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Abstract Cyanobacteria are photosynthetic organisms that have been considered for space
applications, such as oxygen production in bioregenerative life support systems, and can be
used as a model organism for understanding microbial survival in space. Akinetes are
resting-state cells of cyanobacteria that are produced by certain genera of heterocystous
cyanobacteria to survive extreme environmental conditions. Although they are similar in
nature to endospores, there have been no investigations into the survival of akinetes in
extraterrestrial environments. The aim of this work was to examine the survival of akinetes
from Anabaena cylindrica in simulated extraterrestrial conditions and in Low Earth Orbit
(LEO). Akinetes were dried onto limestone rocks and sent into LEO for 10 days on the
ESA Biopan VI. In ground-based experiments, the rocks were exposed to periods of
desiccation, vacuum (0.7x 107> kPa), temperature extremes (—80 to 80°C), Mars conditions
(—27°C, 0.8 kPa, CO,) and UV radiation (325400 nm). A proportion of the akinete
population was able to survive a period of 10 days in LEO and 28 days in Mars simulated
conditions, when the rocks were not subjected to UV radiation. Furthermore, the akinetes
were able to survive 28 days of exposure to desiccation and low temperature with high
viability remaining. Yet long periods of vacuum and high temperature were lethal to the
akinetes. This work shows that akinetes are extreme-tolerating states of cyanobacteria that
have a practical use in space applications and yield new insight into the survival of
microbial resting-state cells in space conditions.
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Introduction

Cyanobacteria are photosynthetic organisms that play a significant role in the production of
organic matter and oxygen (Whitton and Potts 2000). They are widely distributed and have
adapted to live in some of the most extreme environments on Earth, varying from the
hyper-arid, cold Antarctic Dry Valleys to the hot, dry Atacama Desert (Friedmann 1980;
Wierzchos et al. 2006). Furthermore, under certain environmental stresses various genera of
heterocystous cyanobacteria differentiate morphologically and ultra-structurally into
resting-state cells for survival (Seckbach 2007).

Akinetes are resting-state cells of cyanobacteria whose formation is induced by a
number of environmental factors including low temperature, desiccation, elevated
levels of salt and iron depletion (Adams and Duggan 1999). In nature, akinetes are
believed to play an important role in perennating, allowing the producer strain to survive
cold winters, and to withstand adverse environmental stresses (Sukenik et al. 2007).
Experimental work demonstrated that in the winter months, the number of akinetes is
significantly higher than in summer (McKnight et al. 2000). Under optimised conditions,
the akinetes germinate and vegetative-state cells are produced. The cyanobacteria can
remain as akinetes for long periods of time without losing viability. For example, the
akinetes produced by Anabaena cylindrica were found to germinate after five years of
desiccation (Yamamoto 1975).

Akinetes are specialised spore-like cells (Adams and Duggan 1999). Although they
are not heat resistant and do not structurally resemble other spore-like cells, they are
resistant to cold and desiccation, and germinate under ideal conditions similar to
endospores of Gram-positive bacteria (Adams and Duggan 1999; Li and McClane 2006;
Setlow 1995). Endospores, in particular, the endospores of Bacillus subtilis, have been
extensively studied. Physiological experiments have demonstrated that they can survive a
large array of extreme conditions. These include heat, desiccation, vacuum, UV radiation
(325 and 400 nm), gamma radiation and chemical toxins (Nicholson et al. 2000).
Furthermore, long term space experiments demonstrated that endospores of B. subtilis are
able to survive the hostile environment of space for 2,107 days, provided that the spores
are protected from UV radiation (>110 nm) (Horneck et al. 1994). Yet there has been no
investigation into the survival of akinetes in extraterrestrial environments.

Cyanobacteria have been recommended for a number of space applications. These
include oxygen production in bioregenerative life support systems, such as MELiSSA
(Lehto et al. 2006; Hendrickx and Mergeay 2007); dust control, and soil conditioning on
the moon and Mars (Liu et al. 2008). Whilst extremophilic cyanobacteria, such as
Chroococcidiopsis, are potential candidates they are not ideal due to their slow growth
rates (generation time of 16 days) (Billi and Caiola 1996). Instead, a faster growing
cyanobacterium that generates sufficient oxygen to support a life support system and
produces spore-like cells to survive storage and transportation would be an ideal
candidate.

