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The limits of life: extremophiles

an organism that is able to live
(or in some cases thrive) in
extreme environments
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The limits of life: extremophiles

The temperature, pressure, pH, and salinity boundaries
observed for life on Earth compared to the observed on

planetary bodies
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From Earth’s Extremophiles to Ocean Worlds

Microbial insights to define habitability and guide the search for life in icy oceans

1. Study extremophiles in Earth analogs

What do we learn?

Energy acquisition
; (chemolithoautotrophy)

Metabolic diversity
(mainly anaerobic)

N
Adaptation strategies
(genomic and physiological)
?r

Molecular biosignatures
(genes, pathways, metaboilites)

Deep-sea sediments

Earth’s extremes

Application to ocean worlds
Defining where and under what conditions life could exist
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Where to look?
Subsurface oceans ) | ceshell

Minimum conditions
Water, energy sources,
key elements, suitable
physical conditions

Can life persist?

Insights from Earth
to constrain habitability

Rocky core

Icy ocean worlds




Extremophiles as models for astrobiology

Organisms in pure cultures:

TABLE 3 | Limits of life as identified by (poly)extremophilic organisms in pure cultures.

Strain Domain Extremophile Isolation Temperature pH Pressure Salinity Water References

Type ecosystem {°C) (Mpa) (%) activity

(aw)

Picrophilus Archaea Hypercidophile Hot springs, Scifataras 47-65 (60)2 —0.06-1.8 (0.7) nr 0-20 nr Schleper et al., 1995, 1996
oshimae KAW 2/2
Serpentinomonas Bacteria Alkaliphile Serpentinizing system 18-37 (30) 9-12.5 (11) nr 0-0.5(0) nr Suzuki et al., 2014
sp. B1 (water)
Methanopyrus Archaea Hyperthermophile Deep-sea hydrothermal 90-122 (105) (6.3-6.6) 0.4-40 0.5-4.5(3.0) nr Takai et al., 2008
kandleri 116 vent
Planococcus Bacteria Halopsychrophile Sea ice core —15-37 (25) 6-11 (7-8) nr 0-19 (2) nr Mykytczuk et al., 2012,
halocryophilus Or1 2013
Halarsenatibacter Bacteria Haloalkaliphile Soda lake 28-55 (44) 8.7-9.8 (9.4) nr 20-35 (35) nr Oremland et al., 2005
silvermanii SLAS-1
Thermococcus Archaea Piezothermophile Deep-sea hydrothermal 60-95 (75) 5.5-9 () 0.1-125 (50) 2-6 (3) nr Dalmasso et al., 2016
piezophilus CDGS vent
Haloarchaeal Archaea Xerophile Solar salterns (brine) nr nr nr nr 0.635 Javor, 1984
strains
GN-2 and GN-5

4Data presented as range (optimum) for each parameter. nr, not reported in the original publication. Current limits are highlighted in bold.

} frontiers

Living at the Extremes:
Extremophiles and the Limits of Life
in a Planetary Context

Nancy Merino*23, Heidi S. Aronson*, Diana P. Bojanova, Jayme Feyhl-Buska',

Michael L. Wong*s, Shu Zhang’ and Donato Giovannelli>**

REVIEW

The majority of extremophile

diversity is uncultivable or has
not yet been cultivated!




Looking for novel and uncultured Antarctic extremophiles:
new models for astrobiology

¢ Culture-dependent technigques ot oH

ﬂ Undearstanding microbial physiclogy
ﬂ Only =1% of microorganisms are culturable in lab conditions

* Culture-independent technigues ",
Understanding the “antire” microbial diversily in the environment @
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Looking for novel and uncultured Antarctic extremophiles:

new models for astrobiology
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What are they doing?
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3 How do they survive?
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RECOVERING EXTREMOPHILES’ GENOMES WITHOUT CULTIVATION

Metagenome-assembled genomes (MAGs)
vv' - ‘ . i_\»_,

r. a‘ 2
1 Mixed Microbial ‘w L

= Community

R Reconsirucied genomes :
usmg bioinformatics tools

IIIumlna sequencing: reads

e b Advantage:
2 m|II|ons/b|II|ons } + Description of extremophiles not yet

genomes cultivated ) _
. + Inference of new lifestyles and metabolisms x hundreds recovered

for new taxonomic groups genom,es
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Antarctic volcanoes: temperature gradient and the
limits of life on Earth
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Antarctic volcanoes: geochemical gradient and the
limits of life on Earth

Geochemical gradient:

Multiple forms of chemical energy.

