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Many cyanobacteria are known to tolerate environmental extremes. Motivated by an interest in selecting
cyanobacteria for applications in space, we launched rocks from a limestone cliff in Beer, Devon, United
Kingdom, containing an epilithic and endolithic rock-dwelling community of cyanobacteria into low Earth orbit
(LEO) at a height of approximately 300 kilometers. The community was exposed for 10 days to isolate
cyanobacteria that can survive exposure to the extreme radiation and desiccating conditions associated with
space. Culture-independent (16S rRNA) and culture-dependent methods showed that the cyanobacterial
community was composed of Pleurocapsales, Oscillatoriales, and Chroococcales. A single cyanobacterium, a
previously uncharacterized extremophile, was isolated after exposure to LEO. We were able to isolate the
cyanobacterium from the limestone cliff after exposing the rock-dwelling community to desiccation and vacuum
(0.7 � 10�3 kPa) in the laboratory. The ability of the organism to survive the conditions in space may be linked
to the formation of dense colonies. These experiments show how extreme environmental conditions, including
space, can be used to select for novel microorganisms. Furthermore, it improves our knowledge of environ-
mental tolerances of extremophilic rock-dwelling cyanobacteria.

The surface and interior of rocks is a ubiquitous environ-
ment for microorganisms. Comprehensive culturing and cul-
ture-independent analyses of endolithic (interior of rocks) and
epilithic (on the surface of rocks) microbial communities have
been conducted. The primary producers in these environments
are phototrophs, such as cyanobacteria, that are either free
living or endosymbionts in lichens (16).

Epilithic microorganisms are often an important part of
rock-dwelling communities. The characterization of the epi-
lithic cyanobacteria from natural environments, such as beach
rock and caves, and from human-made environments, such as
hypogea and buildings, has identified a variety of cyanobacte-
ria. This includes both unicellular and filamentous forms, for
example, Lyngbya-related species and Chroococcidiopsis (5, 14,
37, 47).

Many microorganisms also inhabit the interior of rocks as
endoliths. The endolithic environment provides protection
from environmental stresses such as desiccation, extreme tem-
perature, UV radiation, and high photosynthetically active ra-
diation (400 to 700 nm) (6, 16, 25, 32). Endolithic communities
are often the dominant form of life in extreme environments
such as hot and cold deserts (15–17), savannahs, and semi-
deserts (3, 6, 15, 48). In these extreme environments, the en-
dolithic cyanobacteria are mainly unicellular cyanobacteria, for
example, Chroococcidiopsis, Myxosarcina, and Gloeocapsa spe-
cies (11, 46, 50). Conversely, in nondesert environments, such
as dolomitic rocks in Switzerland (41), the limestone of the

Niagara Escarpment (19, 20), and travertine deposits in Yel-
lowstone National Park, the endolithic communities are more
diverse and include both filamentous and unicellular types of
cyanobacteria, such as Leptolyngbya, Nostoc, and Synechocystis
(34).

Although rock-dwelling cyanobacteria communities are di-
verse, there has been limited, if any, use of artificial extreme
conditions to select for novel extremophilic cyanobacteria from
these environments. Such an investigation could have implica-
tions for understanding the physiological requirements of life
in extreme environments.

The work described in this paper was motivated by an inter-
est in understanding the physiological tolerance of cyanobac-
teria to space conditions and their potential use in space ap-
plications, such as oxygen and feedstock provision, which are
crucial for extraterrestrial settlements (23, 29). In this work, we
exposed samples of a coastal limestone cliff in Beer, Devon,
United Kingdom, which is inhabited by a diverse cyanobacte-
rial community, to low Earth orbit (LEO) to isolate novel
extreme-tolerant cyanobacteria.

MATERIALS AND METHODS

Sample collection. The sample site for this work was a cliff face in Beer,
Devon, United Kingdom (50°41.50�N, 3°08.19�W) (Fig. 1A), that is made of
Cretaceous nodular chalk limestone (21). Rocks were collected from the upper
greensand layer, where limestone is predominant, with various amounts of the
mineral glauconite. During high tide, the sampling site is submerged in seawater.
The cyanobacteria inhabit the surface and interior of the rocks and form a
homogenous epilithic covering (Fig. 1B). For the exposure experiments, the
rocks were cut into blocks with an upper surface area of 1 cm2.