In this study, we investigated the survival of akinetes from A. cylindrica in simulated
extraterrestrial conditions and in LEO. 4. cylindrica was selected, as it is easily grown
under laboratory conditions, has a generation time of 1 day and can produce akinetes
without difficulty (Adams and Carr 1981; Olli et al. 2005; Yamamoto 1975). These are all
important prerequisites for use in space applications. We hypothesised that like endospores,
akinetes would be able to survive the adverse conditions associated with these extreme
environments. This study raises the question of the potential survival and utilisation of
akinetes in extraterrestrial environments.
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Fig. 1 Akinetes of Anabaena cylindrica germinating to form filamentous vegetative cells. The arrow
indicates the akinete

Material and Methods
Growth Conditions

Akinetes were induced from cultures of 4. cylindrica (PCC 6309). The organism was
grown in a modified BG-11 medium that contained the following (per g 1 '): 1.5 of NaNOs,
0.0305 of K,HPO4.3H,0, 0.036 of CaCl,.2H,0O, 0.006 of citric acid, 0.001 of EDTA
(disodium salt), 0.02 of Na,CO3, 0.075 of MgS0,4.7H,0, 0.006 of ferric ammonium citrate
and 1 ml I"' of A5 trace metal mix and Co [(per g I '): 2.86 of H3BOs, 1.81 of MnCl,,
0.222 of ZnS04.7H,0, 0.390 of Na,Mo004.2H,0, 0.079 of CuS0,4.5H,0, 0.0494 of Co
(NO3),.6H,0)]. All of the reagents, except the MgS0O,4.7H,O and the ferric ammonium,
were added to dd H,0, and the pH was adjusted to 7.4. After the medium was autoclaved
(20 min at 121°C), filtered sterilised MgSO,.7H,O and ferric ammonium were added (this
did not alter the pH). The cultures were grown at 25°C, under natural sunlight and day/
night cycle. The akinetes were induced by transferring log phase cells into an iron limited
(no iron) BG-11 medium, followed by three washes in the same medium. After 35 days of
growth, the akinetes were harvested by allowing them to settle to the bottom of the flask.
They were then washed and resuspended in dd H,O. The akinetes were stored in a
refrigerator at 4°C until required (Fig. 1). For each experiment, we added 100 pl of akinetes
(30x10° ml™") to the surface of lcm? blocks of sandstone (from coastal limestone/
sandstone cliffs in Beer, Devon, UK) and allowed them to dry to the surface under
laboratory conditions (20°C). All chemicals were supplied by Sigma-Aldrich, Gillingham,
UK, unless otherwise stated.

Low Earth Orbit Experiments
The study of the effects of LEO was carried out as part of the ESA funded Biopan VI
mission (Demets et al. 2005). The samples were launched into LEO by a Soyuz launch

vehicle (Russian Space Agency). 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
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Fig. 2 A The inside lid of the Biopan VI module, which was opened in orbit to expose the biological
samples to LEO conditions. The Biopan contained a temperature sensor AD590 and thermoluminescence
detector Litho-Dose, to monitor the conditions. The Biopan contained 2 plates; a top (level-1) and a bottom
(level-2) plate where the samples were located. B The cells of the top plate were covered by optical long-pass
filters with the following characteristics: (1) MgF,, which is transparent for extraterrestrial solar UV radiation
of A >110 nm; (2) SQO synthetic quartz transmitting solar UV of A >200 nm, thereby simulating the UV
radiation climate on the surface of Mars; (3) long-pass filter for A >290 nm to simulate the terrestrial UV
radiation climate (as a control) and (4) for A >400 nm thereby cutting off all solar UV radiation. C The Mars
Simulated Chamber. The samples were placed inside the chamber, before tightly securing the lid and adding
the CO, gas slowly. The pressure was adjusted until 0.8 kPa+0.2 by means of an Edward rotary pump

samples to the combined environmental conditions of LEO for 10 days, as shown in
Fig. 2A. The rock samples were placed on two sample plates. The upper plate allowed for
exposure to space conditions including, extraterrestrial solar UV radiation (>170 nm), and
visible light. Cut-off filters were used to expose samples to selected wavelengths ranges
(>110, >200, >290 and >400 nm).The lower layer enabled the samples to be exposed to
space conditions without UV or visible radiation (Fig. 2B). An identical set of samples were
kept for the same period in the laboratory at ambient conditions (21°C, atmospheric
pressure) and in darkness to serve as ground-based controls.

