
Himalayan orogen, so much so that the locus of deep exhumation
has been maintained nearly 100 km northwards of the Himalayan
thrust front. This focused exhumation sustains the marked topo-
graphic front of the high Himalaya, and increases the efficiency of
energy dissipation from the Himalayan system. A
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The endolithic environment, the pore space of rocks, is a
ubiquitous habitat for microorganisms on the Earth1 and is an
important target of the search for life elsewhere in the Solar
System2. Photosynthetic, endolithic microbial communities com-
monly inhabit the outer millimetres to centimetres of all rocks
exposed to the Earth’s surface. In the most extreme terrestrial
climates, such as hot and cold deserts, endolithic microorganisms
are often the main form of life3–5. The endolithic microhabitat

Figure 3 Erosion rate and cooling-age data. a, Plot of 10Be erosion rate (dots) against

distance from the MCT, projected onto a N188E line. Error bars on the x axis represent the

projected distance to basin limits; error bars on the y axis represent 1j uncertainty in

analytical results. b, Plot of 40Ar–39Ar cooling ages (logarithmic scale) against distance

from the MCT. Shaded boxes, vertical whiskers, and horizontal lines within boxes

represent the interquartile range, limits of analysis results, and median values,

respectively. Black dots represent outliers (more than 1.5 times the interquartile range

beyond box limits). Widths of boxes represent widths of individual basins. Complete data

can be found in ref. 9. Vertical shading and dashed lines show physiographic transition.
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gives protection from intense solar radiation and desiccation,
and it provides mineral nutrients, rock moisture and growth
surfaces4,5. Here we describe the discovery and identification of
the constituents of an extremely acidic (pH 1) endolithic
microbial community inhabiting the pore space of rocks in the
geothermal environment of Yellowstone National Park, USA.
Subjected to silica mineralization, such endolithic communities
constitute biomarkers that can become fossilized and potentially
preserved in the geological record. Remnants of these commu-
nities could serve as biosignatures and provide important clues
about ancient life associated with geothermal environments on
the Earth or elsewhere in the Solar System.

Lush and unusual photosynthetic communities inhabit silica
rocks in Yellowstone’s Norris Geyser Basin. These rocks are pri-
marily chalcedonic sinters and are warmed to ,35 8C by subsurface
geothermal activity. The stark, weathered surfaces of these exposed
rocks show no evidence of the rich life hidden beneath the surface
(Fig. 1). Fractured rock samples show clear signs of photosynthetic
endolithic communities, which inhabit a distinct green band from 1
to 15 mm thick and 2–10 mm beneath the surface exposed to light.
Photosynthetic pigments, primarily chlorophyll of red algae (see
below), impart a green colour. Although endolithic growth of red
algae is known in other volcanic areas6, this is the first comprehen-
sive molecular analysis of the microbial diversity and composition
of these unique communities and their potential mineralization and
fossilization.

Pore waters extracted from the rock had a pH of ,1 and
contained high concentrations of sulphuric acid, metals and sili-
cates (for example 1,343 p.p.m. SO4, 8,893 p.p.m. Al, 983 p.p.m. Mn,
551 p.p.m. Cu, 1,038 p.p.m. As, 102 p.p.m. Fe and 166 p.p.m. SiO2).
The acidity is a product of the physical and biological oxidation of
reduced sulphur species to sulphuric acid7,8. Rocks that harboured
endolithic communities contained 10–32% pore water by weight.
The evaporation of pore water concentrates dissolved species,
particularly silica, which precipitates and encrusts the microbial
community as it grows. Similar mineralization processes are
observed in living microbial communities directly associated with
terrestrial2,9–11 and marine12 thermal springs. The processes that
fossilize microbial communities, how these fossils are preserved in
the geological record, and their potential as biosignatures have been
examined extensively2,9,13–16. The community described here is a
unique opportunity to observe an endolithic microbial community
in the process of fossilization.

