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Extreme environments, such as terrestrial hot springs 
and deep sea hydrothermal vents, glaciers and perma-
frost, hypersaline habitats, acid mine drainage (AMD) 
and the subsurface, are widely distributed around the 
globe1,2 (Fig. 1). Although harsh in physiochemical con-
ditions (Fig. 1), these habitats provide diverse ecological 
niches for a wide range of microorganisms from all three 
domains of life. These organisms have evolved to have 
different strategies to cope with the extreme environmen-
tal stresses (Box 1), define the physical and geochemical 
limits of life and have attracted extensive research inter-
est from either a fundamental or a practical perspective. 
Moreover, owing to their reduced biological complexity, 
overall tractability for cultivation-​independent molec-
ular analyses and tight coupling between geochemical 
and biological processes, some extreme environments 
are ideal targets for the study of microbial ecology,  
evolution and environmental adaptation3–5 (Box 2).

Historically, microbiologists mostly relied on 
cultivation-​based methods. Thus, early ecophys-
iological studies focused largely on a few ‘model’ 
microorganisms that were relatively readily isolated 
from various extreme habitats. Later cultivation-​ 
independent surveys (for example, 16S ribosomal RNA  
(rRNA) gene clone library analysis) uncovered a vast 
microbial diversity that was not represented in the set 
of organisms available in pure culture6,7. Furthermore, 
high-​throughput marker gene sequencing, which allows 
analyses of microbial diversity more deeply and widely 
than ever before8, was applied to comprehensively 
examine broader patterns of microbial distribution and 

the factors shaping the large-​scale ecological ranges 
of these microorganisms9,10. Overall, these molecular 
surveys have substantially expanded our knowledge of 
the microbial diversity in Earth’s major extreme envi-
ronments, typically revealing relatively low to interme-
diate complexity microbial communities and the high 
abundance of a few dominant species with widespread 
geographical distributions. The development and appli-
cation of new genomic sequencing and computational 
approaches have provided comprehensive insights into 
community metabolic capacity and dynamics at differ-
ent spatio-​temporal scales and along specific geochem-
ical gradients4,11,12 and, more importantly, have allowed 
the recovery of genomes belonging to uncultivated 
phylum-​level groups (candidate phyla), which collec-
tively substantially expand our view of the tree of life13–15. 
These genomic data have provided a new perspective on 
the metabolic diversity and ecological roles of archaea 
and bacteria, and the evolution of early life and the ori-
gin of eukaryotes. In this Review, we summarize our cur-
rent knowledge of the diversity, ecology and evolution of 
bacteria and archaea inhabiting Earth’s major extreme 
environments.

Microbial diversity and major new lineages
Relatively low biodiversity extreme environments, espe-
cially the terrestrial geothermal springs in Yellowstone 
National Park (YNP), United States, featured prom-
inently in early 16S rRNA gene clone library analyses 
of natural ecosystems6, which have revolutionized 
our understanding of microbial diversity on Earth. 

16S ribosomal RNA (rRNA) 
gene clone library analysis
The cloning and Sanger 
sequencing of 16S ribosomal 
RNA (rRNA) genes 
PCR-​amplified from total  
DNA extracted from an 
environmental sample, 
resolving the composition  
and diversity of the microbial 
community.
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Subsequent extensive gene surveys have provided a 
relatively comprehensive view of the composition and 
diversity of microbial assemblages populating various 
extreme habitats. The results are generally supported by 
more recent metagenomic analysis (Fig. 2). Extreme envi-
ronments are also particularly suited for the study of 
microbial biogeography owing to their discrete distribu-
tion across multiple geographical scales, broad geochem-
ical and physical gradients and relatively constrained 
microbial community structure9,10,16. High-​throughput 
16S rRNA amplicon sequencing has resolved patterns of 
large-​scale ecological ranges of these extremophilic 
organisms, although potential underlying ecological 
and evolutionary processes and their relative influence 
remain poorly understood.

Although diversity surveys have uncovered a vast 
array of previously unknown microorganisms in 
extreme environments, our understanding of their 
physiology and ecology is hampered by the lack of 
pure cultures17,18. Genome-​resolved metagenomics 
and single-​cell genomics have allowed reconstruction 
of near-​complete or even closed microbial genomes 

directly from the environments19,20, providing initial 
insights into the metabolic potential and evolutionary 
history of these enigmatic extremophiles17,21. Genomic 
analyses of extreme environments have also led to 
the discovery and genomic characterization of many 
major, deep-​branching lineages that were overlooked 
by previous marker gene surveys22,23. Collectively, these 
cultivation-​independent genomics studies have substan-
tially expanded the phylogenetic breadth and genome 
representation of the tree of life, particularly the domain 
Archaea (Fig. 3).

Terrestrial geothermal springs. A wide variety of conti-
nental geothermal springs exist on Earth (for instance, 
YNP hosts more than 14,000 geothermal features that 
have a temperature range of 40–92 oC)4, and research 
on their microbial inhabitants has pioneered the study 
of the microbiology of extreme environments and led 
to the historical discovery of thermophily24. Cultivation-​
based studies and molecular surveys have established 
that Aquificae, Proteobacteria and Crenarchaeota 
often dominate hot spring waters sampled around the 
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Fig. 1 | Global distribution of representative extreme environments. Sites of each extreme environment2,17,42,75,117,184,185 
are marked with a specific colour. Each extreme environment imposes multiple stresses (bottom left) on its microbial 
inhabitants.

Metagenomic analysis
The sequencing and genomic 
analysis of total community 
DNA directly recovered from 
the environment.

16S rRNA amplicon 
sequencing
High-​throughput 
(next-​generation) sequencing 
of 16S ribosomal RNA (rRNA) 
gene fragments PCR-​amplified 
from total community genomic 
DNAs, allowing sampling and 
analysis of microbial diversity 
on an unprecedented scale.

Thermophily
The ability of a microorganism 
(that is, a thermophile) to grow 
at a high temperature.
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globe10,25 (Fig. 2). Important taxa include the carbon-​
assimilating Hydrogenobaculum spp., sulfur-​oxidizing 
Thermoproteus spp. and Sulfolobus spp., and nitrogen-​
fixing Acidithiobacillus spp. Significant differences have 
been found between aqueous and sediment microbial 
communities from the same springs25,26, and this eco-
logical differentiation is likely driven by the differences 
in resource availability (for example, dissolved or min-
eral substrates). Specifically, sediment communities 
exhibit relatively higher species evenness25 and are 
dominated by taxa capable of mineral-​based metab-
olism such as sulfur oxidation or reduction or iron 
oxide reduction26. Microbial mats thriving in alkaline 
siliceous springs from YNP have been subjected to 
extensive research, demonstrating a very low diversity 

community with the predominance of chlorophoto
trophs from the Cyanobacteria (mostly Synechococcus 
spp.) and Chloroflexi (Roseiflexus and Chloroflexus 
spp.)27,28. Microbial biogeography studies have often 
reported temperature as the strongest factor shaping 
community composition at different spatial and tem-
poral scales16,25,28,29. Recently, however, spatial-​statistical 
analysis of a massive 16S rRNA gene dataset from  
925 individual hot springs from the Taupō Volcanic 
Zone in New Zealand found that temperature has a sig-
nificant effect on diversity only above 70 °C, below which 
pH is the primary driver10.

Korarchaeota were originally detected in the Obsidian 
Pool, YNP30, but were later found to be widely distrib-
uted in other geographically separated terrestrial and 
marine thermal environments31 (Fig. 3). Whole-​genome  
shotgun sequencing of Korarchaeota cells purified from 
an enrichment culture established with the Obsidian 
Pool sediments resulted in an intact composite genome, 
‘Candidatus Korarchaeum cryptofilum’, which provides 
an initial look into the biology of these deeply branch-
ing archaea32. The archaeon may rely on peptide fer-
mentation to obtain carbon and energy, with a notable 
lack of the ability to synthesize essential biomolecules 
such as purines, cofactors and coenzyme A, indicating 
a dependency on other community members. Recent 
metagenomic analyses of deep-​sea hydrothermal sed-
iments have expanded the genomic representation of 
Korarchaeota33.