After 10 days of exposure the samples were returned to Earth, transported to the
laboratory at the Open University, and split into half under aseptic conditions to prevent
laboratory contamination. The two halves were incubated separately in 15 ml sterilised
glass bottles containing 5 ml of BG-11 medium. The samples were incubated in natural
day/light cycles at 25°C. After 70 days, the surfaces of the rocks were scraped with a sterile
blade and inoculated into liquid BG-11 media and spread onto 1 % agar (Bactereological
Agar No. 1, Oxoid, Basingstoke) plates of the same composition. The samples were
monitored for growth.

Identification

Identification was confirmed by microscopic and molecular biological methods. Colonies
were examined under 1,000 times magnification (bright field microscopy) on a Leica
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DMRP microscope, and by 16S rDNA analysis. For 16S rDNA analysis a region of the
gene was amplified with cyanobacteria specific primers: CYA106F (5'-CGG ACG GGT
GAG TAA CGC GTG A-3") and CYA78IR [an equimolar mixture of CYA781R(a) (5'-
GAC TAC TGG GGT ATC TAA TCC CAT T-3) and CYA781R(b) (5'-GAC TAC AGG
GGT ATC TAA TCC CTT T-3)] (Nubel et al. 1997). The reaction mixture contained: a
colony; 200 uM dNTP; 1 uM primers; 5 U of Tag DNA polymerase; 1x PCR Buffer
(20 mM Tris—HCI (pH 8.4), 50 mM KCl) and 2.5 mM MgCl (Invitrogen, Paisley, UK).
Amplification consisted of incubation at 94°C for 15 min: this was followed by 35 cycles of
1 min at 94°C, 1 min at 60°C and a 1 min extension at 72°C; with a final extension of 5 min
at 72°C. Sequences were examined by BlastX using the GenBank database (http://www.
ncbi.nlm.nih.gov/).

Ground-Based Experiments
Experimental Set-up

Experiments were conducted in the laboratory to simulate extraterrestrial conditions. Each
of the ground-based experiments described below consisted of triplicate samples, with
replicas 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). All of the samples were incubated in 15 ml sterile glass bottles containing 5 ml of
BG-11 medium (unless stated differently below), and incubated under a natural day/light
cycles at 25°C. The cultures were monitored, using a Leica DMRP microscope, and the
presence of vegetative cells in the media was defined as the end of the lag phase. The
cultures were incubated for a further 10 days before the filamentous cells were diluted by
tenfold and counted using a 1,000 times magnification on a Leica DMRP microscope. The
total number of vegetative-state cells, per ml, was counted for both the control and exposed
samples. The percentage of vegetative-state cells in the exposed samples compared to the
corresponding control was also calculated to determine the effect of exposure on the
viability of the akinetes. In some cases, no growth was observed after a number of weeks.
In these cases we scraped the surface of the rocks with a sterile scalpel, and spread the
material onto 1% agar BG-11 plates, to determine if any survival had occurred, since agar
plates can be used to determine more clearly whether single colonies would grow compared
to liquid cultures.

Mars Simulation, Vacuum, and UV Radiation

To determine the effects of Mars conditions, we used a Mars Simulation Chamber (MSC)
(Fig. 2C). The MSC is a stainless steel cylinder chamber measuring 15 cm in diameter and
30 cm in height. Environmental conditions within the MSC were all monitored and controlled
independently. This included the pressure (0.8 kPa+0.2), the gas composition [99% pure CO,
(BOC, Manchester, UK)], and the temperature (—28+1°C). Since the temperature on Mars
can vary between 25°C and —143°C, depending on regional and seasonal variations, we
carried out these experiments at —28°C. This was due to the Viking Landers data indicating
that in the northern hemisphere the temperature rarely rises above —28°C (Hess et al. 1977,
Thomas and Schimel 1991). The rocks were positioned inside the MSC within a sterilised
Petri dish, and the lid was removed when the temperature dropped to —28°C. To ensure that
the temperature was constant, the MSC was placed within a low temperature controlled
environment, for the duration of the experiment.
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UV radiation resistance experiments (UVA spectrum) were carried out in the MSC with
a xenon-arc lamp (Muller 450W lamp, model XBO450W). The light was transferred into
the chamber via a fibre-optical cable. The total flux (i.e. the total dose) from 325400 nm
was 54.6 W/m”. The experiment was carried out under Martian simulated conditions, as
described above (the temperature of the samples was not affected by the lamp). The
samples were exposed for 1, 5, 10, 30, 45 and 60 min. The rocks were then incubated in
BG-11, as previously described.

