystem in an astrobiological contexto

Résumé
Les grottes riches en fer sont des environnements peu explorés qui peuvent servir d'analogues aux environnements martiens, tels que les tu­

bes de lave identifiés sur la planete, des sites protégés des radiations qui pourraient abriter une vie chimiolithoautotrophe. Comprendre com ­

ment la vie est capable de se développer dans ces environnements peut nous foumir des informations sur ('habitabilité actuelle et ancie nne

de Mars. Grâce aux techniques génom iques et à la caractérisation miné rale et géochimi que, iI a été possible d'observer des tendances dans les

taxons qu i colonisent des lieux présentant des caractér istiques environnementales similaires . Les environnements riches en silice présentent

de grandes populations d'organismes de I'embra nchement des protéobactéries. Cependant, une tendance à I'augmentation de la présence du

phylum Act inomycetota a été observée lors de I'amorphisation de la silice (formation d'opale-AN) et de la présence de nitrate. Une forte pré­

sence d'organismes du phylum Acidobacteriota a été détectée dans les endroits à faible pH, et une tendance à une plus grande présence des

phylum Actinomycetota et Planctomycetota apparait dans les endroits ou la présencede fer et de rnanganêse, respectivement, est plus élevée.

Des analyses métagénom iques d'échantillons sélect ionnés seront encore effectuées à la recherche de genes liés à une meilleure compréhen­

sion des métabolismes dom inants. les résultats soulignent I'importance de lieux tels que les grottes riches en fer en tant qu'environnement

important dans un contexte astrobiologique.

1. Introduction

Cavesare among the most unique and poorly studied environments

on Earth. Due to the harsh conditions observed in many caves, includ ing
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nutrient depletion and low light leveIs.these ecosystems are considered

extreme environments. Therefore, it is worth paying special attention
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to lh e microbial cornrnunities existi ng in th ese uniqu e systerns with

such a variety of geotoglcal contexts and rnineraloglcal compositi ons.

Studies have explo red rnicrobial corn munit ies in different subter­

ranean ecosystems, but li tt le is known about lh e diversity and survival

stratcgics. Cave rnineralogy is closely related to lh e organisms th at

thr ive in th isenvironment,and recent studieshave uncovered potential

relation ships betwecnmicroorganismsand their ecological processes,

such as chemol ith oautotrophlc rnetabol isrns (BENDIA et aI. 2022).

This provides support for discussing it s implicatio ns for the search

for life Iorm s existíng beyo nd our planeI in iron -rich environme nts,

especially on Mars (SAUROet aI. 2020). Mart ian lava tubes are voicanic

cavoson Mars tbat arebelieved lo have íormed asa result of fast-movmg

basalt ic lava ílows assocíated wi th volcanisrn. Slud iesof bacterial com ­

rnunit ies in centuries-old caves and lava tub es on lhe island of Hawai i

have shown that th ey are more diverse than snentists expected, and

rnay help usunderstand how life may have existed on Mars and ancient

Earlh (LÉVEILLÉ & DATTA 2010).

Environmentssimilar lo Martian lavatubesarebecomin gof interest to

research lo assess lh e habitability ol lh e red planei .Thus, placessuch as

2. Materials and methods

Three caves were visited in lhe region between Serro and Morro

do Pilar, in lhe state of Minas Gerais, in Jul y 2023, total ing 12 samp les

coll ected.The first cave (Cave_OI), with low iro n cont ent , had 3 samples

collecled.lVhil e lh esecond (Cave_02) and lh e th ird cave (Cave_03), rich

in iron. had 4 and 5 samples coll ecled. respeclively.

For 16S gene analyzes. genomic male rial from coll ected samples

was exl racled using th e DNeasy POlVerSoil Pro Kil (QIAGEN©, Hild en,

Germany).After DNAexlracl ion. th e inlegrily of lh egenomic material was

verified by 1% (v/v) agarose gel elecl rophoresis and th e concenlralion

\Vas assessed using lhe Qubil dsDNA HS kit (Thermo Fisher Scienl ific ,

\\Ialtham, MA. USA). DNA quality lVas veri fied with NanoDrop NDI 000

(Thermo Scientific, USA). Large-scale sequencing of the 16SrRNAgene

wasperlormed with lhe genomic material on th e IIlumina Miseq platform

(2 x 300 bp), \Vith 100,000 reads of coverage. The V4-V5regions 01Bac­

teria and Archaea \Vere ampl il ied using lh e un iversal primers 5151/926r

(Caporaso et aI., 2011; Parada et aI.. 2015). The reads obt ained from

sequencing \Vere processed lVith th e QIIME2 software version 2019.10

(Bolyen et aI., 2019). The taxonomic c1assification was assigned to the

amp licon sequence variants (ASVs) using Silva data base v. 13B.