Aigarchaeota were first discovered in a subsurface, 
moderately acidic hot spring filamentous streamer 
community34,35 (Fig. 3). Characterization of the first 
genome, ‘Candidatus Caldiarchaeum subterraneum’, 
suggested an aerobic hydrogen oxidation or carbon 
monoxide oxidation capability and a potential carbon fix-
ation capability35. Subsequent metagenomics and meta-
transcriptomics demonstrated that Aigarchaeota in the 
Octopus Spring (YNP) ‘pink streamer’ communities are 
aerobic chemoorganotrophs with autotrophic potential36, 
whereas analysis of Aigarchaeota genome bins recovered 
from hot spring sediments from Tengchong, China, indi-
cated a strict or facultative anaerobic lifestyle and a sulfide 
oxidation ability for energy conservation37.

Robust genomic assemblies have also been recov-
ered from novel bacterial lineages populating various 
geothermal environments; these include the candidate 
phyla Acetothermia38, Fervidibacteria, Calescamantes, 
Atribacteria and Pyropristinus13,39. Atribacteria are 
widely distributed in various anaerobic environments40. 
This candidate phylum includes the OP9 lineage, 
which was originally discovered in Obsidian Pool, 
YNP41, and its sister lineage JS1, which is a character-
istic group in subseafloor environments and is particu-
larly abundant in methane-​rich marine sediments42. 
Analyses of metagenome-​assembled and single-​cell 
genomes have established Atribacteria as heterotrophic 
anaerobes lacking respiratory capacity, with fermen-
tation and syntrophy as a shared physiological feature 
indicating their important roles in carbon cycling  
in anoxic environments40. Kryptonia were discovered in 
high-​temperature circumneutral pH geothermal springs 
in a survey of a massive global set of metagenomic 

Whole-​genome shotgun 
sequencing
A process in which the genomic 
DNA from a pure culture is 
randomly fragmented and 
sequenced, and the sequences 
obtained are then assembled 
through bioinformatics to a 
whole microbial genome.

Genome bins
The population genomes  
(also called ‘metagenome-​ 
assembled genomes’) 
assembled from metagenomic 
sequence data based on  
G+C content, k-​mer frequency 
and/or read coverage.

Box 1 | Adaptation of microbial life to environmental extremes

Extreme environments feature extremely high or extremely low temperatures or pH, 
high salinity or pressure, low levels of nutrients and specific combinations of thereof, 
imposing substantial challenges to life1. However, some microorganisms (extremophiles) 
have evolved to have unique mechanisms for survival in the stressful conditions (most 
extremophiles require such conditions to grow and reproduce). Extensive research has 
been conducted to uncover their adaptation at the molecular level.

High temperature adaptation in thermophiles
•	Modifying cell membranes by increasing the ratio of saturated to unsaturated fatty 

acids (bacteria) or by adopting a lipid monolayer (archaea)197.

•	Producing heat-​shock proteins and heat-​stability proteins197,198.

•	Maintaining DNA stability by having a high G+C content or by positive supercoils 
introduced by the thermophile-​specific enzyme reverse DNA gyrase197.

Low temperature adaptation in psychrophiles
•	Modifying the lipid composition of cell membranes (for example, by increasing the 

ratio of unsaturated to saturated fatty acids) to maintain fluidity165.

•	Producing specialized proteins or other molecules (for example, cold-​adapted 
proteins, cold-​shock proteins, cold-​acclimation proteins, antifreeze and ice-​binding 
proteins, and osmolytes) that enable the cell to survive under low-​temperature 
conditions165,199,200.

•	Limiting metabolic activity by entering a dormant state165,199.

High salt adaptation in halophiles
•	Maintaining osmotic homeostasis by accumulating (via a K+/Na+ antiporter) high 

levels of inorganic salts (KCl) in the cytoplasm (‘salt-​in’ strategy, found mainly in 
archaea)201.

•	Achieving osmotic balance by biosynthesizing and/or accumulating organic  
and compatible osmotic solutes and thus excluding salt from the cytoplasm  
(‘salt-​out’ strategy, found mainly in bacteria and eukaryotes)201.

Acid adaptation in acidophiles
•	Restricting proton influx into the cytoplasm with reversed membrane potential or 

highly impermeable cell membranes, and promoting excess proton efflux with 
organic acid degradation or a predominance of secondary transporters202.

•	Maintaining intracellular pH with cytoplasmic buffering, stabilizing protein structure 
and functions of enzymes with ‘iron rivets’, and repairing DNA and protein damage 
caused by low pH with chaperones once protons enter the cytoplasm202.

Metal adaptation in acidophiles
•	Promoting efflux of the toxic metal out of the cytoplasm, sequestering metal by 

intracellular or extracellular binding to reduce its toxic effect, excluding metal with a 
permeability barrier, altering a cellular component to lower the sensitivity of cellular 
targets to the toxic metal and enzymatically converting the metal into a less toxic form203.

•	Complexing free metals with sulfate to prevent the entry of metal ions into the cell, 
and establishing passive tolerance to metal influx through an internal positive 
cytoplasmic transmembrane potential204.
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data for novel microbial lineages43. Analysis of the 
near-​complete genomes indicated a heterotrophic life-
style with unique metabolic pathways and noticeable 
nutritional deficiencies, suggesting an engagement in 
a metabolic partnership with other community mem-
bers, such as the co-​occurring Armatimonadetes lineage, 
which potentially complements the missing metabolic 
features in Kryptonia43.

Deep-​sea hydrothermal vents. Deep-​sea hydrothermal 
vent fluids exhibit a broad range of temperatures that are 
dependent on vent type, namely diffuse flow vents (only 
a few degrees above ambient to less than 100 °C), white 
smoker vents (100–300 °C) and black smoker vents (up 
to 400 °C)42. These reduced, thermally charged fluids, 
when mixing with oxygenated seawater, provide abun-
dant sources of oxidants and reductants for microbial 
metabolism in a thermal regime that can support life42,44. 
Environmental surveys have documented different 
microbial communities both within and between vent 
fields45,46 (Fig. 2). Although temperature is an important 
determinant of the distribution of microorganisms, 
variation in fluid chemistry, which is directly influ-
enced by the geological setting and defines the energy 
available to lithotrophs, has emerged as another key 
control47. The low-​pH, metal-​rich and sulfide-​rich ther-
mal fluids in mafic (basalt)-​hosted systems are typically 
dominated by sulfur-​respiring and hydrogen-​respiring 
Epsilonproteobacteria, methanogenic and sulfate-​
reducing Euryarchaeota and the uncultivated SUP05/

Arctic96BD-19 clade of Gammaproteobacteria42,48,49, 
whereas the associated black smoker-​type chimneys 
harbour Epsilonproteobacteria, Aquificales, and deep-​
sea hydrothermal vent Euryarchaeota42,49,50. The micro-
organisms populating ultramafic (peridotite)-​influenced 
hydrothermal systems, which vent alkaline and 
hydrogen-​rich and methane-​rich fluids, have remained 
relatively unexplored. To date, marker gene surveys of 
the few known ultramafic sites have documented sub-
stantially different microbial assemblages as opposed 
to the mafic-​hosted systems46,51–53. At the Lost City 
Hydrothermal Field, Mid-​Atlantic Ridge, hot, anoxic 
inner parts of the active carbonate chimneys are colo-
nized largely by a single species of Methanosarcinales 
archaea, whereas cooler, oxygenated outer parts are 
populated by a more diverse community comprising 
sulfur-​oxidizing and methane-​oxidizing bacteria and 
sulfate-​reducing bacteria51,52,54. By contrast, vent flu-
ids from hyperthermophilic habitats at this site host a 
community with taxa belonging to Thermococcales and 
uncultured Crenarchaeota52.