We investigated the effect of vacuum by lowering the pressure inside the MSC to 0.7 x
107 kPa by means of an Edward rotary pump. The pressure was maintained at 0.7x 10>+
0.01 for the duration of the experiment. At the end of the experiment, the pressure was
slowly returned to atmospheric pressure, over a 5 min period. The rocks were immediately
placed in BG-11 media to rehydrate the akinetes.

Desiccation, Temperature, and pH

The effect of desiccation was measured at room temperature in a desiccator containing
silica gel beads. The silica gel beads were heated overnight at 80°C to eliminate moisture,
prior to use.

To determine the effect of temperature on the survival of the akinetes, rocks were
incubated at —80°C in an ultra deep freeze (MDF-U73V, SANYO), —20°C in a freezer
(ISU24, Lec), 4°C in a fridge (ISR45, Lec) and at 30°C, 40°C, 50°C, 60°C, 70°C and 80°C
in a heated incubator (SI-300R, Fischer Scientific), for 1, 4, 7, 21 and 28 days.

The effect of short-term pH exposure was measured in sterilised potassium phosphate
buffer, over a pH range of 4—11. Twenty milliliters of each of the buffers were poured into
50 ml sterilised glass bottles. The rocks were placed aseptically in to the bottles and
exposed for 1, 4, 7, 21 and 28 days. After this time, the rocks were aseptically removed and
incubated in 50 ml of BG-11 media. A large volume of media was used to ensure that the
pH of the incubation media was maintained at near neutral.

Germination on Volcanic Rocks

Germination experiments were conducted with volcanic rocks to determine whether
these materials would provide sufficient elements to allow akinetes to germinate.
Volcanic rocks are found on both Mars and the moon. Two types of end member
volcanic rocks were used—basalt and rhyolite. The basalt used in this experiment was
collected from near the Torfajokull volcano in Iceland (64°5.47 N, 19°3.46 W) and
has a typical basaltic composition (Table 1). Six basalt rocks were crushed and the
powder was pooled. In contrast, the rhyolite is high in SiO, Na,O and K,O, but is
depleted in MgO, CaO compared to the basalt (Table 1). The rhyolite was collected from
outcrops at 64°2.01 N, 19°7.75 W. Four rhyolite rocks were crushed and the powder was
pooled. Whole-rock major element compositions for both the basalt and rhyolite were
obtained using an ARL 8420+ dual goniometer wavelength-dispersive XRF spectrometer
at the Open University, UK. XRF analysis was carried out on glass discs prepared by
fusing one part of a powdered sample with five parts of FluXana flux (20% Lithium
tetraborate/80% lithium metaborate mix). Prior to use, the grounded rocks were
autoclaved at 121°C for 20 min. One gram of rock (basalt or rhyolite) was added to
5 ml of autoclaved dd H,O. One hundred pl of akinetes were added to each of the
solutions, and incubated under natural day/light cycles at 25°C.
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Table 1 Composition of the volcanic rocks used in the germination experiment

Element Basalt Rhyolite
SiO, 50.3 68.6
TiO, 1.7 0.4
ALO; 14.5 14.5
Fe,04 12.1 3.7
MnO 0.2 0.1
MgO 6.1 0.5
CaO 10.7 1.4
Na,O 2.6 5.4
K,O 0.70 4.2
P,0s5 0.20 0.05
Total 99.1 98.8
Results

Low Earth Orbit Experiments

The environmental parameters during the LEO experiment were as followed: vacuum 0.133
107 kPa; temperature —22 to +30°C; microgravity 10 g and solar radiation (>170 nm). The
effect of LEO on the survival of the akinetes was evaluated by their ability to germinate on
their return to Earth. The lag phases for the control samples varied between 25 and 32 days;
however, no growth was detected on the rocks exposed LEO. Therefore, after 70 days of
incubation, the rocks were examined using a dissection microscope, but no growth was
observed. The surface of the rocks was scraped, and plated onto BG-11 agar. The results are
shown in Table 2.

After 31 days, a green filamentous colony started to grow from a small fragment of rock
that had been exposed to LEO conditions and no UV radiation (>200 nm position on the
second platform), as shown in Fig. 3. After another 14 d, a green filamentous colony grew
from the rock exposed to no UV radiation (>400 nm position on the second platform).