The local mineralogy wasassessed via X-ray diffraction (XRD), while

accessory mineral ident il icat ion was performed by micro·Raman . The

XRDanalyzes\Vas performed in Bruker equipment, DBAdvance DaVinci

mod el wi th LYNXEYE deteclor and TWIN-TWIN optics, using a Cu-Kal

iron -rich caves,such as those Iound in th e region between Serro and Morro

do Pila r, in the state oí Mina s Gerai s, become little-expl ored analoguesIor

und erstanding th e ways in which life, as w e know it, could develop lhe

survival strategies necessary to inh abit pl aces on lhe Mart ian surface. Lava

tubesare especially interesting because th ey are prot ected írorn ultravio­

let radiation and cosmic rays but, li ke th e iron-rich caves on Earth, they

lack nutrient s and energy sources such as sunl igh t (SAUROet aI. 2020).

The assessm ent 01 bact eri al and arc haea l diversi ty , taxonornrc

composit ion, melabolic pred icli on of these caves usi ng high-throughput

16S rRNA gene sequencing w ill help us in th e sea rch fo r th e diversity of

rnicr ob ial groups involved in dilferent b io geoch emical cycle s, including

reduclive pathways and oxid ati ve proc esses related lo carbonosulfur,

nítrogen and iron. The interpret at ion of th ese da ta.together wi th a mine­

ralogical mapping of th e envl ronrnent, could revea t the rrucrobial diversity

in cave ecosystems , cont ri but ing to eluci dating po ten t ia l me tabol isms

in analogo us ext rate rrestrial ohgot rophic systerns, such as subterranean

environments on Mars (BENDIA et aI. 2022 ). In t hi s contexto id entifying

speci fi c microbial groups linked to th is cave environment help s lo re­

veal inlormation about lo cal habitabil ity in an ast ro bio logica l context.

source and 28 ranging from 5 o to 65 o . lhe m icro -Ram an rneasurernents

we re carried out using a Renishaw InVi a Refl ex equi pment coup led to a

Leica DM2500M microscope, using a 785 nm (d io de laser. Renishaw)-500

mW- w ith 5% of its power. Each individuai specl rum was collected

using 30 accumulations of 1 s each , w ilh th e removal 01 cosm ic rays.

The software Wire 4.4, Fityk 1.3.1 , and Ori ginPro 8 were used to collect ,

analyze. and plot the data, respectively. Standards of ad en ine , cyto sine,

guanine, th ym ine , and uracil (Sigma Aldrich) were al so mea sured and

used as a comparison to help the ident i ficati on of the mineral deposils.

The geochemist ry was oblained by synchrolron techniques such as

micro -X-ray f1uorescence (micro-XRF) and XANES(for iron and man ganese

speciation). lhe micro-X-ray f1uorescenc e (micro-XRF)and X-ray absorp ­

lion nearedge slructure (XANES)analyzes w ere performed at Carnaú ba

beamline (Sirius/CNPEM). lhe XRFspect ra w ere acquired in white beam

mode, micro focus ing (beam size 01 1 x 111m' ), and using a sil icon drift

det ector (SDD). Each spect rum was acqui red w ith approximately l BOs

01accumulation in f1yscan mode and the data was processed using the

PyMCAsoftware. X-ray absorplion near edge structure (XANES)spectra

werecollected in transmission mode at the Carnaúba beaml ine, around

the Fe K-edge (7112 eV) and Mn k-edge (6539 eV) at room temperalUre

and ambient pressure. lhe XANES absorption curves obtained were later

normalizedusing the Athena XASdata processing software. Sampleswith

enough humidily/water were tested for its pH using pH strips (KASVI).

Figure 1: Relat ive abundance af the mast represento tive phyla afBaeteria and Archaea (abundance greater than 0.1%] in samp les fram Cave_OI,

Cave_Ol, and Cave_03 thraugh 165 gene sequencing.
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3. Results

l he165gene sequenci ng revealed a great d iversity of mic roorganisms

10ali collected samples. Afte r sequencin g the 165 gene , it was po ssible to

recover atotal of 1211573 ONA seque nces fro m the 12 analyzed samples,

represenl ing an average of 44873 .07 ± 121 29.61 seq uences per sample .