Light transmission. Light transmission measurements were used to determine
the depth at which damaging UV radiation and photosynthetically active radia-
tion could penetrate the rock. Transmission spectra were measured on rock
sections that were 100 and 200 �m in thickness with an optical AvaSpec-1024
Spectrometer (Avantes, Netherlands) system. The UV/vis spectrometer mea-
sured the intensity of each wavelength of light in the UV and visible region
(between 200 and 800 nm). For each of the rock sections, six positions were used
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to measure transmission at random locations on the sample. The means of these
measurements were calculated. To determine the depth at which the minimal
photon flux for photosynthesis would be reached, we used the theoretical value
of 0.1 �mol photon/m2/s required for photosynthetic growth supported by O2-
evolving photosynthesis (39).

Culturing of cyanobacteria. To culture cyanobacteria, samples from the lime-
stone cliff were incubated in 5 ml of modified BG-11 medium or filtered sterilized
seawater (36). The filtered seawater was prepared by vacuum filtering 500 ml of
seawater from Beer, Devon, through a 0.22-�m filter (Millipore, United King-
dom). The cultures were grown at 25°C under natural sunlight and day/night
cycles.

16S rRNA gene analysis of isolates and whole-community genomic DNA. For
the analysis of the cyanobacteria community, rocks were collected from the
upper greensand layer. To avoid contamination, the rocks were collected asep-
tically and stored in sterile plastic bags (Whirlpak; Fisher Scientific) at �80°C.
For DNA extraction, three of the collected rocks were crushed, as previously
described (24). The powdered rock was ground in a sterile pestle and mortar
containing liquid nitrogen. DNA was extracted from 5 g of the crushed rock using
the PowerMax Soil DNA Isolation kit (MoBio Laboratories, Cambridge, United
Kingdom) according to the manufacturer’s instructions.

Cyanobacterium-specific primers were used to amplify, by PCR, a partial
region of the 16S rRNA gene, of between 613 and 618 nucleotides (35, 36). The
16S rRNA genes PCR product was extracted and purified from a 0.8% (wt/vol)
agarose gel (Invitrogen, Paisley, United Kingdom) by means of the GenElute
Gel Extraction kit (Sigma-Aldrich, Poole, United Kingdom) according to the
manufacturer’s instructions. The purified product was ligated at 4°C with the
pCR4-TOPO vector. Chemical transformation was conducted with OneShot
TOP10 chemically competent Escherichia coli from the TOPO-TA cloning kit
(Invitrogen, Paisley, United Kingdom), as previously described (24).

The 16S rRNA gene inserts were sequenced using the T7 and T3 universal
primers. The sequences were assembled with BioEdit and submitted to the
CHECK_CHIMERA program of the Ribosomal Database Project (RDP; http:
//rdp8.cme.msu.edu/html) (10). The sequences were phylogenetically classified
using the classifier in Ribosomal Data Project II, and the nearest 16S rRNA gene
sequences were identified in the GenBank database using the BLASTN program
(1). On the basis of these results, the sequences were aligned with representa-
tive cyanobacterial sequences from the GenBank database by ClustalX (45).
The phylogenetic tree was constructed using the neighbor-joining method (40)
and the Kimura two-parameter for distance correction (27) and visualized with
NjPLOT (38). Rarefaction analysis was conducted with the FastGroupII pro-
gram (51).

To identify the cyanobacteria isolates, a partial region of the 16S rRNA gene,
of between 1,279 and 1,294 nucleotides, and the entire 16S-23S rRNA internal
transcribed spacer (ITS) were sequenced. The 16S rRNA gene region was am-
plified with CYA106F and pH primers (4, 35). The ITS region was amplified with
the 16S1407F and the 23S30R primers (26, 30). For both sets of primers, the
PCR and amplification program were the same as those previously described (8).
The PCR products were cleaned using the GenElute Gel Extraction kit (Sigma-

Aldrich, Poole, United Kingdom), and the DNA sequencing of the PCR prod-
ucts was carried out directly. For phylogenetic analysis, only the region within the
D1 and D4 conserved domains of the ITS region, of between 473 and 542
nucleotides, was used for the BLASTN analysis (26).