To understand the kinds of organism that constitute this pre-
viously unknown community, we used DNA sequence-based
methods that rely on genomic DNA extracted directly from the
environment instead of cultivation techniques that typically grow
much less than 1% of the organisms present17. We isolated
total community DNA from rock samples and used this as a
template to amplify by polymerase chain reaction (PCR) small-
subunit ribosomal RNA genes representative of organisms present
in the community. We used universal PCR primers that target all
three domains of life, the Bacteria, Archaea and Eukarya, as well as
primers that target only the Bacteria. Individual PCR-amplified
rRNA genes were cloned and segregated into libraries, collections of
96 randomly selected rRNA gene clones. In total, we screened and
analysed 864 clones, of which we sequenced 342. Results (Fig. 2a)
show that the community is relatively simple, composed mainly
of organisms with rRNA gene sequences of ,40 species-level
relatedness groups (at least 97% rRNA sequence identity), a con-
servative estimate of species-level diversity based on rRNA sequence
variation18.

Two kinds of sequence dominated the clone libraries. About 26%
of clones (225 of 864) were most closely related by phylogenetic
analysis (98–99% sequence identity) to chloroplast rRNA genes of
Cyanidium caldarium, an acidophilic eukaryotic red alga. This
indicates that closely related Cyanidium species might be the

Figure 1 Endolithic microbial communities in highly acidic (pH1) chalcedonic sinters of

Yellowstone’s Norris Geyser Basin. a, Outcrops harbouring cryptoendoliths (foreground).

b, c, Fractured sinter reveals distinct green layer of photosynthetic microbial life. Scale

bars, 5 cm (b) and 1 cm (c). d, e, LSCM images of 30-mm petrographic thin section of

endolithic community. d, Transmitted light shows that host rock is chalcedonic sinter with

quartz grains (Qu) cemented by microcrystalline opaline silica (Op). e, Fluorescence

associated with cells containing chlorophyll imaged with LSCM (excitation at 488 nm,

detection at 630–650 nm). Scale bars, 200mm. f, g, Micrographs of Cyanidium spp.

encrusted in mineral casts. Transmitted light (f) shows casts with and without (arrows)

fluorescent Cyanidium spp. cells (g). Scale bars, 5 mm. h, i, LSCM micrographs of

Cyanidium spp. cultivated in enrichments imaged with transmitted light (h) and

fluorescence (i) as in e. Scale bars, 5mm. j, SEM image of broken spherical silica casts

that form around individual Cyanidium spp. cells and a tubular cast (arrow) that forms

around a network of cells presumed to be largely Mycobacterium spp. Scale bar, 5 mm.

k–m, BSE–SEM image (k) and EDS maps (l, m) of transverse section of presumed

Cyanidium spp. cellular structures. Si*, EDS point spectra. Heavy metals stain biological

material (Pb) (l ). One cellular structure (Si) did not stain with Pb and had a strong Si signal

(m). Scale bar, 5mm. n, BSE–SEM image of tubular structure. EDS point spectrum

showed that the cast (Si) was primarily silicon and that the inner material (Pb) was stained

with lead. Scale bar, 5 mm. o, BSE–SEM image of cells in pore space surrounded by silica

cement (Si). Scale bar, 5mm.
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main primary producers of the community. Cyanidium and other
undetected genera of the Cyanidiaceae family, Cyanidioschyzon and
Galdieria, are the most acid-tolerant photosynthetic organisms
known. Nuclear rRNA genes of Cyanidium spp. were detected in
enrichment cultures of Cyanidium spp. but not in universal com-
munity libraries. Analysis of photosynthetic pigments extracted
directly from the community showed only chlorophyll a and
other associated photosynthetic pigments identical with those in
Cyanidium species cultured from Norris Geyser Basin (see
Methods).

The most abundant group of rRNA gene clones analysed, a
remarkable 37% of the total (328 of 864), were previously uni-
dentified Mycobacterium species, members of the bacterial division
Actinobacteria (Fig. 2b). Enrichments were not successful in the
cultivation of Mycobacterium spp., as assayed by rRNA probe
hybridization. Famous as pathogens, mycobacteria cause diseases
such as tuberculosis and leprosy in humans. Mycobacteria also are
considered common constituents of environmental settings such as
soil and freshwater habitats, but they have not previously been
encountered as such a large component of an environmental

microbial community. Such organisms typically are of low abun-
dance (much less than 1%) and detected in the environment
only with specific and sensitive assays19. The role of mycobacteria
in these natural settings is not well understood but is generally
considered heterotrophic. Environmental mycobacteria can
adapt to acidic environments. Studies of environmental soils and
sediments with quantitative cultures show an enrichment of myco-
bacteria at low pH. The richest mycobacterial environment pre-
viously reported (,1% of the community) is a mildly acidic (pH 4)
forest soil19. Mycobacteria have not been encountered previously in
such highly acidic (pH 1) volcanic environments as those reported
here.