l he sequences ob tained we re c1assified in to 6,205 A5Vs, representing

anaverageof 1445.815 ± 682.7496 ASVs per sample. The total of 6,135

c1assified A5Vsbelon ged to the Bact eria do m ain and 70 ASVsbelonged

lo lheArchaea domain . The dominant ph y lu m of th e Bacteria domain

was Proleobacteria (46.71% ), follow ed by Act inobacter iot a (36.60%),

Acidobacleriola (7.16%), Chloroflexi (3.97% ), Pla nc tomycetota (2.04%) ,

Cyanobacteria (1.68%), Verrucomicrobiota (0.80%), WPS-2 (0.57%) and

Flrmicules(0.23%) . The Archaea communit ies were mainly represented

by lhe phyla Crenarchaeota (0.61%), Eur yarc haeota (0.0005%) , Halo­

bacterota (0.0338%) , and Th ermoplasmatota (0.0076% ). At c1 ass levei ,

Alphaproteobacteria (45 .86%) w as the most abu nd ant group in lhe

sampled caves, fo llowed by Actinobacteria (33.84%), Acidobacteriae

(7.25~ ó) , Ktedonobacteria (3.30%) , Thermoleophilia (2.88% ), Planctomy­

cetes (2.04%). Cyanobacteriia (1.69%) , Gammaproteobact er ia (0.97%),

verrucormcrobiae (0.80%), WPS-2 (0.58%), JG30-KF-CM66 (0.32%), Bacilli

4. Discussion

l he analyses of the ta xonomic composition of th e bact er ial and ar­

chaealcomm uni t ies indi cated the presence o f a great microbial d iversity,

distnbuted in more than 40 phy la . Oesp i te the d istinct ion between the

cornposition of t he caves (qua rtzi te and iron), th e micro bia l communi ti es

didnot present signi ficant d ifferences in species richness and diversity

among the three caves analyzed . Ho w ever, it is possible to observe that

lhesamples richest in quartz present a greater abunda nce of organ isms

from the phylum Proteobacter ia (no to ri o usl y hav ing numerous species

capableof carrying out N2 f ixation and m etabolism of C1 compounds),

visible in Cave_OI and in points rich in quartz, such as coralloids in

Cave_02 (sample CO_2_ 4) an d Cave_03 (sample CO_3_4). The sample

with lhe presence of opal-AN and nitrate (sample CO_3_5) (Fig.2) shows

a greater abundance o f orga nis ms from the phylum Actinobacterota,

greater than ali ot her sam ples . These pred o m inances are in agree ment

with what was reported by SAURO et aI. (20 18) . According to them , the

increaseofthe amorphiza ti on ofthe silica (pa ra lle l to a po ssible increase

of externai organic matter) was co nso nan t wi th higher abunda nce of

Aetinomycetota. Samples from iron-r ich caves (Cave_02 and Cave_03)

(0.23%) and Nil rososphaeria (0.19%) (Fig.l ).

The presenceof quartzwasobserved inali samples,but it VIaspredo­

minant in the iron-poor cave (Cave_OI) ,alongwith feldspar and illi te.Ali

iron -rich caves (Cave_02 and Cave_03) presented the minerais goethite

and hematite , along wi th other iron oxides and oxyhydroxides, sueh as

lepidocrocite, that Vlere moresporadic.Amonglhe iron-rich cavesvisíted,

the most developed one (Cave_03) had lhe presenceof coralloids, rich in

mixturesof iron minerais,in addition to thepresenceof small structuresof

hyaline opal (opal-AN), on which thepresenceof nitrate(NO") wasidentified

(sample CO_3_5). Acidic samples,like sample CO_l_3(pHbetween3and

4) showed a higher concentration of Acidobacteriota.

While in lh e lessdeveloped cave (Cave_02), l he ironVIasmostly in its

most oxid ized form (Fel'), lh e most developedcave(Cave_03)presented

some points wíth reduced iron ion (Fe"),which increaseslhe possibrhties

of melabolisms linked to iron oxidation -reduction cycles.The most sig­

nificant concentrationsof manganese,another elemenl assocíated wi th

bio geochemical cycles and chemolithoautotrophic metabolisms, were

also observed in this cave.At th is location, mixturesof manganesein the

oxidat ive states Mn", Mn" and Mn4' were observed (sample CO_3_6).

also showed a higher abundance of Actinomycelota. Alt hough most of

them are heterotroph ic, feeding on organic carbon,somearealso known

to fix nitrogen and lo have chernol ithoautotrophic activities exhibiting

nit rate-dependent iron oxidat ion,

On theoth er hand, theredoesnot seemto be arelationship between

the microbiota and variations in the presence of Fe" and Fe'·. 5amples

with lower pH and higher concentration of iron (such as CO_l _3. with

pH =3 to 4) showed also a higher concentrat ion of Acidobacteriota than

the other samples,acorrelat ion described , for exampl e, by KIELAKet aI.