Different metabolisms

%{nosynthesis - Chemolitothrophs
ey

tl

——
—
eI =

-



Deception
Island,

Antarctica

Crown Copyright




<% (AcNPg

P R O AR Conselho Nacional de Desenvolvimento

Brazilian Antarctic Program S

Iiha Rei
George

t— — Estacdo
o Comandante
Ferraz
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Who iS 'I'here? Method: 16S rRNA sequencing
Diversity of Bacteria and Archaea in Deception Island

Bacteria

Bendia et al., 2018

;‘ frontiers

A Mosaic of Geothermal and Marine
Features Shapes Microbial Community
Structure on Deception Island Volcano,
Antarctica

Amanda G. Bendia', Camila M. Signori', Diego Franco', Rubens T. Duarte’ %, Brendan J.
Bohannan’, Vivian H. Pellizari”

'Deeanographic Institute, Universicade de S Pauln, Brazil, fUniversidade Federal de Santa Catarina,
Brazil, *Department of Bislogy, Institute of Ecology and Evolution, University of Oregan, United States
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How do 'l'hey sUrvive ?vetoa: Metagenomics

Bendia et al., 2021. Environmental Microbiology Journal

Molecular mechanisms of microbial adaptation in Deception Island
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th.l. are .I.hey dOing? Method: Metagenomics Bendia et al., 2021. Environmental Microbiology Journal
Metabolic potentials and their relationships

with the biogeochemical cycles in Energetic metabolism
Deception Island
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Metabolic and survival strategies of bacterial and archaeal
reconstructed through metagenomics

Energetic metabolisms

environmental £
microbiology 2.al
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Deception Island volcano, Antarctica

Dissimilatory Nitrate Reduction
narGHI(K00370, K00371, K00374)
Amanda Gongalves Bendia &, Leandro Nascimento Lemos, Lucas William Mendes, Camila Negrao Signori, napAB (K02567, K02568)
Brendan ). M. Bohannan, Vivian Helena Pellizari Assimilatory Nitrate Reduction
nirA (K00366)

nirBD (K00362, K00363)
nasAB (K00372, K00360)

lished: 09 July 2021 | https://doi.org/10.1111/1462-2920.15649

narB (K00367)

Denitrification
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Nitrification
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Assimilatory Sulfate Reduction
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cysC (K00860)

cysH (K00390)
sir (K00392)
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Dissimilatory Sulfate Reduction And Oxidation
sat (K00958)

Thiosulfate Oxidation

SOXAXBYZ (K17222, K17223, K17224, K17226, K17227)
Carbon Fixation

Reductive Citric Acid Cycle

Phosphate Acetyltransferase-Acetate Kinase Pathway
3-Hydroxypropionate Bi-Cycle
Hydroxypropionate-Hydroxybutylate Cycle
Dicarboxylate-Hydroxybutyrate Cycle

Reductive Pentose Phosphate Cycle

Wood-Ljundah! Pathway

Methane Metabolism

CO; => Methane

Acetate => Methane

Methanol => Methane

i => Methane

Methane Oxidation - Methane => Formaldehyde
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Cold-shock proteins
cspA (COG1278)
cspC (COG1278)
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Heat-shock proteins
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Oxidative Stress

Superoxide reductase (EC 1.15.1.2) (COG2033)
Superoxide dismutase (EC 1.15.1.1) (COG0605)
Rubrerythrin (COG1592)

Rubredoxin (COG1773)

Transcriptional regulator, Crp/Fr family
Peroxide stress regulator PerR, FUR family (COG0735)
Periplasmic Stress Response
Protease/chaperone protein htrA