Table 2 Effect of Low Earth Orbit on the survival of akinetes from Anabaena cylindrica

UV EXPOSURE NO UV EXPOSURE
Lag phase? Lag phase?

>110 nm (full extraterrestrial UV) - -

>200 nm (simulating UV on Mars) - 31°

>290 nm (simulating UV on Earth) - -

>400 nm (visible spectrum) - 45°¢

? The values recorded are for growth on the plates, the rocks had been incubated in BG-11 media for 70 days
prior to plating
®The akinetes did not germinate in the liquid medium; therefore, we were unable to calculate the vegetative-
state cells (%)

° There were no biological repeats on Biopan; therefore, we were unable to carry out statistical analysis
9 Lag phase, in days, before germination was observed
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Fig. 3 Vegetative-state cells of Anabaena cylindrica grown from a rock that was inoculated with akinetes
and exposed to Low Earth Orbit for 10 days. The samples were located on the lower platform of the Biopan;
hence they were protected from the UV and cosmic radiation associated with LEO

The morphology of the colonies exhibited long filamentous cells, which is characteristic
of A. cylindrica. We confirmed the identity of the cyanobacterium by sequencing the PCR
product with the cyanobacteria specific 16S rDNA. BlastX analysis of the sequence
confirmed that the cyanobacterium showed 100% identity to that of A. cylindrica.

Ground-Based Experiments
Mars simulation, Vacuum, and UV Radiation

The conditions during the simulated Mars experiment stayed constant with the pressure at
0.8 kPa+0.2 and the temperature at —28+1°C. Inoculation of the rocks in BG-11, after
exposure demonstrated that the akinetes were able to survive the simulated Mars
environment for the period examined (Table 3). After 28 days the percentage of
vegetative-state cells was 35.3+2.5% (the percentage with the standard deviation) and the
lag phase for germination was 25.3+1.5 days. Although a proportion of the akinetes were
able to survive the 28 days of exposure, the viability of the akinetes was found to decrease
as the exposure time increased. This was demonstrated by a reduction in percentage of
vegetative-state cells and an increase in the lag phase.

Exposure to UV radiation of between 325 and 400 nm caused complete loss of viability.
The akinetes were unable to germinate after 1 min of exposure, even after 100 days of
incubation under favourable growth conditions.

Vacuum (0.7x107> kPa) had a lethal effect after 14 days of exposure. However, after
7 days of exposure some akinetes survived; the percentage of vegetative-state cells was
only 22.3+1.5 % and the lag phase for germination was 25+1 days.

Desiccation, Temperature, and pH
Akinetes were able to germinate after 28 days of exposure to desiccation. As with the Mars

simulated experiment, the exposure time influenced the akinetes survival. After 1 day of
exposure the percentage of vegetative-state cells was 98.3+5.7% compared to 29.3+2.5%
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Table 3 Effect of exposure to extreme conditions on the survival of akinetes from Anabaena cylindrica

Day Exposure conditions™®

Mars® Vacuum Desiccation

Lag phase  Vegetative cells ~ Lag phase  Vegetative cells ~ Lag phase  Vegetative cells

(d) (%) (d) (%) (d) (%)
1 14.0°+2.0 92.0+4.5 13.0+1.0 62.3%+2.5 15.042.0 98.3+5.7
4 21.0°+2.6 82.6°+4.6 20.0°42.0  53.3°+1.1 18.0°+3.0 85.6°+2.0
7 19.0 ®+2.6 73.3%+4.1 25.0°+1.0  22.3°+1.5 16.6°+1.5 42.0°+5.5
14 24.0°+1.7 43.6°+3.5 - - 16.0°+1.0 38.6°+1.5
28 25.3%+1.5 353425 - - 20.0°+1.0 29.3%+2.5

? The values reported are the mean of three independent experiments, and the standard error associated with
these values are shown

® Statistically significant differences between the control and the exposure condition (¢ test, P<0.05)
¢ Akinetes were unable to survive 1 min of exposure to UV radiation

9The lag phase for the control samples, after storage for 1, 4, 7, 14 and 28 days were 4.0+1.0, 6.3£2.0, 5.5+
2.5, 7.3+1.5 days, respectively

after 28 days. The lag phase for germination increased from 15+2 to 20+1 days
respectively, as shown in Table 3.