The co-​culturing of the nanosized hyperthermo-
philic archaeon ‘Candidatus Nanoarchaeum equitans’ 
along with its crenarchaeal host Ignicoccus sp. from 
a marine hydrothermal vent led to the discovery of 
Nanoarchaeota55 (Fig. 3). Genome sequencing of ‘Ca. 
Nanoarchaeum equitans’ demonstrated a reduced 
(less than 0.5 Mb), extremely compacted genome that 
encodes the machinery for information processing and 
DNA repair but lacks genes for amino acid, nucleotide, 
lipid, or cofactor biosyntheses, implying an obligate sym-
biotic way of life56. Environmental surveys have revealed 
Nanoarchaeota populating other extreme environments, 
including marine hydrothermal sediments, terrestrial 
hot springs and hypersaline habitats57. Recently, insights 
from single-​cell genomics have enabled the develop-
ment of effective cultivation conditions that allowed 
the isolation of a pure co-​culture of the ectosymbiotic 
Nanoarchaeota ‘Candidatus Nanopusillus acidilobi’ and 
its Acidilobus host (a crenarchaeote) from a mildly acidic 
hot spring in YNP58.

The metagenomic discovery and characterization 
of the superphylum Asgard (Fig. 3), which includes the 
Lokiarchaeota originally discovered from the Loki’s 
Castle hydrothermal vent field59, and the Thorarchaeota60, 
Odinarchaeota and Heimdallarchaeota61 subsequently 
discovered in sediments from multiple geographically 
separated sites (mostly geothermal environments), 
have provided new evidence for the process of eukaryo
genesis. These candidate phyla comprise the closest 
archaeal relatives of eukaryotes, with the reconstructed 
genomes enriched in eukaryotic signature proteins, and 
some even encoding homologues potentially involved in 
membrane trafficking, vesicle biogenesis, and ubiquitin 
and cytoskeleton formation, and thus provide strong 
support for the emergence of the eukaryote host cell 
from within the Archaea. Most recently, the first isolate 
of Asgard archaea, ‘Candidatus Prometheoarchaeum 
syntrophicum’ strain MK-​D1 related to Lokiarchaeota, 
was obtained from deep marine sediments, leading to 
unprecedented physiological and genomic insights into 
eukaryogenesis62.

Box 2 | Extreme environments as models for microbial ecology research

Natural microbial communities are inherently diverse and complex. Our inability to 
culture the majority of microorganisms in the environment precludes an in-​depth 
understanding of the assembly, dynamics and evolution of these ecological 
communities. Extreme environments harbour relatively low diversity to intermediate-​ 
diversity microbial assemblages. These unique ecosystems have potential as models for 
the study of microbial ecology and evolution owing to their biological and geochemical 
simplicity, self-​sustainability and explicit species interactions, tight coupling between 
inorganic and biological processes, and strong environmental gradients205. However, 
the microbiological exploration of many extreme environments has faced major 
challenges, particularly difficulties associated with sampling (technical and financial 
aspects) and nucleic acid extraction (low biomass and interfering substances problems). 
Nevertheless, a few systems are especially outstanding in terms of their easy access  
and overall tractability for molecular analyses. Such examples include the acid mine 
drainage biofilms within the Richmond Mine at Iron Mountain, United States3, and the 
cyanobacterial mats of alkaline siliceous hot springs in Yellowstone National Park, 
United States27 (with exceptionally low diversity communities), the Santa Pola 
multipond solar saltern communities, Spain75, and hypersaline mats at Guerrero Negro, 
Mexico78 (with communities exhibiting explicit compositional and functional shifts 
along the salinity or environmental gradients), the halophilic microbial communities 
inhabiting halite nodules in the Atacama Desert, South America (with each nodule 
representing a near-​closed miniature ecosystem containing a specialized community 
vulnerable to environmental change)135, the Inferno Crater Lake, New Zealand (with 
microbial populations fluctuating with the unique, cyclical thermal profile in which  
the spring chemistry remains stable)29 and so on. Notably, the Richmond Mine 
acidophilic biofilms have been successfully used for the development and refinement  
of various molecular and omics approaches, which have been then widely applied to 
intermediate-​diversity and even moderately high diversity communities3. Overall, 
decades of extensive molecular and meta-​omics studies have substantially advanced 
our understanding of the biodiversity, community structure and function, population 
dynamics, and evolution in extreme environments. Such progress has facilitated the 
exploration of other, more complex natural microbial ecosystems.

Circumneutral
Near neutral.
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Cryosphere. Cold ecosystems (temperatures below 5 ºC) 
are highly diverse, and recent microbial ecology studies 
have focused primarily on the cryosphere63,64, especially 
glacial habitats and permafrost. Supraglacial and subgla-
cial ecosystems provide a range of habitats supporting  
substantial numbers of microbial cells. Algae (for exam-
ple, Chlamydomonaceae and Zygnematophyceae) 
capable of strong secondary pigmentation gain eco-
logical advantages in photosynthetically active supra
glacial communities during the melt season65. In 
cryoconite holes, which represent hotspots for microbial 
life in supraglacial habitats, cyanobacteria are the main 
primary producers66, with Oscillatoria, Leptolyngbya, 
Phormidium and Nostoc being the most studied filamen-
tous mat-​forming genera64. Environmental surveys have 
implied a global distribution of species of cyanobacteria67 
and significant temporal changes in bacterial commu-
nities in cryoconite holes68. Specifically, autotrophic 
Cyanobacteria dominated communities after snowmelt, 
whereas heterotrophic Sphingobacteriales populations 
increased in abundance later in the season68. Substantial 
heterotrophic activities have also been documented in 
supraglacial habitats69, and these communities are gen-
erally dominated by Proteobacteria, Actinobacteria, 
Bacteriodetes, Acidobacteria, Chloroflexi and Plancto
mycetes64 (Fig. 2), although significant differences have 
been documented between different geographical 
regions (particularly between polar and alpine glaciers)64. 
Subglacial environments, which include the basal ice, 
subglacial water and saturated sediment, are geochemi
cally diverse but few have been sampled owing to chal-
lenges associated with access to these environments64. 
These understudied habitats are typically dominated by 
diverse chemolithoautotrophic communities that are 
primarily composed of Proteobacteria70.

Permafrost has received increasing attention owing 
to emerging concerns about activation of indigenous 
microorganisms and subsequent ecological conse-
quences associated with global warming and permafrost 
thaw. Molecular approaches have revealed members of 
Chloroflexi, Proteobacteria and Actinobacteria as the 
most abundant bacteria in polar permafrost soils71, 
which generally exhibit both less species diversity and 
less functional diversity than the seasonally thawed 
active layers71,72. In comparison, permafrost in moun-
tain regions, which features extreme spatial and geother-
mal variability, has been less studied. A recent diversity 
survey of European alpine permafrost documented a 
microbial community enriched with members of the 
superphylum Patescibacteria, which included several 
candidate phyla that were predicted to have reduced 
metabolic capacities and thus an ectosymbiotic lifestyle73.