Carbon Starvation
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DNA protection during starvation protein (COG2406)
Carbon starvation protein A, Carbon storage regulator
Universal Stress Proteins
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* First genome of this hyperthermophilic Archaea from Antarctica (Pyrodictiaceae family)
* Novel potential lifestyles, e.g. Woesearchaeia — reverse gyrase gene (typical of hyperthermophiles)
* Importance of MAGs approach to describe extremophilic lineages
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New genus/species within Pyrodictiaceae family: Pyroantarcticum pellizari
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New genus/species within Pyrodictiaceae family: Pyroantarcticum pellizari
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SURVIVAL STRATEGIES OF UNCULTIVATED NANOARCHAEA/NANOBDELLOTA IN
AN ACTIVE VOLCANO IN ANTARCTICA (DECEPTION ISLAND)

DPANN superphylum
Are known for their diversity, reduced genomes, and symbiotic lifestyle

Ultra-small genomes, metabolic dependence on hosts, and adaptation to

extreme energy limitation provide models for understanding the minimal

requirements for cellular life in potentially habitable extraterrestrial

environments.
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Antarctic Cryosphere
Criosfera 1 (Brazilian Module)
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Snow microbiome: Antarctic Continent
Criosfera 1/CrioLabl — expedition — 2014
Prof. Heitor Evangelista UERJ




Marine in snow/firn

layers from Antarctic continent

Interior = Methanogenic archaea

= Geo/hydrothermal systems

Relative abundance (%)

Family
Acidilobaceae
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Marine_Group_Il

Methanobacteriaceas

1333

The prevalence of members that occupied such distant ecosystems as marine,
hydrothermal and terrestrial ecosystems suggests a heterogeneity of the snow
microbiome probably due to the largely aeolian dispersion over the Antarctic continent
and the long-time persistence of their genetic material

=> Several marine archaeal groups (deep and surface waters)
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Patterns of air mass incursions from Southern Ocean
play a role on microbial dispersions into West
Antarctic Ice Sheet
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Backward air mass trajectories
Prof. Dr. Heitor Evangelista UERJ
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Previous results from our group identified the presence of marine microorganisms deposited in
snow at the Criosfera 1 module, raising the hypothesis that these microorganisms could be
transported through the atmosphere via bioaerosols from the Antarctic Peninsula to the
continental interior.

* How microorganisms can survive dispersal across extreme, cold, nutrient-poor, and highly
irradiated environments.

* The limits of microbial persistence and dispersal and may inform hypotheses about the transport

and potential establishment of life in icy extraterrestrial environments.
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Bioaerosol sampling to investigate extremophiles survival under
atmospheric conditions

Operantares XLIIl / XLIV — Operantar XLV (2024 — 2026)
Colab. Prof. Rodrigo Kerr e Eduardo Secchi (FURG)
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Snow sampling in the Ellsworth Mountains and at Criosfera 1 —

Antarctic Continent Interior — 2025
Colab. Prof. Heitor Evangelista UERJ
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Sampling to investigate Antarctic extremophiles
Seawater, bioaerosols, snow, soil, and deep-sea sediments
International Coastal Circumpolar Expedition — ICCE
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http://drive.google.com/file/d/1x_pe-q7cPR__K3Kd-8EIVoz5iL7Jo4Sx/view
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A new frontier for studying extremophiles: the subsurface and the lir
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Aerobic microbial life persists in oxic marine
sediment as old as 101.5 million years

Yuki Morono 1'28, Motoo Ito 12, Tatsuhiko Hnshinnu, Takeshi Terada3, Tomoyuki Hori 4,
Minoru lkehara 5, Steven D'Hondt® = & Fumio Inagaki 12783

Fig.1:3C and 1’N incorporation in representative microbial cells.
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Hidden ecosys!emn marine subsurface
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How life on Earth survives and adapts under

subsurface conditions?