Isolation experiments. To select for extremophilic cyanobacteria, samples
from the limestone cliff were exposed to the combined environmental conditions
of LEO (vacuum, 0.133 � 10�6 kPa; temperature, �20°C to �30°C; solar
radiation, �170 nm). Furthermore, samples were exposed to the individual
effects of vacuum (0.7 � 10�3 � 0.01 � 10�3 kPa), desiccation, and UV radiation
(325 to 400 nm) using ground-based experiments.

The ground-based experiments were conducted in triplicate, and a set of
replicas was stored under ambient conditions in darkness as controls. Samples,
including the controls, were collected aseptically after 1, 4, 7, 21, and 28 days
(unless stated differently below). The LEO experiment did not include triplicate
samples due to weight constraints, and the samples were exposed for 10 days.

Following exposure, each of the rocks was split aseptically and incubated in 5
ml of BG-11 medium or filtered and sterilized seawater. Microbial growth was
monitored routinely using a Leica DMRP microscope (magnification, �1,000)
equipped with epifluorescence. Cell counts were conducted, after 10 weeks, by
counting 35 fields of view, and the means and standard deviations associated with
this value were determined. The cyanobacteria were isolated for morphological
and molecular analysis by inoculating agar plates of BG-11 and seawater (1%
agar; bacteriological agar no. 1; Oxoid, Basingstoke, United Kingdom).

Low Earth orbit. Exposure to LEO was carried out as part of the European
Space Agency (ESA)-funded Biopan VI mission. The samples were launched
into LEO using a Soyuz launch vehicle (Russian Space Agency), which carries a
Foton capsule into orbit. The Biopan, which is a space exposure facility, was
installed on the external surface of the Foton capsule and opened in orbit to
expose the samples to the combined environmental conditions of LEO for 10
days. The rocks were placed on two sample plates. The upper plate allowed for
exposure to space conditions, extraterrestrial solar UV, and visible light. Cutoff
filters, which permitted only the transmission of wavelengths that were longer
than the specified values, also were used to expose the samples to the following
wavelengths: �110 nm to simulate the full extraterrestrial spectrum, �200 nm to
simulate UV on Mars, �290 nm to simulate UV on Earth, and �400 nm for the
visible spectrum. The lower sample plate enabled the samples to be exposed to
space conditions without exposure to UV or visible radiation as dark controls
(36). An identical set of samples were kept for the same period in the laboratory
at ambient conditions (21°C, atmospheric pressure) in darkness to serve as
laboratory ground controls.

Ground-based exposure experiments. To enhance our understanding of cya-
nobacterial survival in LEO, the samples from the limestone cliff were exposed
to vacuum, desiccation, and UV radiation. The effect of desiccation was mea-
sured at room temperature in a desiccator containing silica gel beads, which were
heated overnight at 80°C to eliminate moisture prior to use. Exposure to vacuum
(0.7 � 10�3 � 0.01 � 10�3 kPa) and UV radiation (325 to 400 nm) was
conducted in a simulation chamber, as previously described (36). The samples
were exposed to 1, 5, 10, 30, 45, and 60 min of UV radiation.

TEM analysis. The isolate OU_20, obtained from the LEO exposure experi-
ment, was examined by TEM. After 31 days of growth on BG-11 plates, colonies
were transferred via an aseptic loop into 1 ml of fixative. Sections were prepared
as previously described and examined with a JEM 1400 (JEOL) transmission
electron microscope (TEM) at 80 kV, and digital images were acquired with an
AMT XR60 camera of 11 megapixels (8).

Nucleotide sequence accession numbers. The sequences obtained from the
clone library and the isolates were deposited in the GenBank database under the
accession numbers GQ162225 to GQ162317.

RESULTS

Light transmission of the rock. To assess light absorbance
inside the rock, spectra between 200 and 800 nm were mea-
sured by transmitting light through 100- and 200-�m-thick rock
sections. No light transmission was measured through the
200-�m section. Through the 100-�m section, less than 0.5%
of light was transmitted between wavelengths 250 and 400 nm.
Below 250 nm, the low lamp transmission resulted in high
background noise, and measurements were not reliable. The
light transmission was heterogeneous and varied according to
the presence of crystals, microfractures, and other heteroge-

FIG. 1. (A) Map of the United Kingdom showing the location of
the sample site, Beer, Devon, United Kingdom. (Reprinted with per-
mission of The Open University, Milton Keynes, United Kingdom.)
(B) The rocks were collected from the upper greensand layer of the
limestone cliffs, which is covered with a homogeneous epilithic cover-
ing of cyanobacteria.
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neities in the rock content. At 680 nm, the transmission values
varied from a minimum of 3.5% to a maximum of 4.5% (n �
6). The depth at which photosynthetically active radiation
would be reduced to the minimum required for photosynthesis
was calculated to be approximately 450 �m (n � 6).