The akinetes were placed in a potassium phosphate buffer, over a pH range of 4 to 11, to
determine the effect of pH on viability. Exposure to both extreme acid and alkaline
conditions had a detrimental effect on the akinetes, as shown in Table 4. They were unable
to survive exposure to pH 4 and could only survive 1 day of exposure to pH 5 (lag phase
was 23.0+£1.0 and percentage of vegetative-state cells was 56.0£5%). In addition, the
akinetes were unable to survive exposure to pH 11 and only survived 1 day of exposure to
pH 10 (lag phase was 33.3+2.0, percentage of vegetative-state cells was 25.0+£6.0%). The
maximum viability was retained at pH 7 and 8, after 28 days the lag phase for growth was
11.6+1.5 (for pH 7) and 11.0+1.5 (for pH 8) and the percentage of vegetative-state cells
was 96.4+5.0% (for pH 7) and 77.0+1.0 % (for pH 8). When BG-11 plates (pH range 4 to
11) were inoculated with akinetes, germination was only detected at pH 6, 7 and 8 (data not
shown).

The effect of temperature on the akinetes was determined by exposing the rocks to
temperatures of —80°C to 80°C. The akinetes were able to survive exposure to low
temperatures with high viability; however, high temperatures had a damaging effect on
growth. For example, at —80°C, after 28 days, the percentage of vegetative-state cells was
22.0+2%, and the lag phase for germination was 27+2.6 days. In contrast, exposing the
akinetes to a temperature of 40°C, or above, affected the viability of the akinetes. The
akinetes were unable to survive an exposure time of 14 days at 40°C. At 60 and 80°C, after
1 day, viability was reduced to 25.5% or less. At these temperatures no akinetes survived
longer than 1day shown in Table 5.

Germination on Volcanic Rocks
In addition to the exposure experiments, we carried out germination experiments with basalt

and rhyolite as growth substrates. The akinetes were able to use either types of rock as a
substrate (they were unable to germinate in only dd H,O). Germination was observed by a
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Fig. 4 Cultures of Anabaena cylindrica germinated from akinetes grown in dd H,O with A basalt or B
rhyolite as a growth substrate

green layer forming on top of the crushed rock, as shown in Fig. 4. This was
morphologically identified as A. cylindrica. The lag phases for germination in the basalt
and rhyolite solutions were 32+3 and 41+5 days respectively.

Discussion

In this communication we carried out the first investigation into akinetes survival in
extreme conditions associated with extraterrestrial environments. Rocks were inoculated
with akinetes from A. cylindrica prior to exposure to LEO as part of the ESA funded
Biopan VI experiment. Viability was lowered, but some akinetes survived exposure to
LEO, when protected from solar radiation (>170 nm); however, the lag period was
significantly longer compared to the control samples. This may be due to the damage
caused by the combined environmental conditions experienced in LEO, which include
vacuum (0.133x10°® kPa), temperature fluctuations, and elevated ionising radiation.
Previous laboratory experiments have demonstrated that akinetes require a certain internal
metabolic energy and/or nutrient level to be reached before germination can occur
(Karlsson 1999).

We also investigated the effect of simulated Mars conditions on the survival of the
akinetes. This was to determine whether akinetes could be used as a form of cyanobacteria
storage under ambient Martian conditions. The MSC experiments demonstrated that the
akinetes were able to survive exposure to 0.8 kPa and —28°C for 28 days, without a
detrimental effect. We showed in further experiments that temperature plays a crucial role in
akinete viability. When the exposure temperature was lowered to —80°C, the akinetes were
still resistant, but they were susceptible to 80°C. Previous studies have indicated that
akinetes are not heat resistant, unlike endospores of Bacillus, but are resistant to low
temperatures (Sutherland et al. 1979). On Mars, the temperature rarely rises above 25°C,
but can drop as low as —143°C, depending on seasonal and regional variation (de Pater and
Lissauer 2001). Our experiments suggest that akinetes would be able to survive the
temperature variations on Mars.
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The surface of Mars is also an arid environment, similar to terrestrial deserts. On Earth,
cyanobacteria dominate desiccated environments, such as intertidal marine mats and
terrestrial crusts (Potts 1999). We investigated the effect of desiccation on the survival of
the akinetes. After 28 days of desiccation, the akinetes were able to germinate. Although
our experiments were limited to 28 days; previous experiments by Yamamoto et al. showed
that desiccated akinetes of A. cylindrica retained their capacity to germinate for at least
5 years in the dark, compared to vegetative-state cells dried under the same conditions that
failed to grow after 15 days (Yamamoto 1975).