. Intraterrestrlal extre
« Chemoautotrophic g'r'owth

» Widespread micfobial life (2 km
deep in sediments/oceanic crust)

- Bacterial metabolism and growth
rate decrease with depth

» Diversity of archaea in
the subsurface often
surpasses that found the
in surface

Underestimation of
Earth's overall archaeal
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DISCOVERING NOVEL ARCHAEAL PHYLA AND
. SUPERPHYLA
IN DEEP-SEA ECOSYSTEMS
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DISCOVERING PHYLA AND
SUPERPHYLA
IN ECOSYSTEMS
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DISCOVERING NOVEL ARCHAEAL PHYLA AND SUPERPHYLA IN DEEP-SEA
ECOSYSTEMS
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DISCOVERING NOVEL ARCHAEAL PHYLA AND SUPERPHYLA IN DEEP-SEA
ECOSYSTEMS
I!i\g.gP:):o::dl'l?p:t:etic’a‘l n:)(:eﬁ‘:re:;:;:ggesg‘ pioiRL A E U KA RYOT ES AN D

From: Isolation of an archaeon at the prokaryote-eukaryote interface nature

Explore content ¥ About the journal v  Publish with us v

nature > articles > article

Article Published: 15 January 2020
Isolation of an archaeon at the prokaryote-eukaryote
interface

Hiroyuki Imachi &, Masaru K. Nobu &, Nozomi Nakahara, Yuki Morono, Miyuki Ogawara, Yoshihiro

Takaki, Yoshinori Takano, Katsuyuki Uematsu, Tetsuro Ikuta, Motoo Ito, Yohei Matsui, Masayuki

@ Host archaeon % Sulfate-reducing bacteria % Aerobic (future s exchange Miyazaki, Kazuyoshi Murata, Yumi Saito, Sanae Sakai, Chihong Song, Eiji Tasumi, Yuko Yamanaka,

Takashi Yamaguchi, Yoichi Kamagata, Hideyuki Tamaki & Ken Takai

Nature 577, 519-525 (2020) | Cite this article
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CHEMOSYNTHETIC METABOLISMS IN THE

SUBSEAFLOOR
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Microbial Metabolisms in Antarctic Deep-Sea Sediments

Surface sediments (oxic)
Higher availability of electron acceptors

. Electron acceptors
Common metabolisms P

¢ Organic carbon degradation 0,

Water column (aerobic) NO,-

¢ Nitrification Mn(1V)
e Manganese and iron oxidation Fe(Ill)

e Sulfur oxidation 50 2-
4

RS
i =

Sediments Esae e Subsurface sediments (anoxic)
T Surface T : Energy from reduced inorganic compounds
o) : = T 7 ¥ “" Electron acceptors
' : > ' ; : Common metabolisms
¢ PR 2 P '."': S Sulfate reduction 50,
SR P - Methanogenesis CO,
T-Stibsurface , ' o 1 & " A Anaerobic methane oxidation Fe(Ill)
(reduced, anoxic) . > & & Iron and manganese reduction Mn(1V)
v 5 p.. . Other anaerobic pathways (no 0,)

Relevance for icy ocean worlds

e Subsurface oceans likely dominated by anoxic conditions

e Reduced compounds can fuel chemosynthetic life

e Similar metabolisms may sustain microbial ecosystems
in icy ocean environments

\W/

Enceladus



Mini Review
& frontiers | Frontiers in Astronomy and Space Sciences 24 October 2025
10.3389/fspas.2025.1694079

MbPy)
Review (®) Check for updates. : . i
A Review on Hypothesized Metabolic Pathways on Europa and Eutr opt>a > oigar. f: otentlatl f;)r h
Enceladus: Space-Flight Detection Considerations orenacesss SRLArCIsRdL enemoatotiaphy

Jessica M. Weber *, Theresa C. Marlin ', Medha Prakash, Bronwyn L. Teece ', Katherine Dzurilla

Emory G. Barrett and Richard A. Lutz*
and Laura M. Barge '

Table 1. Predicted condition comparison between Enceladus and Europa based on modeling and spacecraft measurements. For
the molecules and ions, this is a non-exhaustive list.