Molecular diversity of the cryptoendolithic cyanobacterial
community. Approximately 0.9 �g of DNA per gram of rock
was extracted from the limestone cliffs form Beer, United
Kingdom. A total of 92 cyanobacterial clones were obtained.
The rarefaction curve reached a plateau at a cutoff value of
97%, as shown in Fig. 2. The combined sequence data for the
clone library and the isolates clustered to form 14 phylotypes,
which have a threshold value of 97% similarity (42) (Fig. 3).
BLASTN analysis revealed that 10 of the phylotypes had near-
est-match identities of 97% or greater to sequences in the
GenBank database. The largest phylotype group was A, with
33 clones, and the members were distantly related (92 to 94%
identity) to a Halothece species from the marine environment
of Shark Bay, Australia. The second largest group, E, included
an uncultured sequence from an inland salt habitat. Of the
remaining groups, five had nearest matches from extreme en-
vironments such as Antarctica and a cold sulfurous spring,
while the remaining groups all had nearest matches to se-
quences identified from marine or freshwater environments.

Exposure experiments. (i) Isolation of cyanobacteria using
LEO. The samples from the limestone cliff were exposed to 10
days of LEO to select for resistant cyanobacterial strains. The
environmental parameters during the experiment were the fol-
lowing: vacuum, 0.133 � 10�6 kPa; temperature, �20°C to
�30°C; solar radiation, �170 nm. The incubation of the rocks,
after exposure, resulted in the isolation of a cyanobacterium,
OU_20. The growth of this isolate was detected on the control
rocks (no UV exposure) after 160 days. This was followed by
the growth of the same isolate on the rocks exposed to UV at
�290 and �400 nm, as shown in Table 1.

(ii) Ground-based exposure experiments. Ground-based ex-
periments were conducted to isolate cyanobacteria from the
samples after exposure to the individual effects of vacuum,
desiccation, and UV radiation. Nine cyanobacteria were iso-

lated after exposure to 1 day of desiccation, while only four
were isolated after 28 days of exposure, as shown in Table 2.
Furthermore, the cyanobacterial cell counts decreased from
4.0 � 105 � 0.8 � 105 ml�1 after 1 day to 2.1 � 103 � 0.5 �
103 ml�1 after 28 days. Vacuum was more detrimental than
desiccation, and only three cyanobacterial strains were isolated
after 1 day of exposure, as shown in Table 2. The total number
of cells decreased from 2.0 � 102 � 0.9 � 102 ml�1 after 1 day
to 5.1 � 101 � 0.6 � 101 ml�1 after 28 days.

Moreover, when the samples were exposed to UV radiation
(325 to 400 nm) with a total dose of 54.6 W/m2, the number of
isolates decreased dramatically. After 5 min of exposure, five
cyanobacterial strains were isolated (the total number of cya-
nobacteria cells was 2.1 � 101 � 0.8 � 101 ml�1), and only four
were isolated after 60 min of exposure (4.0 � 101 � 1.1 � 101

ml�1), as shown in Table 2.
Morphological and molecular analyses of the isolated cya-

nobacteria. The isolates were compared morphologically to the
taxonomy descriptions of Anagnostidis and Komárek as well as
Tatton et al. (2, 28, 44, and www.CyanoDB.cz). The isolates
OU_6, OU_8, OU_13, and OU_14 were similar to the descrip-
tions and the photomicrographs of the Leptolyngbya strains
(order Oscillatoriales) described by Taton et al. (43). In addi-
tion, the isolates OU_4 and OU_10 were comparable to the
Phormidium strains (order Oscillatoriales) (43). The remaining
isolates were nonfilamentous. The isolates OU_12 and OU_11
formed spherical cells that were slightly elongated in shape and
were similar to the description of the order Pleurocapsales by
Komárek et al. (www.CyanoDB.cz). A detailed description of
the morphology of the isolates is available in Table S1 in the
supplemental material.