Hypersaline environments. For hypersaline environ-
ments (for example, saline lakes and solar salterns), the 
Santa Pola multipond solar saltern (Alicante, Spain) is a 
remarkable model with a full range of salt concentrations 
that have been extensively studied74, revealing a drastic 
shift of community structure through the gradient, with 
archaea predominating at the highest salinities (Fig. 2). 
Specifically, prokaryotic diversity is overwhelmingly 
dominated by the square archaeon Haloquadratum 

walsbyi and the bacteroidete Salinibacter ruber in sat-
urated brines, whereas more diverse bacterial and 
archaeal taxa are observed in intermediate-​salinity 
conditions75. Lake Tyrrell (Victoria, Australia) is a 
thalassohaline salt lake that experiences substantial 
seasonal changes in environmental conditions, espe-
cially salt concentration, thus providing an interesting 
comparison with the Santa Pola system. Community 
members are typically dynamic over time and space76, 
and seasonal fluctuations in ion concentrations have 
been documented to drive microbial succession11. 
Additionally, extensive benthic microbial mats, highly 
stratified owing to physiochemical gradients, especially 
light, oxygen, and sulfide gradients, thrive in saltern 
evaporation ponds5. Notably, extensive 16S rRNA gene 
sequencing of depth profiles of the hypersaline mats at 
Guerrero Negro, Mexico, revealed them to be among 
the most phylogenetically diverse and complex envi-
ronments known, discovering several new phylum-​level 
bacterial groups and numerous previously undetected 
lower-​level taxa77,78.

De novo metagenomic assembly of multiple libraries 
from surface waters of Lake Tyrrell led to the discov-
ery of Nanohaloarchaeota23 within the superphylum 
DPANN (an acronym of the names of the first phyla 
included)13 (Fig. 3). These ultrasmall but metabolically 
versatile halophiles are broadly distributed in hyper
saline habitats worldwide23,79. Although they were once 
predicted to be free-​living23, recent co-​cultivation of 
Antarctic Nanohaloarchaeota strains has demonstrated 
a host dependency of these little-​known halophilic 
archaea80. Meanwhile, single-​cell genomics has resolved 
phylogeography, osmotic stress adaptations and the met-
abolic potential of the candidate bacterial phylum KB1 
(ref.81), and extensive metagenomic sequencing of hyper-
saline soda lake sediments has recovered 871 genome 
bins, including members of the candidate phyla radia-
tion (CPR), with several of which being among the most 
dominant taxa in situ82. These abundant CPR organisms 
are likely fermenters with a possible role in primary  
carbon degradation.

Subsurface environments. The deep subsurface is oper-
ationally defined as an environment that persists at least 
1 m below the terrestrial surface or seafloor83. Marine 
subsurface sediments constitute a major portion of 
Earth’s biosphere84,85. Although subject to severe ener-
getic limitations, microorganisms may persist down to 
profound depths below the seafloor86,87, and their long-​
term metabolic activities may play a fundamental role 
in global biogeochemical cycles88. Environmental sur-
veys have revealed a wide array of uncultivated micro-
organisms from typical ‘marine deep biosphere’ groups, 
which constitute a substantial fraction of the community 
in geographically and geochemically distinct sites85,89 
(Fig. 2). These common lineages include the Atribacteria, 
the Chloroflexi and numerous novel phylogenetic line-
ages affiliated with the dominant phyla within Archaea, 
such as Thaumarchaeota (specifically, Marine Group I), 
Bathyarchaeota, Lokiarchaeota and members of Marine 
Benthic Group E archaea84,89–91. Vertical distribution 
patterns of microorganisms in the marine subsurface 

Cryoconite holes
Small holes on the surface  
of a glacier. The deposited 
cryoconite (windblown dust 
comprising both mineral and 
biological material, including 
microorganisms) absorbs solar 
radiation, melting the snow 
and ice beneath.

Ectosymbiotic lifestyle
A form of symbiotic behaviour 
in which an ectosymbiont lives 
on the surface of its host.

Thalassohaline salt lake
Hypersaline lake of marine 
origin where salt ratios are 
similar to those of seawater 
and pH is near neutral to 
slightly alkaline.
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have been well documented, revealing a decrease in 
species richness with sediment depth or age, and sig-
nificant stratification of predominant populations from 
the universally prevalent broad taxonomic groups84,92,93. 
Such shifts in community composition have been shown 
to occur in parallel to drops in microbial activity and 
abundance caused by reduced energy availability94,  
and are linked to changes in environmental conditions95. 
The igneous ocean crust harbours the largest aquifer 
on Earth96. However, the exploration of microbiology 
in this subsurface habitat is highly challenging despite 
technical advances in sampling and in situ experimen-
tation. Pioneering studies have revealed indigenous 
microbial assemblages that are distinctly different from 
those populating nearby and associated environments 
(for example, hydrothermal fluids and plumes, and 
deep-​sea water)96. This distinctness is driven largely 
by clades of bacteria, especially in the Firmicutes, that 
appear to be unique to this largely inaccessible system. 
Meanwhile, a recent study reported the first exploration 
of the microbiota that is harboured in the lithified lower 
oceanic crust (which constitutes two-​thirds of the crust 
by volume), uncovering heterogeneously distributed, 
ultralow-​biomass viable communities with unexpected 
heterotrophic processes to cope with the oligotrophic 
and fluctuating subsurface conditions97.

The terrestrial subsurface is also a major reservoir 
of Earth’s prokaryotic biomass98. However, the nature 
and extent of microbial diversity of this subsurface 
remain relatively underexplored owing to a lack of 
accessibility. Environmental surveys have documented 
diverse microbial communities, sometimes with an 
unusually high proportion of candidate divisions, in a 
variety of geological settings, including deep pristine 
aquifers and igneous and metamorphic rocks, despite 
the prevailing nutrient-​poor and energy source-​scarce 
conditions99–101 (Fig. 2). A recent compilation of cell 
concentration and microbial diversity data from conti-
nental subsurface localities around the globe found that 
bacteria are numerically more abundant than archaea, 
with Proteobacteria dominating the bacterial commu-
nities, and Methanomicrobia and Thaumarchaeota 
dominating the archaeal communities102. Although no 
reliable predictors of species richness were identified, 
statistically significant correlations between commu-
nity composition and sample lithology were found. 

Previous individual studies also documented variations 
in community composition as a result of environmen-
tal variables, including temperature and geochemical 
composition103, or along depth transects through the 
terrestrial subsurface100.

Metagenomic studies have uncovered a vast phylo
genetic diversity of previously unknown bacteria and 
archaea in Earth’s subsurface, especially terrestrial 
regions104–107. Of special interest among the numerous 
candidate or little-​studied phyla are those affiliated with 
CPR and DPANN, with many of the currently availa-
ble genomes reconstructed from an aquifer adjacent to 
the Colorado River near Rifle, United States108 (Fig. 3). 
Analyses of the first genomes from CPR bacteria104,109,110 
have suggested ultrasmall cells, roles in carbon and 
hydrogen cycles, and metabolic limitations that have 
prevented their cultivation. Subsequent massive recon-
structions of complete and draft CPR genomes have 
documented features that consistently distinguish these 
organisms from other bacteria, including small genomes 
(typically less than 1 Mb) that mostly lack numerous 
biosynthetic pathways (that is, incomplete tricarboxylic 
acid cycles and nucleotide and amino acid biosynthesis 
pathways, and a lack of electron transport chain com-
plexes, thus indicating metabolic dependency on other 
community members), self-​splicing introns and pro-
teins encoded within their rRNA genes (a feature rarely 
occurring in bacteria), and unusual ribosome compo-
sitions (all missing ribosomal protein L30 and specific 
lineages missing ribosomal protein L9 and biogenesis 
factor GTPase Der), which collectively establish them 
as a unique subdivision within the domain Bacteria14. 
Meanwhile, genome bins recovered from this subsurface 
site have drastically expanded genomic sampling of the 
domain Archaea, revealing a major radiation of organ-
isms (DPANN13) with small genomes, novel proteome 
composition and strong interdependence15, paralleling 
the discovery of CPR bacteria. The incomplete or absent 
pathways were predicted with confidence on the basis 
of the first complete genomes reconstructed for these 
enigmatic archaea15.