Condition Enceladus Europa
pH Basic (8—11) [27,28] Most likely acidic (~4—6), but not well constrained [29,30]
Pressure 1.5-10 MPa [31,32] 110-260 MPa [30,33,34]
Ice shell thickness 5-25 km (excluding south pole terrain) [31,35,36] 5-100 km [37,38,39]

Hp, CO2, NH3, CHy4, organics, phosphates

Notable species
[11,12,13,14,40,41]

Mg2*+, SO42-, CHy, NH3 [29,42,43,44,45,46,47,48,49,50]

Hypothetical anaerobic metabolisms
Methane oxidation (mainly Europa)
Methanogenesis

Sulfate Reduction



Sampling to investigate deep-sea Antarctic

extremophiles
Internatlonal Coastal Circumpolar Expedition — ICCE

sampling_site
Lazdarev Sea

Mawson Sea

Dumont d' Urville Sea

Dumont d’ Urville Sea

Ross Sea

International Antarctic Coastal
Circumpolar Expedition (ICCE)

JORNAL DA USP

~ DIVERSIDADE -  EDUCACAO  INSTITUCIONAL A

Expedlqao vai investigar 1mpacto das
mudancas climaticas no gelo e na
biodiversidade da Antartida

Misséo internacional, liderada pelo Brasil, vai percorrer mais de 20 mil quildmetros ao
redor do continente antartico, a bordo de um quebra-gelo russo
29/11/2024 - Publicado ha 2 anos  © Atualizado: 12/12/2024 as 17:17

~ Subseafloor —
Gravity corer




Unveiling Extremophilic Archaea from Antarctic
Deep-Sea Surface and Subsurface Sediments with
Evolutionary Links to the Origin of Complex Life
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Hooke Ridge hydrothermal vents — Bransfield Strait

Southernmost Hydrothermal area on Earth

(© Springer-Verlag 1999

Geo-Marine Letters (1999) 18: 277-284

1999

G. Bohrmann - C. Chin - S. Petersen - H. Sahling
U. Schwarz-Schampera - J. Greinert - S. Lammers
G. Rehder - A. Dachlmann - K. Wallmann

S. Dijkstra - H.-W. Schenke

Hydrothermal activity at Hook Ridge in the Central Bransfield Basin,
Antarctica

>200°C
Different from other hydrothermal

regions
SCHMIDT .

OCEAN
INSTITUTE

www.elsevier.com/locate/eps]

ELSEVIER Earth and Planetary Science Letters 193 (2001) 381-394

Hot vents in an ice-cold ocean:
Indications for phase separation at the southernmost area
of hydrothermal activity, Bransfield Strait, Antarctica

A. Dihlmann **, K. Wallmann?, H. Sahling?, G. Sarthou®!, G. Bohrmann?,
S. Petersen®, C.S. Chin®, G.P. Klinkhammer®

communications biology 2026 Article

A Nature Portfolio journal a

https://doi.org/10.1038/s42003-026-10780-1

Deep Sea hydrothermal vent habitats
support gravid Antarctic krill

" Check for updates

Kim S. Bernard ®' %, Angelo F. Bernardino ®°?, Kristen N. Buck', Salvatore Caprara®’,
R. Ben Freiberger', Elizabeth Hogan ®?, Rachel L. Kaplan®’, Aaron Micallef*, Laura E. Moore',
Sarah Seabrook® & Andrew R. Thurber®



Relative Abundance

Unveiling Extremophiles from Antarctic Deep-
Sea Surface and Subsurface Sediments

Around Antarctica

Abundance
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ANTARCTICA

A NATURAL ANALOGUE

A diversity of geochemical environments
that harbor extremophiles.

SNOW IcY

AND ICE ATMOSPHERE DEEP SEA VOLCANOES

S

IMATK E-HOME MESSAGE

DIVERSE MICROBIAL LIFE

REFLECTING THE ENVIRONMENTS

COMMUNITIES | METABOLISMS | ADAPTATIONS
Driven by extreme conditions such as
low temperature, high pressure, darkness
and chemical energy sources.