(2016). The sample with the highest presence of manganese(CO_3_6)

stands out for the presence of lhe phylum Planctom ycetota , in a higher

quantity than lhe other samples. Studieshave demonstrated the direcl

Iink (LOMAKINAet aI. 2023)and presenceof genes Iinked to manganese

oxidat ion (SUAREZ et aI. 2023) and the group of Planctomycetota.

Metagenomic analyzesof selected samples from theseiron-rich caves

wil l still be carried out in the search for genes related to metabolisms

tha t provid e insights on the habitabi lity of these environments.

Figure2: Coral/oids rich in apal-AN and nitra te aver an iron-rich wolt of Cave_03(sample CO_3.5).A Visiblelight viewof theregioncontaining

opolized coral/oids. B. Aslight ly tilted view af the same area undet ultraviolet light ShOIV5the fluorescenceof tbeopalized coral/oids (brightness ond

contrast slight ly enhancedfor better observatian af lhe fluarescence).
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5. Conclusion

In th iswork, it IV.1Spossible to dernonstrate a great diversity of species

in the studie d cave envíronmcnts. Although preliminary, th ese results

expand our knowlcdge abou t the microb ial comm uni t ies that colonize

iro n-rich caves cornpared to envl ro nmerus ncher in sílica.

The result s dcmo nstrate a clear relationship betwcen the progress

of sil ica amo rph izationand the cornposi tio n of the microb ial populat ion,

relatcd to th e geochemis try of the mlcroenvíronments. The process of

progressivo silica arnorphizntion seerus to lead to a change in the com­

mun ity íro rn the predom inance of Proteobacteria to Act inomycetota.

In addi t io n, 10C.ll changes in pH and local aspect s of silica solubi l ity

may result in bacterial metaboli c processes related to chernoli t hoauto­

trophic act iv iti es, for example, ino rganic nit rogen transformat ion and

Acknowledgments

The autho rs would like to thank FAPEMIG for ItS fin anciai support

thr ough project APQ·00153-22. The col laboratton and support of the

Foundat ion were fund am ental for th e advancernen t of th e research

and for ob tain ing th e results present ed. The authors would also like to

References

BENDIA A.G.. CALLEFO F.• ARAÚJO. M.N., SANCHEZ E., TEIXEIRA V.c.,

VASCONCELOS A.. PELlIZARI V.H.• RODRIGUES F.• GALANTE D. (2022)

1.letagenom e·Assembled Genornesfrom Mon te Cristo Cave (Diamanti na,

Brazil ) Reveal Prokaryot ic LineagesAsFunct ion al Models for Life on Mars.

Astrob iol ogy 22(3):293- 312.

BOLYEN. E.• RIDEOUT. J.R.• DILLON. M.R., BOKUlICH. NA . ABNET, c.c.,
AL-GHAlITH. G.A., ALEXANDER.H.,ALM, E.J.•ARUMUGAM, 1.1 .•ASNICAR,

F.. BAI. Y.. BISANZ. H .. BITTINGER. K., BREJNROD,A., BRISLAWN, C.L,
BROI\'N. C.T.. CALLAHAN. B.J.. CARABALLO-RODRíGUEZ,A.M., CHASE, J.,

COPE . E.K., CAPORASO. J.G. (2019) Reproducible, interacti ve, scalable

and extensible microbiome data scíence using QlIME 2. Nature biote­

chnology, 37: 852-8 57.

BO\\'ERS R.M., KYRPIDES N.C., STEPANAUSKAS R.• HARMON·SMITH 1.1 .,

DOUDD.•REDDYT.B.K.•SCHULZ F.•JARETI J.•RIVERSA.R.•ELOE·FADROSH

E.A.. TRINGES.G., IVANOVA N.N., COPELAND A.•CLUMA.•BECRAFT E.D.,

MALMSTROM R.R.. BIRREN B., PODAR 1.1 ., BORK P., WEINSTOCK G.M.,

GARRIn' G.M.• DODSWORTHJ.A.. YOOSEPH S.• SUTTON G., GLÓCKNER

F.O.,GILBERT J.A., NELSONw.c.,HALLAMS.J., JUNGBLUTHS.P., ETIEMA

T.J.G., TlGHE S.• KONSTANTlNIDIS K.T., lIU W.• BAKER B.J., RATIEI T.,

E1SEN J.A.. HEDLUND B., MCMAHONK.D.•FIERER N., KNIGHT R., FINN R.,

COCHRANEG.•KARSCH-MIZRACHII.. TYSON G.W., RINKE c., THEGENOME

STANDARDSCONSORTlUM, LAPIDUS A., MEYERF.•YILMAZP., PARKSD.H.,

ERE NA.M.•SCHRIML L.. BANFIELDJ.F.•HUGE NHOLTZ P.,VlOYKET. (2017)

MlI1imum informati on about a single amplified genome (MISAG) and

a metagenome·assembled genome (MIMAG) of bacteria and archaea .