Although the primary energy source for the community is
probably photosynthesis, the flux of geochemical species through
the habitat indicates that lithotrophy, the metabolism of reduced
inorganic compounds for energy, might contribute to the overall
energy budget of the community. Dissolved species that could
potentially serve as fuels include metals, sulphur compounds and
hydrogen, an important energy source for microbes abundant in
Norris Geyser Basin20. The most diverse group of rRNA gene
sequences in the community represented ,14 distinct groups of
the bacterial division Proteobacteria and comprised ,11% of
the total clones. Most of these sequences (,9%) belong to the
g-Proteobacteria, a group that includes lithotrophic organisms that
metabolize hydrogen and sulphide. In addition, rRNA gene
sequences closely related (99% identity) to those of two known
lithoautotrophs, Sulfobacillus disulfidooxidans and Leptospirillum
ferrooxidans, each comprised,1% of the community. Only ,5% of
clones were representative of members of the domain Archaea,
which are popularly associated with such ‘extreme’ geothermal
environments; however, bacteria, and to some extent eukaryotes,
are equally important in these settings17.

We used several imaging techniques to investigate the physical
structure of the community. Light microscopy of petrographic thin
sections showed the rock to be a chalcedonic sinter with large,
weathered, quartz grains cemented by opaline silica (Fig. 1d). To
determine the distribution of photosynthetic organisms in situ,
we imaged the fluorescence associated with chlorophyll in thin
sections. Fluorescence localized to the microcrystalline cement and
was most intense along quartz grain margins (Fig. 1e). Individual
cells were observed at higher magnifications, although the fluores-
cence of cells embedded in the mineral matrix was highly scattered.
Images of Cyanidium cells in freshly disrupted samples showed that
many apparently healthy cells were encrusted in a crystalline matrix,
presumably silica (Fig. 1f, g). Spectral analysis of fluorescence in
thin sections and that of individual Cyanidium spp. cells yielded
identical results.

Field-emission scanning electron microscopy (SEM) revealed a
complex fabric of mineralized filamentous and spherical casts
(Fig. 1j) in the pigmented zone of colonization. Nearly identical
mineralized silica biofabrics occur in living microbial mats (nomi-
nally Cyanidium caldarium) in acidic (pH 2) thermal springs in
Hokkaido, Japan10. Similar fabrics are also observed in mineralized
and recently fossilized microbial communities in other thermal
spring environments2,9,11,12. Recent findings indicate that fossilized
subsurface biofabrics might be preserved in the geological record2.
We imaged sections of resin-embedded endolithic community with
backscattered-electron-imaging scanning electron microscopy
(BSE–SEM), which showed spherical and filamentous cellular
structures embedded in the mineral matrix (Fig. 1k–m). Samples
were treated with heavy metals (osmium, lead and uranium), which
stain and give contrast to biological materials in BSE–SEM images.
The spherical cellular structures had outer diameters of 3.5–6.6 mm
(average 5.0 ^ 0.8 mm, n ¼ 50), similar to the size of Cyanidium
cells we observed by light microscopy. We analysed the elemental
composition of samples with energy-dispersive X-ray spectroscopy
(EDS). The interiors of most cellular structures had strong signals

Figure 2Microbial diversity of the Norris community. a, Phylogenetic distribution of rRNA

gene sequences amplified from the Norris community (n ¼ 864). b, Composite tree

diagram of the phylogenetic relationship of endolithic community rRNA gene sequences

(represented by solid wedge) to those of knownMycobacterium spp. (expanded portion of

tree) and the relationship of the mycobacteria group to other groups (open wedges) of the

bacterial division Actinobacteria. Phylogenetic analyses showed that rDNA sequences

from the Norris community formed a distinct group of mycobacteria supported in all

analyses (minimum evolution, maximum parsimony and maximum likelihood) with

strong statistical support (.70% bootstrap value). The Norris sequences are most closely

related toM. elephantis (,97%), and the association of the M. elephantis group as a sister

species to the Norris group was present in all trees in all analyses and was supported

statistically by maximum evolution bootstrap analysis but not by the other methods.
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for lead, osmium and uranium, whereas the signal from the
surrounding material indicated primarily silicon (Fig. 1k). Some
cellular structures did not stain and had strong silicon signals, which
indicates that they might already have been mineralized and could
become fossilized.