Acid mine drainage. Microbial species richness in AMD 
environments is restricted by the stressful conditions, 
especially the low pH, elevated levels of toxic metals and 
limited range of electron donors and acceptors3. These 
acidophilic assemblages have been extensively studied 
owing to their importance in AMD generation (a world-
wide environmental problem) and potential application 
in industrial biomining processes. AMD communities are 
dominated by members of Proteobacteria, Nitrospira 
and Euryarchaeota9 (Fig. 2), which include the most 
extensively studied iron oxidizers and/or sulfur oxidizers 
Acidithiobacillus spp. and Leptospirillum spp., which are 
important in oxidative sulfide mineral dissolution, and 
the lesser-​known iron oxidizers Ferrovum spp., which 
are abundant in moderately acidic conditions9,111. The 
biofilms growing within AMD ecosystems typically have 
very low diversity and thus are ideal targets for the study 
of ecological processes in natural environments3. The 
chemoautotrophic biofilms within the Richmond Mine 
at Iron Mountain, United States, are generally dominated 

Biomining
The application of 
microorganisms to recover 
metals from ores or mining 
waste.

Fig. 2 | Microbial community composition of different extreme environments. 
Relative abundances of different bacterial and archaeal groups were calculated on  
the basis of the relative coverage of scaffolds with ribosomal protein S3 (rpS3) marker 
genes (only those with a relative abundance of 1% or greater are depicted in detail).  
Raw reads were downloaded from US National Center for Biotechnology Information 
and US Department of Energy Joint Genome Institute databases, quality trimmed with 
Trimmomatic and assembled with use of Megahit. The rpS3 sequences were identified 
from the assemblies with CheckM and the coverage information obtained with Bowtie2 
and SAMtools. CPR, candidate phyla radiation; YNP, Yellowstone National Park. Data 
sources for each habitat are as follows: refs130,186,187 for terrestrial geothermal springs 
(mats, sediments and water column); refs163,164,188 for deep-​sea hydrothermal vents (fluids 
and chimneys); refs71,189–191 for glacial and permafrost environments; refs74,134,192,193 for 
hypersaline environments (Santa Pola saltern, Lake Tyrrell and Deep Lake); refs108,194,195 
for terrestrial and marine subsurface (terrestrial groundwater and sediments, igneous 
oceanic crust and subseafloor sediments); and refs12,115,155,196 for acid mine drainage 
(biofilm, water column and sediments).
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by one or two species of iron-​oxidizing chemoauto-
trophic bacteria, for example, Leptospirillum group II 
(ref.19) (Fig. 2). Less dominant heterotrophic and mix-
otrophic populations of bacteria, archaea and eukaryotes 
may also be present with varying abundances according 
to biofilm developmental stages or sampling space19,112. 
AMD ecosystems often experience substantial spatio-​
temporal variations in geochemical conditions. Previous 
investigations documented significant fluctuations in the 
relative abundance of archaea correlating to seasonal 
variations in pH and conductivity in the Richmond 
Mine113. More recently, a study examined the ecologi-
cal distribution of microorganisms in geochemically 
diverse AMD sites across southeast China and around 
the globe9. It was found that pH is the primary factor 
shaping community structure regardless of geographical 
isolation. Interestingly, such pH-​dependent patterns are 
also clearly evident at the local scale, as demonstrated 
in a subsequent diversity survey of a massive and highly 
heterogenous mine tailings site114.

The Richmond Mine low-​complexity AMD bio-
films represent the natural microbial communities 
that were first explored by meta-​omics approaches19. 
Extensive Sanger metagenomic sequencing led to the 
discovery and genome reconstruction of the ultra
small archaeal lineage ARMAN (archaeal Richmond 
Mine acidophilic nanoorganisms) — the Parvarchaeota 
and Micrarchaeota22 (Fig. 3). The composite genomes 
have abnormally high coding density, and contain a 

high percentage of genes without known biological 
functions. Subsequent analyses of globally distrib-
uted metagenomic datasets that contain ARMAN-​like 
organisms documented their ubiquity in AMD and 
hot spring environments and their potential involve-
ments in carbon, nitrogen and iron cycling in situ21. 
Recently, a study115 reported the co-​cultivation of an 
ARMAN-​like organism, ‘Candidatus Mancarchaeum 
acidiphilum’ Mia14, with Cuniculiplasma divulgatum 
PM4 (Thermoplasmata) from the sulfidic ores in Parys 
Mountain, United Kingdom. Deep genomic sequencing 
enabled assembly of the complete genome of the highly 
enriched Mia14 population, which suggests severe 
voids in central metabolic pathways (for example, lack-
ing minimal sets of enzymes for the biosynthesis of 
nucleotides and many amino acids, and having incom-
plete pathways for synthesis of vitamins and cofactors),  
indicating a host-​dependent lifestyle.

Other extreme environments. Soda lakes contain high 
concentrations of sodium carbonates and constitute 
the major naturally occurring alkaline environments 
on Earth. The haloalkaliphilic microbial assemblages 
populating these unique aquatic ecosystems encounter 
the multiple stresses associated with high pH (9.0–12.0) 
and salinity (up to saturation concentrations)116. Gene 
surveys have revealed salt concentrations as potentially 
the primary factor shaping microbial diversity and 
distribution117. Whereas low-​salinity and moderate-​
salinity lakes contain relatively diverse microbial com-
munities dominated by Alphaproteobacteria (mostly 
Rhodobacteraceae) and Gammaproteobacteria (for 
example, Halomonas and Thioalkalivibrio), the micro-
bial populations in hypersaline soda lakes resemble 
those found in hypersaline solar saltern brines and 
demonstrate a low diversity and the predominance of 
extremely halophilic Halobacteria117.

Arid ecosystems encompass ~41% of the global land 
surface and are particularly vulnerable to climate change 
and land degradation118. Aridity, defined as the ratio of 
precipitation to potential evapotranspiration, plays dom-
inant roles in shaping the diversity and composition 
of soil microbial communities in global drylands119. 
Specifically, increasing aridity significantly reduces 
microbial diversity and abundance by decreasing plant 
cover and soil organic carbon content119. Despite the poly
extreme conditions, arid soils harbour a diverse group  
of bacterial lineages, such as Actinobacteria, Chloroflexi, 
Firmicutes, Gemmatimonadetes and Proteobacteria120.

Low temperatures and high pressures dominate 
dark ocean environments (below the photic zone), 
which constitute the largest aqueous habitat for micro-
bial life on Earth42. Prokaryotic cell abundance exhib-
its a decrease with depth in the water column42,121. 
Marker gene surveys and metagenomic analyses have 
documented depth-​dependent patterns in microbial 
communities122,123 and an increase in microbial diversity 
in the deepest waters of the ocean122,124. Although the fac-
tors driving this diversity trend remain largely unknown, 
deep-​water circulation and benthic processes have been 
implicated to play a role123,124. Deep-​ocean bacterial 
assemblages are typically dominated by Proteobacteria 

Tailings
The finely ground residues 
from mined ores after 
extraction of valuable minerals 
and metals.

Evapotranspiration
The combined loss of water 
from the land both by 
evaporation from the soil 
surface and by transpiration 
from the plants growing 
thereon.