Although akinetes are highly resistant to desiccation, they are susceptible to vacuum.
The susceptibility may be due to a number of reasons, including severe loss of the water
content, and the time it takes to dehydrate the cells. Vacuum exposure may cause complete
desiccation, which would not be the case in the non-vacuum desiccation experiment. In
addition, dehydration is reached quickly in the vacuum experiment. Experimental work
with cells of E. coli has demonstrated that the drying time has an effect on viability. The
longer the drying time the higher the viability that is retained (Sleesman and Leben 1976).

Although the akinetes were only exposed to wavelengths in the UVA spectrum and not
in the UVB or UVC regions, which are also associated with the surface of Mars (Kuhn and
Atreya 1979), the exposure was damaging. Most biological action spectra, which describe
the UV damage at different wavelengths, peak sharply in the UVC (200-280 nm) and UVB
(280-315 nm) regions. Therefore, the lack of resistance, when exposed to the UVA
spectrum, suggests that the akinetes would not survive the UV radiation associated with the
surface of Mars. However, it has been hypothesised that on Mars, windblown dust can
attenuate solar UV radiation (>200 nm), resulting with partial or complete shielding of
viable bacteria (Osman et al. 2008). For example, endospores of Bacillus subtilis are killed
within minutes of exposure to UV radiation; however, the addition of a few microns of dust
enables the endospores to survive longer periods (Mancinelli and Klovstad 2000).
Experimental work by Cockell et al., has also suggested that under 1 mm of Mars soil,
vegetative-state cells of Chroococcidiopsis-like organisms could cope with the intense UV
radiation, so it would not be a limiting factor for life (Cockell et al. 2005). So although UV
radiation would rapidly kill akinetes, any type of shielding would allow for their survival.

The ability of some akinetes to survive both in LEO and Mars simulated environments,
when protected from UV radiation, make them ideal candidates for space applications. Fast
growing cyanobacteria have been suggested for use in bioregenerative life support systems
and soil conditioning on Mars (Liu et al. 2008; Hendrickx and Mergeay 2007), with
desiccated vegetative-state cells as a method for transportation and storage. However, the
findings in this paper suggest that akinetes are robust, and subsequently would be ideal for
long-term storage of cyanobacteria. On Mars, akinetes could be stored in containers that are
only covered by a UV shield. Whilst on the moon, the akinetes would have to be stored in a
pressurised container, to protect them from the effects of vacuum. Our experiments show
that when they are required in these systems they could be germinated on locally available
volcanic rocks, such as basalts. This would eliminate the requirement for specialised
storage facilities and complex growth media. The survival of akinetes in ambient Martian
conditions shows that they could also be used as a means of storage and emergency supply
of cyanobacteria in bioregenerative life systems. If there was a malfunction in the system
resulting in decompression, the akinetes would survive and able to reinitiate growth,
providing redundancy.

The detrimental conditions of vacuum and UV radiation on akinetes have implications
for their long-term survival not just on the moon, but in interplanetary space. One question
to which these results have relevance is lithopanspermia—the concept of the natural transfer
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of life from one planet to another in rocks ejected from planetary surfaces in impact events.
In artificial meteorite atmospheric entry experiments Cockell et al. showed that active
photosynthetic organisms, because of their requirement for sufficient light for photosyn-
thesis, are likely to be killed during the ablation and heating of the surface layers of
meteorites during atmospheric entry (Cockell et al. 2007). One means by which they
suggested these organisms could survive is as metabolically inactive states, such as
akinetes, deep within a rock. Our results show that although these resting-states can confer
resistance to some environmental extremes, not all akinetes have vacuum tolerance that
would be required for long-term survival in space.

In conclusion, akinetes are spore-like cells that are extreme-tolerant resting-state cells of
cyanobacteria. Although they are structurally different to endospores of Bacillus, they are able
to survive short periods in LEO, and exposure to solar and UV radiation has a lethal effect
similar to that observed in endospores (Horneck et al. 1994). Unlike endospores, our
experimental evidence suggests that akinetes are unable to survive long-term exposure to
vacuum (Homeck 1993). However, they may be of practical use in space applications that
require fast growing, non-extremophilic, photosynthetic microorganisms. Finally, this work
furthers our understanding of the survival of resting-state microorganisms in space conditions.
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