Due to the significance of isolate OU_20 as the only isolate
that survived space conditions, TEM analysis also was con-
ducted to investigate characteristics that may have improved its
extreme tolerance. The isolate OU_20 formed large clumps,
which were surrounded by a mucilaginous sheath, as shown in
Fig. 4. The cells divided by a local thickening of the cell wall
and the formation of a septum. The morphology of OU_20 is
similar to that of the order Chroococcales (49).

FIG. 2. Evaluation of the representation of the bacterial clones obtained from the limestone rock from Beer by rarefaction analysis. The
appearance of new OTU strains was plotted as a function of the number of clones, which were analyzed randomly. The rarefaction curves were
generated using FastGroupII (49). The curve was calculated with sequence similarity cutoff values of 97.0% (species level).
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In addition to the morphological analysis, we amplified a
partial region of the 16S rRNA gene of between 1,279 and
1,294 nucleotides and the total ITS region. The results from
the BLASTN analysis of the sequences are shown in Table 3.
Where the nearest-matched sequences were from cultured cya-

nobacteria, the sequences were in agreement with the morpho-
logical descriptions of the isolates. Five of the isolates clus-
tered with phylotype groups identified in the clone library,
while the remaining sequences formed new phylotype groups,
as shown in Table 3.

FIG. 3. 16S rRNA gene phylogenetic tree of the cyanobacterial community of the limestone rocks. The neighbor-joining tree was constructed
using an approximately 700-nucleotide region of the 16S rRNA gene, which was amplified with cyanobacterium-specific primers (31). The
phylogenetic tree was based on 92 sequences from the clone library, 9 sequences from the isolates, and 56 cyanobacterial sequences from GenBank,
which were cut to the same length as the clone sequences. The phylotypes contained the following number of sequences: phylotype A, 33; phylotype
B, 2; phylotype C, 10; phylotype D, 3; phylotype E, 13; phylotype F, 2; phylotype G, 9; phylotype H, 5; phylotype I, 9; phylotype J, 12; phylotype
K, 1; phylotype L, 1; phylotype M, 1; and phylotype N, 1. The phylotypes are in boldface, and OU_20 is underlined. The scale bar corresponds to
0.02 changes per nucleotide. The percentage of bootstrap replicates (1,000 replicates) resulting in the same cluster is given near the respective
nodes for bootstrap values higher than 80%.
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DISCUSSION

The objective of this study was to investigate the effects of
LEO on a rock-dwelling cyanobacterial community. The epi-
lithic and endolithic community used in this investigation was
from a limestone cliff in Beer, Devon, United Kingdom. Al-
though the environmental conditions at Beer are not as ex-
treme as those experienced by rock-dwelling communities in
the Atacama Desert or Antarctica, the cliff experiences periods
of desiccation, temperature fluctuations, and cyclical exposure
to freshwater and seawater, as well as exposure to UV radia-
tion. This sample location was selected because we predicted
that the cyanobacterial community would be diverse and there-
fore would yield useful results on the relative survivability of
different cyanobacteria in space conditions. Furthermore, we
hypothesized that exposure to extreme conditions resulted in
the selection of entirely novel extremophilic organisms. Ex-
tremophilic cyanobacteria have use in future space applica-
tions, such as oxygen, fuel, and biomass production; nutrient
acquisition; biomining; and feedstock provision, which are cru-
cial for long-term space flights and extraterrestrial settlements
(23, 29).

The rocks were exposed to LEO as part of the ESA-funded
Biopan VI experiment. Previous exposure experiments aboard
the Biopan facility have shown that some cyanobacteria can
survive space conditions. Mancinelli et al. demonstrated that a
Synechococcus species, isolated from gypsum-halite crystals
collected from the marine intertidal area along the coast of
Baja California, Mexico, was able to survive exposure to LEO
for 15 days (31). However, nitrogen fixation decreased from
approximately 1.5 � 10�3 in controls to 4 � 10�4 �mol eth-

ylene/ng protein in flight samples, as measured by the acety-
lene reduction assay.

The exposure of the endolithic and epilithic community
from Beer to LEO resulted in the isolation of a single extremo-
philic cyanobacterium, designated OU_20. Further ground-
based exposure experiments were conducted to select for cya-
nobacteria using the individual effects of vacuum, desiccation,
and UV radiation. The isolate OU_20 subsequently was iso-
lated after exposure to desiccation and vacuum. However,
OU_20 was not detected after exposure to UV radiation (325
to 400 nm).