Fig. 3 | Genomic tree of the domain Archaea showing currently proposed major 
lineages (phyla). All archaeal genomes (metagenome-​assembled, single-​assembled and 
isolate-​assembled genomes) in the US National Center for Biotechnology Information 
(NCBI) database GenBank (23 February 2021) were downloaded and dereplicated with 
use of dRep (version 3.2.0; with parameters ‘-​comp 80 -​con 5’ selecting genomes  
with more than 80% completeness and less than 5% contamination). For Nanoarchaeota, 
Pacearchaeota, Huberarchaea and Hydrothermarchaeota, as none of the associated 
genomes meets this standard, a lower threshold (‘-​comp 70 -​con 5’) was used. To reduce 
computational workload and simplify the illustration, only representative genomes of 
major clades were used for the two well-​established phyla Crenarchaeota and 
Euryarchaeota. A total of 553 genomes were included in the phylogenomic analysis.  
The tree was inferred on the basis of a concatenated alignment of 122 archaea-​specific 
conserved marker genes with use of IQtree version 2.1.2 with 1,000 ultrafast 
bootstrapping iterations. The best fit LG + F + R10 model was determined by the Bayesian 
information criterion. The concatenated alignment was generated with GTDB-​Tk. 
Support values of 70% or greater are shown as black circles. The scale bar indicates the 
number of substitutions per site. Coloured circles show the environments where  
the first genomic sampling (see related literature summarized in refs20,159) was done for 
each of the new potentially phylum level groups that have been described on the basis  
of genomes from metagenomes or single cells (leftmost), the habitat distribution of all 
genomes associated with each phylum currently available in the NCBI database (middle; 
the three extreme environments where most genomes were retrieved, followed by a pie 
chart showing the relative abundance of genomes retrieved from extreme environments 
versus non-​extreme environments) and the current status of its cultivation (uncultured, 
enrichment culture, co-​culture and pure culture) (rightmost). Note that (1) for some  
phyla such as Huberarchaeota and Hydrothermarchaeota, currently available genomes 
are limited to only one or two extreme environments, (2) for some phyla such as 
Helarchaeota and Aigarchaeota, only a few genomes (fewer than ten) are available, and 
(3) the hot spring metagenome-​assembled genomes for the discovery of Geoarchaeota 
were deposited only in the US Department of Energy Joint Genome Institute database 
GOLD. Importantly, nearly all of the proposed archaeal phyla were originally discovered 
in various extreme environments by molecular approaches (16S ribosomal RNA gene 
surveys and especially more recent metagenomics or single-​cell sequencing) or, in the 
case of Crenarchaeota, by cultivation. DPANN, the superphylum DPANN (Diapherotrites, 
Parvarchaeota, Aenigmarchaeota, Nanoarchaeota and Nanohaloarchaeota).
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(Alphaproteobacteria, Gammaproteobacteria and Delta
proteobacteria), Chloroflexi and Actinobacteria42,123, and 
the archaeal communities are dominated by Marine 
Group I Crenarchaeota125.

Community function and dynamics
The uncultured majority limits our ability to resolve 
physiological and ecological bases underlying the 
observed spatio-​temporal patterns in microbial com-
munity structure. Meta-​omics may provide insights into 
the functional significance and ecological roles of all 
community members by recovering genomic and tran-
scribed and expressed gene information directly from the 
environment without the requirement for cultivation18,19. 
Overall, multi-​omics of extreme environment commu-
nities has revealed the predominance of gene families 
involved in energy conservation, carbon fixation and 
nitrogen metabolism, and resistance to the extreme envi-
ronmental stresses18,19. Meanwhile, comparative omics 
analyses have been applied to explore functional dynam-
ics at different spatio-​temporal scales, targeting microbial 
communities from geographically separated systems12, 
along specific environmental gradients75, associated with 
local differentiated ecological niches or lifestyles (for 
example, free-​living and sessile growth as biofilms)126,127, 
as well as of time series11,128. These studies have identified 
interesting linkages between community or taxon func-
tional profiles and environmental variables, which help 
interpret patterns observed in microbial distribution.

Several studies have reported metagenomic analyses 
of microbial communities populating geochemically 
distinct geothermal features in YNP4,129,130. Genomes of 
dominant members (including some for novel, previ-
ously undetected lineages) were reconstructed, resolving 
their metabolic potential and strategies with potential 
linkages to the environmental characteristics and geo-
chemical processes in situ. Comparative metagenomics 
of thermophilic biofilms along the outflow of the alka-
line spring Bison Pool demonstrated a transition from 
a chemotrophic community in the source pool (92 °C) 
to a peripheral (56 °C) phototrophic community and 
drastic shifts in community structure and metabolic 
functions associated with changes in environmental 
conditions and energy availability131 (Fig. 4). Two addi-
tional studies used metatranscriptomics approaches 

to analyse phototrophic microbial mat time series (in 
one diel cycle) from the alkaline siliceous Mushroom 
Spring128,132. In situ gene transcription patterns, espe-
cially those associated with photosynthesis, implicated 
different strategies adopted by the major types of pho-
totrophs to maximize solar energy capture and utiliza-
tion, and demonstrated how filamentous anoxygenic 
phototrophs responded at the gene transcription level 
to the changing environmental conditions and resource 
availability.

Omics studies of the cryosphere have largely 
focused on permafrost, especially community dynam-
ics during artificial thaws or along naturally thawing 
gradients71,72,133. Metagenomic analysis of an Alaskan 
permafrost microbial community during a 7-​day thaw 
documented a rapid response in community compo-
sition and functions, particularly shifts in genes and 
pathways associated with carbon and nitrogen cycling72. 
Multi-​omics has been applied to explore variations in 
microbial assemblages in soils representing different 
states of thaw, namely intact permafrost, the seasonally 
thawed active layer and thermokarst bog71. Substantial 
differences in the most active community members 
and significant shifts in dominant microbial proteins 
in the analysed soils were found (Fig. 4). Specifically, 
cold-​shock proteins were relatively highly represented 
and transporters were less represented in the permafrost, 
whereas proteins involved in cold tolerance and other 
stress responses were less frequently detected in the bog 
soils71. Overall, these studies have demonstrated a good 
linkage between omics data and process measurements, 
revealed novel adaptation strategies for survival in fro-
zen conditions and provided important information for 
improving model prediction of greenhouse gas emis-
sion from thawing permafrosts under climate change 
scenarios71,72,133.

Individual studies have reported metagenomic anal-
yses of microbial communities in the Santa Pola saltern, 
revealing interesting ecological shifts along the salinity 
gradient74,134 (Fig. 4). Specifically, comparative metagen-
omics has documented relatively diverse microbial 
populations associated with intermediate salinity and 
predominance of the hyperhalophiles H. walsbyi and  
S. ruber in the sodium chloride-​saturated crystal-
lizer pond. Correspondingly, analyses of isoelectric 
point profiles of microbial proteins (indicative of hal-
ophilic adaptation) have revealed replacement of the 
‘salt-​out’ strategy by the ‘salt-​in’ strategy with increasing 
salinity134. Furthermore, examination of proton pumps 
involved in a photoheterotrophic lifestyle (note that light 
is extensively used as an energy source in extreme hyper-
saline environments) in the Santa Pola metagenomes has 
demonstrated an increase of bacteriorhodopsin, sensory 
rhodopsin and halorhodopsin levels and a decrease of 
proteorhodopsin level along the salinity gradient74. 
Additional meta-​omic analyses have been conducted on 
time-​series samples of halophilic microbial communi-
ties inhabiting halite (salt rocks) in the Atacama Desert, 
South America135,136. Notably, comparative metagenom-
ics uncovered distinct dynamics of the community after 
a rare rainfall event: a rapid shift as the initial response 
and a more gradual adjustment during recovery135.

Fig. 4 | Compositional and functional shifts of the microbial community along 
specific environmental gradients. Results of representative meta-​omics studies for 
each type of extreme environment are summarized. Abundant taxa (phyla, genera  
or species/genotypes) in the community, together with major or over-​represented 
functional processes and associated pathways, and prevailing adaptation strategies,  
are shown. Vertical small arrows (permafrost) indicate higher or lower (relative to  
the other two soils) representation of specific proteins in the metaproteomics data, 
whereas horizontal big arrows (hypersaline environment) indicate a relative 
predominance of a specific adaptation strategy or an increase in the number of 
sequences related to a specific proton pump in the metagenomes along the salinity 
gradient. CBB, Calvin–Benson–Bassham; CPR, candidate phyla radiation; DPANN,  
the superphylum DPANN (Diapherotrites, Parvarchaeota, Aenigmarchaeota, 
Nanoarchaeota and Nanohaloarchaeota); 3-​HP, 3-​hydroxypropionate; rTCA, reverse 
tricarboxylic acid; rACP, reductive acetyl coenzyme A pathway; TCA, tricarboxylic acid; 
WL, Wood–Ljungdahl. Data sources for each environment are as follows: ref.131 for hot 
spring; ref.71 for permafrost; refs74,134 for hypersaline environment; ref.138 for terrestrial 
subsurface; and ref.112 for acid mine drainage.