*  What Antarctic Microbes Reveal
About the Potential for Life in Ocean Worlds?

OCEAN WORLDS

SIMILAR ENVIRONMENTS,
NEW OPPORTUNITIES

ENCELADUS
EUROPA

Antarctic habitats are diverse, and the metabolic diversity and adaptation
of their microbial communities reflect these environments,
helping us define where — and what — to search for as evidence of life in ocean worlds.

WHERE TO LOOK?

Ice—ocean interfaces

Seafloor

Subsurface environments
. Plumes

P X S R e
N - Y _—

WHAT TO LOOK FOR?

Metabolic products
Molecular biosignatures
Geochemical disequilibria

WHICH CONDITIONS

CAN SUSTAIN LIFE?

Energy sources

Redox gradients

Liquid water

Temperature and pressure
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Science in the streets of Brazil
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Science outreach: schools

International Polar Week
APECS - Association of Polar Early Career Scientists

EMEE Olga Benario Prestes — Diadema/SP
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Vozes de Permanéncia: Mulheres e o
Maternidade na Ciéncia Polar
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UNIVERSIDADE DE SAQ PAULO

People involved [6) @EXTREMAR_IOUSP TSR e

Professors
Prof. Dr. Vivian Pellizari (Microbiology, oceanography) - USP - 10

Prof. Dr. Camila Signori (Microbial oceanography) - USP — 10
Prof. Dr. Paulo Sumida (Biological oceanography) — USP -IO &@M EXTR EMAR
Prof. Dr. Michel Mahiques (Geophysics, geochemistry, oceanography) - USP — IO %) Laboratério de
Prof. Dr. Luigi Jovane (Geophysics, geochemistry, oceanography) - USP — IO LA o Extreméfilos Marinhos
Prof. Dr. Douglas Galante (Geology, astrobiology) - USP - IGc (R INSTITUTO OCEANOGRAFICO | 10USP
Prof. Dr. Fabio Rodrigues (Chemistry, astrobiology) - USP - 1Q
Prof. Dr. Evelyn Sanchez (Geology, paleobiology) - UFVJM

Prof. Dr. Alessandra Vasconcellos (Geology, speleology) — UFVJM
Prof. Dr. Norberto Peporine Lopes (Pharmacy) USP — FCFRP
Prof. Dr. Rubens Duarte (Microbiology) — UFSC

Prof. Dr. Heitor Evangelista ( Atmospheric Sciences) UERJ

Researchers
Dra. Flavia Callefo (Geology, paleobiology) - USP - IGc
Dra. Francielli Peres (Microbiology) - USP — 10
Dra. Natascha Bergo (Microbiology) - USP — 10
Dra. Bianca Del Bianco (Microbiology) USP — ICB
Dr. Julio Cezar Fornazier Moreira SENAI-ISI PA
MSc. Ana Carolina Butarelli (Microbiology) - USP — IO
MSc. Rebeca Lizarraga (Microbiology) - USP — IO

Postdocs
Dr. Roberta Vincenzi P
Dra. Rayana Feltrin 5 W
g .'/\ "
Graduate students o, A
Maria Eduarda Nascimento (PhD Student USP —IO) : Lo/
Carolina Targon Tiberio (PhD Student USP —lO)
Gabriela Elidio (Master Student USP —I10)
Karita Cristine (PhD Student USP — 10)
Victor Roldao (Master Student USP — 10)
Renato Gamba Romano (Oceanography USP — I0)
Ana Brandéao (PhD Student USP —O)
Nicola Sozza (Master Student USP — I0)
Caio Augusto (Master Student USP — |O)

Ren

Undergraduate students
Leticia Azaneth (ProAntar)
Ana Venturin (ProAntar)
Clara Corréa (PUB-USP)
Nayara (PUB-USP)
Rebeca




“life will not be
contained. Life breaks

free. Life finds a way”
- Dr. lan Malcolm (Jurassic Park)

MWM"

In memoriam

Rosa Gamba
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