These data must be reconciled with the data acquired for
OU_13, which did not survive exposure to space but survived
all of the ground-based experiments, including UV exposure.
The survival of exposure to UV radiation may be due to the
filamentous nature of OU_13, which enables the cyanobacte-
rium to bore into the rock or grow endolithically into rock
cavities, which would protect the cyanobacterium from UV
radiation (9). This would be consistent with the depth at which
photosynthetically active radiation would be reduced to the
minimum required for photosynthesis, which was 450 �m. The
failure of OU_13 to survive in space may be caused by differ-
ences in the effects of the combined stresses associated with
LEO compared to those of OU_20 or differences in the abun-
dance of the organisms in the rocks. If OU_13 was less abun-
dant than OU_20, it may have been killed completely during
the exposure to space, whereas small numbers of OU_20 could

TABLE 1. Survival of cyanobacterium OU_20 from the rock-
dwelling community after exposure to low Earth orbit

Wavelength (nm)

Survivala (days)

With UV
exposure

Without UV
exposure

�110 206
�200 (simulating UV on Mars) 160
�290 (simulating UV on Earth) 196
�400 (visible spectrum) 198 201

a The number of days before growth was detected after incubation.

TABLE 2. Survival of cyanobacteria from the rock-dwelling
community after exposure to UV radiation, desiccation,

vacuum, and low Earth orbita

Isolate UV (min) Desiccation
(days)

Vacuum
(days)

LEO
(days)

OU_4 1 1
OU_6 60 28
OU_8 7
OU_10 60 7 1
OU_11 1
OU_12 60 1
OU_13 60 28 28
OU_14 28
OU_20 28 14 10

a Shown are the maximum exposure times that the isolates could survive.

FIG. 4. TEM images of the cyanobacterium OU_20 that survived
exposure to low Earth orbit.
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have survived. Another explanation may be inhomogeneity in
the distribution of organisms in different samples, although our
culturing experiments suggest that the organisms were distrib-
uted quite uniformly on the rock surface.

The morphological features of OU_20 resembled those at-
tributed to the genus Gloeocapsa described by Komárek et al.
(www.CyanoDB.cz). Furthermore, TEM images of Gloeo-
capsa-like cyanobacteria isolated from biofilms colonizing
granite rock in Antarctica were similar to those of OU_20 (12,
13). Previous work with Gloeocapsa species has shown that in
the natural environment an extracellular sheath holds many
cells together, and in such growth forms the effective cellular
path lengths for radiation are greatly increased, as is the over-
all protection against UV radiation (18). The thick mucilagi-
nous sheath observed in the TEM images of OU_20 may have
protected the organism from the UV radiation (�290 nm),
vacuum, and fluctuations in temperature associated with LEO.

OU_20 was selected, by exposure to LEO, from a diverse
community of cyanobacteria. The phylogenetic analysis dem-
onstrated that the community consisted of 14 phylogenetic
groups that belonged to the orders Oscillatoriales, Pleurocap-
sales, and Chroococcales. The phylogenetic similarity of these
sequences to those in the GenBank database demonstrates
that members of the community are similar to cyanobacteria
found in previously studied environments. For example, cya-
nobacterial sequences comparable to those found in Ant-
arctica, the Taff River, and Lake Ladoga were discovered in
the community at Beer (7, 22, 33, 44). The rarefaction analysis
of the clone library showed that 92 clones were sufficient to
reach the saturation of the community diversity; however,
three of the isolates were not identified in the clone library.
This might be explained by a very low abundance of these
cyanobacteria in the community, such that the rarefaction
curve, with 93 clones, reached apparent saturation, but rare
phylotypes are still to be discovered.

In this work, we have isolated an extremophilic cyanobacte-
rium from a cliff in Beer, Devon, United Kingdom, which is
capable of surviving a variety of extreme conditions, including
10 days in space. We have demonstrated that extreme condi-
tions, including space, can be used to select for novel micro-
organisms from natural rock-dwelling communities, which
could advance our knowledge of environmental tolerances of

rock-dwelling cyanobacteria and have implications for future
space applications.
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