Natu re Biotechno logy 35:725-731.

CAPORASO J.G.•LAUBER c.L. .WALTERSVIA. BERG·LYONS D.•LOZUPO­

NEC.A.•TURNBAUGHP.J.. FIERER N., KNIGHT R. (2011) Globa l patterns

of 16S rRNA diversity at a depth of million s of sequences per sample.

Proceedings of the National Academy of Sciences, 1:4516.22.

JOHNSON. D.B.• &. HALLBERG, K.B. (2003) The microbiology of acid ic

m ine IVaters. Research in Microbiology,154 (7):466-473 .

iro n oxid at ion, Th e presence of iro n and manganese also seems to exert

pres sur e for a ch ange in the m ic robial co m m u nity, lea ding to higher

con centrat ions of Act inomyceto ta and Planctomyceto ta, res pectively.

As a ío llow-up, we inte nd to co nd uct a more d et ail ed metageno­

mie study o f some selecte d selecti o ns, open ing doors to a wide range

of metabo lism s an d surv ival st rategies possibl e in th is envi ronment.

Togeth er, th ese results will be able to demonst rat e th at , in an ana lo­

gous way. Martian env iro nmen ts, suc h as lav a tubes, co u ld support an

ecosystem simi lar to those found in the resea rche d reg ion, expan di ng

the habit ab il it y of th ese pl aces fo r li fe as we know it. Th is highl ights th e

importance o f pl aces suc h as iron -r ich caves as an env iro nment to be

stud ied in detailto expand our knowled ge in an ast ro b io log ical con text.

th ank FAPESP project2021!05083-8 and CNPq gran t 3108 17! 2020·0. The

authors wou ld also like to th ank th e kind co llabo rati o n of their co ll ea­

gues Prof . Vivi an PELlIZARI . Prof. Fab io RODRIGUES, Ped ro ABILHERA

and Danilo BARBOSA.

KIELAKA.M.•BARRETOc.c.,KOWALCHUK G.A., VAN VEEN J.A., KURAMAE

E.E. (2016) Th e Ecol ogy o f Aci dobacteria : Moving beyond Genes and

Genomes. Front iers Microbio logy 7:744.

LÉVEILLÉ R.J., DATTA S. (2010 ) Lava tu bes and basa l t ic caves as ast ro­

biological targets on Earth and Mars: A revi ew . Pl an et ary and Space

Science 58(4):592·598.

LOMAKINA A., BUK1N S., SHUBENKOVA O., POGODAEVA T., IVANOV V.,

BUKIN V.•ZEMSKAVA T. (2023) Microbial Communit ies in Ferromanganese

Sed im ents fromthe Northern Basin of Lake Ba ik al (Ru ssia ). Microorga­

nisms 11(7):1865 .

PARADA,A.E., NEEDHAM, D.M., FUHRMAN. J.A. (2015) Every base m atters:

assessing small subunit rRNA prim ers for m arine m icrobiomes w ith

mock cornrnuniti es, t ime series and global fi eld samples. Environmental

Microbiology, 18: 1403-1414.

SAUROF., CAPPELLETTI 1.1, GHEZZI D., COLUMBU A., HONG P.• ZOWAWI

H.M., CARBONE c., PICCINI L., VERGARA F., ZANNONI D., DE WAELE J.

(2018) Microbial diversity and biosignatures of amorphous silica deposits

in orthoquartzite caves . Scientific Reports 8:17569.

SAUROF., POZZOBON R., MASSIRONI 1.1 .• DE BERARDINS P., SANTAGATA

T. (2020) Lava tubes on Earth, Moon and Mars: A rev iew on their size

and morphology revealed by comparative planetology. Earth ·Science

Reviews 209(9):103288.

SUAREZc. , HACKL T.,WILEN B., PERSSON F., HAGEllA P., JETTEN 1.1.5.1.1 .,

MARTINS P.D. (2023) Novel and unusual genes for n itrogen and metal

cyeling in Planetomycetota- and KSB1·affiliated metagenome·assembled

genomes reconstructed from a marine subsea tunnel. FEMS Microbiology

Letters 370:fnad049.

118