Diel cycle
A 24-​h period comprising a 
day and a consecutive night,  
or a regular day–night cycle  
of physiology or behaviour of 
an organism.
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Although recent surveys have implied that subsur-
face environments are hotspots of biodiversity hosting 
numerous previously unknown archaeal and bacterial 
lineages, how community function (especially metabolic 
capacities of these uncultured taxa) varies with depth 
remains almost unexplored. To date, a marker gene 
transcript-​based study has revealed different structures 
of active microbial communities in two (upper and 
lower) superimposed pristine limestone aquifers in cen-
tral Germany137. Notably, a large fraction of the commu-
nity, including the two abundant genera Sulfuricella and 
Nitrosomonas, encode a capacity for carbon fixation via 
the Calvin–Benson–Bassham cycle, with energy likely 
deriving from oxidation of reduced sulfur and nitro-
gen compounds. Another study used genome-​resolved 
metagenomics and single-​cell genomics to demonstrate 
major shifts in community composition and functions, 
including the relative significance of different carbon 
fixation pathways, with relative groundwater source 
depths at the carbon dioxide-​driven Crystal Geyser, 
United States138 (Fig. 4). Importantly, CPR bacteria 
(which represent the most diverse organisms in the eco-
system) as well as DPANN and other deeply branched 
archaea were significantly enriched in deeper aquifers. 
Adaptation to the long-​term nutrient limitation in the 
subsurface environment is likely enabled by interde-
pendent lifestyles and metabolic cooperation involving 
these ultrasmall microorganisms with limited metabolic  
capacities.

Omics studies have documented spatially and 
temporally defined microbial assemblages in AMD 
and associated environments. Integrated metagen-
omics and metatranscriptomics of geographically 
separated AMD communities has revealed gene tran-
scriptional profiles closely related to site geochemical 
characteristics12. Proteomics of acidophilic biofilms from 
a range of AMD sites within the Richmond Mine has 
found that the proteome of the most abundant bacteria 
(Leptospirillum group II) responded more markedly to 
community composition, whereas protein expression 
in less abundant members was largely influenced by 
abiotic factors (for example, pH and temperature)139. 
Meanwhile, comparative analyses of microbial commu-
nities associated with different acidification stages of 
mine tailings and ecological succession stages of AMD 
biofilms have documented explicit temporal shifts in 
functional profiles140,141. Specifically, tailing communi-
ties of early and late stages were enriched with distinct 
genes involved in low-​pH and heavy-​metal adapta-
tion, reflecting the different prevailing environmental 
stresses140, and changes in physiology of the dominant 
species Leptospirillum group II were clearly evidenced 
during ecological succession of a Richmond Mine bio-
film community, indicating responses to the distinct 
stresses (abiotic in biofilm initiation and biotic in biofilm 
maturation)141. Additional metaproteomics studies have 
investigated responses of acidophilic biofilm organisms 
to different pH conditions and temperatures112,142. The 
results revealed pH-​dependent niche differentiation of 
low-​abundance taxa and pH-​induced variation in spe-
cific functional categories of the dominant species112 
(Fig. 4), and influences of temperature at the expressed 

protein level on individual organisms, the entire  
community and specific functions142.

Microbial evolution in extreme environments
A fundamental question is how microorganisms evolve 
and specialize to adapt to extreme and sometimes highly 
fluctuating environmental conditions. This issue was ini-
tially addressed by genomic and physiological studies 
of model organisms143,144. Multilocus sequence typing and 
comparative analysis of strain genomes have allowed 
the examination of patterns of genetic variation and 
underlying processes, and their functional significance 
in natural populations. As an important parameter that 
defines the process of evolution, recombination has 
been explored extensively in halophilic and thermo-
philic archaea. Research revealed frequent recombina-
tion in populations of Halobacterium sp. AUS1 (ref.143) 
and Sulfolobus islandicus144. High recombination fre-
quencies of exchange of long chromosomal fragments 
have even been found between different species in the 
genus Haloferax145, indicating more permissive recom-
bination barriers in halophilic archaea than in bacteria. 
Horizontal gene transfer (HGT) is the major source 
of gene gain in prokaryotic genomes, and variation in 
gene content has been hypothesized to be the primary 
mode of adaptive evolution in microorganisms146. This 
process has been found to be particularly prevalent 
among hyperhalophilic bacteria and archaea147,148, and 
in Sulfolobales149,150. Specifically, comparative genom-
ics revealed convergence and gene exchange by HGT 
between S. ruber and haloarchaea, and those modular 
adaptive elements have a substantial impact on salt  
adaptation, bioenergetics and photobiology of S. ruber147.

Direct shotgun genome sequencing of relatively low 
complexity assemblages from extreme environments has 
allowed examination of population-​level, genome-​wide 
heterogeneity in situ. Specifically, population genom-
ics analysis has demonstrated large-​scale homologous 
recombination between closely related natural pop-
ulations of the dominant taxa Leptospirillum group II  
in Richmond Mine AMD biofilms and uncovered 
virus-​mediated and plasmid-​mediated high variability 
in gene content between individuals151. Strain-​resolved 
community proteomics further revealed differential 
spatio-​temporal distribution patterns of the result-
ant hybrid genotypes152,153 and their predominance in 
different stages of biofilm development154, indicating 
that recombination is an important process leading to 
fine-​scale environmental adaptation or distinct ecolog-
ical strategies154. Additionally, population metagenomic 
analyses of microorganisms in extreme environments 
have allowed the measurement of evolutionary rates for 
wild populations, a challenging task for individual spe-
cies in natural microbial assemblages. Research revealed 
either an exceptionally high nucleotide substitution 
rate in the natural Leptospirillum group III populations  
in AMD biofilms155 or extremely low mutation rates in 
populations of four dominant lineages in the microbiota 
inhabiting anoxic subseafloor sediments85.

Extreme environments have provided excellent 
opportunities for the study of the origin and evolu-
tion of specific archaeal lineages. Thaumarchaeota are 

Multilocus sequence typing
A molecular typing technique 
in which multiple targeted 
housekeeping genes (loci) are 
sequenced, often partially.
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abundant and ubiquitous in nature, playing key roles 
in the global nitrogen cycle156. The elusive evolutionary 
relationship between Thaumarchaeota and its sister lin-
eage Aigarchaeota was recently resolved by comparative 
genomics upon retrieval of novel Aigarchaeota genome 
bins from hot spring sediments37. It was found that both 
phyla likely originated from thermal environments, 
sharing a large number of genes with their thermophilic 
last common ancestor37. Later invasion of a wide range of 
non-​thermal habitats by Thaumarchaeota led to the func-
tional differentiation between these two major archaeal 
groups. The archaea predominating saturated brine 
environments typically include the haloarchaea and the 
mostly hydrogen-​dependent methanogens. Phylogenetic 
and phylogenomic analyses implied that haloarchaea 
may derive from methanogen ancestors157. Subsequent 
comparative genomics suggested that such a drastic 
transformation in physiology (from an anaerobic chem-
olithoautotroph to an aerobic heterotroph) was enabled 
by acquisition (via HGT) of a massive amount of genes 
from bacteria148,150. The recent enrichment and genomic 
characterization of ‘Candidatus Methanonatronarchaeia’ 
(SA1 archaea), a novel, extremely halophilic methano-
genic group that branch basally to haloarchaea and 
inhabit hypersaline lakes, provided further insights 
into the early evolution of haloarchaea158. It is notable 
that the ability for adaptation to high-​salt conditions 
may have evolved before the divergence of haloar-
chaea and ‘Ca. Methanonatronarchaeia’. Evolutionary 
genomics demonstrated that although both lineages 
adopt a ‘salt-​in’ strategy, ‘Ca. Methanonatronarchaeia’ 
evolved mainly through gene loss, whereas haloarchaea  
undertook a gene gain-​based path for genome evolution.