The abundance of mycobacterial clones (,37%) detected in the
community leads us to postulate that the ubiquitous curvilinear
filamentous casts observed formed around a biofabric of primarily
mycobacteria, although other organisms detected are probably also
involved. Mycobacteria are known to form complex filamentous
and branched biofilms21. The filaments in this study have a tubular
construction with inner diameters of 0.8–3.0 mm (average
1.9 ^ 0.5 mm, n ¼ 60), typical of bacterial cells. BSE–SEM imaging
showed that the filamentous structures are segmented, and EDS
analysis indicates that the interiors contain biological material and
that the casts are primarily silica (Fig. 1m). Similar filamentous
structures observed in specimens collected from silica-depositing
thermal springs in Yellowstone have been shown to be fossilized
filament casts of microbes9.

Mineralization of endolithic communities associated with
geothermal environments might lead to the preservation of ident-
ifiable biosignatures. Fossils of endolithic microbial communities
recently discovered in Antarctic sandstone preserve exquisite detail
of the internal structures of cells22. We expect that the abundance of
Yellowstone endolithic communities in environments favourable to
mineralization leads to their preservation in the geological record.
Unequivocal microfossils from the 2.0-Gyr-old Gunflint formation
(Ontario, Canada) were formed by silica mineralization in an
environment interpreted as analogous to that in Yellowstone23,24,
although the exact nature of that environment remains uncertain.
Regardless of the environment, Gunflint microfossils demonstrate
the potential for microfossils to form in siliceous environments and to
persist in the Earth’s geological record for a minimum of 2 Gyr.

Mineralized endolithic communities such as those described here
could be a highly diagnostic indicator of past life on Mars. Evidence
of past geothermal activity on Mars includes volcanism and possible
hydrothermal systems, which could be analogous to those of
Yellowstone14,25. Missions to Mars target such areas in the search
for evidence of life, past or present, on Mars. The endolith is a
critical habitat to explore in that search. The rich diversity of
endolithic life in the geothermal environment of Yellowstone,
combined with the potential for biosignature preservation, indi-
cates that rocks associated with former hydrothermal systems might
be the best hope for finding evidence of past life on the martian
surface. A

Methods
Sample description
Samples were collected from outcrops located in Norris Geyser Basin, Yellowstone
National Park, USA. The community described was collected from a single site
(448 43.92

0
N, 1108 42.63

0
W).

Chemical analysis
Rock pH was measured as described26. Pore water was extracted by centrifugation for
standard chemical analysis by inductively coupled plasma (ICP)–atomic absorption
spectrometry, ICP–mass spectrometry and ion chromatography as described20.

Molecular community analysis
Molecular phylogenetic community rRNA analysis was performed with DNA extracted
from crushed rock samples as described20. The average yield of extracted DNA was
3.1 mg of DNA per gram of crushed rock. PCR primers used in this study were 27F,
515F and 1391R. In situ hybridizations for mycobacterial species were performed as
described27.

Microscopy
Petrographic thin sections were prepared from resin-embedded samples and imaged with
light and laser-scanning confocal microscopy (LSCM) as described28. Conventional SEM
specimens were fixed in 4% glutaraldehyde, critical-point dried and coated with gold13.
BSE–SEM was performed as described22,29 with an FEI Quanta 600 SEM, BSE detector and
Princeton Gamma Tech EDS system.

Photosynthetic pigment analysis
Photosynthetic pigments extracted from rock samples were analysed as described30.
Strains of Cyanidium spp. cultured from Norris Geyser Basin for comparison were
obtained from the Culture Collection of Microorganisms from Extreme Environments
(CCMEE) and included strains NC-5-Cl-1 CCMEE 5584 and C-Cl-1 CCMEE 5564.
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