The recent recovery of genomes from the CPR bacte-
ria and DPANN archaea raises the question of whether 
the apparent groupings of these major new lineages are 
artefacts of rapid evolution or reflections of early diver-
gence. So far, drastically different metabolisms have been 
predicted for CPR and DPANN20,159. Although many 
lack numerous biosynthetic capacities consistent with 
their small cell and genome sizes, some, as in the case 
of Altiarchaeota, have a metabolic potential sufficient 
to support a free-​living lifestyle. Thus, gene loss and 
genome reduction, characteristic of bacteria switch-
ing to a host-​associated lifestyle, may be an important 
phenomenon driving fast evolution in some CPR and 
DPANN lineages20, resulting in their long branches 
in phylogenetic trees. Other features that could lead 
to increased evolutionary rates have also been docu-
mented in DPANN archaea; these include the preva-
lence of diversity-​generating elements in Nanoarchaeota, 
Pacearchaeota and Woesearchaeota160,161, and CRISPR–
Cas9 systems encoded by ARMAN162. Meanwhile, there 
is also evidence that both CPR and DPANN arose from 
very early evolving, possibly small-​genome organisms. 
For instance, CPR and DPANN organisms appear 
to be almost exclusively anaerobes, consistent with 
potential metabolisms that existed on early Earth20. 
Additionally, type II/III-​like and type III-​like ribulose 
1,5-​bisphosphate carboxylase/oxygenase (Rubisco) 
enzymes, which are involved in a nucleotide-​based 
pathway indicative of ancient heterotrophy, are widely 

distributed in some CPR and DPANN organisms20. The 
presence of specific genes in widely divergent groups 
may imply features of ancestral organisms that were lost 
from many modern groups.

Different taxa in natural communities may be sub-
ject to different selective pressures and adopt distinct 
evolutionary strategies. Thus, findings from the study 
of a few specific taxa may not be generalized directly 
to whole environments. To this end, several studies 
have attempted examining evolutionary processes from 
a community perspective and provided complemen-
tary insights163,164. For instance, analysis of a carbonate 
chimney biofilm metagenome from the Lost City 
Hydrothermal Field has revealed a remarkably high 
abundance and diversity of transposase genes, indi-
cating rampant HGT events in a community with low 
species richness164. Such a frequent exchange of genes 
may enable the generation of phenotypic diversity and 
adaptation to the extremely fluctuating environmen-
tal conditions. Another study used genome-​resolved 
metagenomics to resolve patterns of fine-​scale genomic 
variation within and between populations in the com-
munity, demonstrating that the evolutionary processes 
shaping microbial populations from different taxa dif-
fered between two geochemically distinct hydrothermal 
vent fields163.

Concluding remarks
Decades of diversity surveys have comprehensively 
revealed the phylogenetic breadth of microorgan-
isms inhabiting Earth’s major extreme environments. 
Recent extensive sampling and high-​throughput 16S 
rRNA sequencing of readily accessible ecosystems (for 
example, hot springs and AMD) further resolved pat-
terns of, and controls over, their large-​scale ecological 
distribution9,10. An interesting trend is that the primary 
parameter defining a specific type of extreme environ-
ment (for example, pH for AMD and salt concentration 
for hypersaline habitats) appears to be the major factor 
shaping community composition9,16,165. Typically, over-
all microbial diversity decreases as the environment 
becomes more extreme, with a handful of taxa pre-
dominating in the harshest conditions75,117,140. Although 
recent studies have attempted to predict these diversity 
patterns166,167 (Box 3), resolving their nature and under-
lying ecological and evolutionary processes is a key  
emerging challenge in microbial ecology.

The accelerated reconstruction and characterization 
of microbial genomes from major new groups in extreme 
environments have largely changed the structure of 
the tree of life and revolutionized our understanding 
of archaea and bacteria. Notably, despite knowledge  
that archaea are present in most environments on Earth, 
recent discoveries of major new lineages in the Archaea 
tree have been made largely from genomic exploration 
of various extreme environments (Fig. 3). This highlights 
the importance of these habitats as a treasure trove for 
microbial ‘dark matter’ and as model systems for the 
understanding of microbial ecology and life of early 
Earth. Given the highly unbalanced research intensity 
between different types of extreme environment, and the 
huge scope for discovery of new classes and groups at 
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lower taxonomic levels, continuing genomic exploration 
of the diversity and metabolic capacity of this uncultured 
majority will remain a major theme in this field. Such 
studies are important, and should be accompanied by 
targeted cultivation and functional verification efforts, 
as there is evidence that these uncultivated lineages, 
although often low in relative abundance, may play crit-
ical functional roles in communities, or gain ecological 
advantages under specific environmental conditions.

A major knowledge gap in microbial ecology in gen-
eral is related to the eukaryotes and viruses in natural 
microbial assemblages. Although they perform many 
crucial ecosystem functions and play a key role shaping 
prokaryotic population dynamics, these microorganisms 
are particularly difficult to cultivate and challenging to 
study by genomic methods. The nature and uniqueness 
of extreme environments may offer tremendous oppor-
tunities for the ecological and evolutionary analyses of 
these little-​known community members. Viruses play 
a particularly substantial part in the microbial food 
web in many extreme environments168,169, and omics 
approaches and technical advances are just beginning 
to unravel the mystery of viromes in these habitats170. 
Research has revealed high viral diversity171 and sea-
sonal succession and geographical distribution of viral 
populations171,172, discovered novel viruses (for example, 
virophages in Antarctic aquatic systems173 and clades 
of huge phages from hot springs and hypersaline and 

subsurface environments174) and previously unrec-
ognized ecological roles, and elucidated how viruses 
interact with specific hosts and subsequently drive 
community dynamics175. Meanwhile, there have been 
relatively few omics analyses of microbial eukaryotes 
in extreme environments. Notably, metagenomics has 
enabled reconstruction of the near-​complete genome of 
a filamentous fungus from an AMD streamer biofilm 
dominated by fungi in the Richmond Mine, allowing 
evaluation (using transcriptomics and proteomics) of 
its metabolic differentiation across habitats176. Another 
meta-​omics analysis documented a low-​diversity but 
viable fungal community in the deep lithified crust at the 
Atlantis Bank Gabbro Massif, Indian Ocean177. In prin-
ciple, these emerging efforts and future efforts on viral 
and eukaryotic members of microbial communities will 
help resolve the inherently complex interactions across 
all trophic levels in extreme environments, which ulti-
mately shape the structure and dynamics of the whole 
community. Such omics data could then be incorporated 
into predictive models for the prediction of community 
composition and function in natural settings.

As we are striving to enrich our knowledge of micro-
bial processes and interactions in extreme environ-
ments, a fundamental question is whether ecological 
principles inferred in these compelling model systems 
(Box 2) could predict patterns in other less constrained 
ecosystems. This is important because many of the fea-
tures that endow the reduced complexity of these models 
separate them from most other environments3. However, 
no model system could capture all characteristics of 
other systems, and recent studies have demonstrated 
simplified model microbial consortia as useful tools to 
manipulate complexity and advance our understanding 
of complex natural communities178. More importantly, 
parallel findings, such as deterministic community 
assembly179, specific ecological drivers (for example, 
temperature, pH and salinity) of microbial biogeogra-
phy patterns180–182 and evolutionary processes shaping 
population genomic variation183, have been reported 
in other, less well defined systems, thereby confirming 
the broader relevance of insights gained from the study 
of extreme environments3. Thus, an integrated view of 
microbial ecology and evolution in extreme environ-
ments will ultimately further our understanding of more  
complex natural microbial communities and the global 
ecosystem.
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