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Abstract We examined short- and long-term desiccation

tolerance of 31 strains of thermophilic and hyperthermophilic

Archaea and thermophilic phylogenetically deep-branching

Bacteria. Seventeen organisms showed a significant high

ability to withstand desiccation. The desiccation tolerance

turned out to be species-specific and was influenced by

several parameters such as storage temperature, pH, sub-

strate or presence of oxygen. All organisms showed a

higher survival rate at low storage temperatures (-20�C or

below) than at room temperature. Anaerobic and micro-

aerophilic strains are influenced negatively in their survival

by the presence of oxygen during desiccation and storage.

The desiccation tolerance of Sulfolobales strains is co-

influenced by the pH and the substrate of the pre-culture.

The distribution of desiccation tolerance in the phyloge-

netic tree of life is not domain specific. Surprisingly, there

are dramatic differences in desiccation tolerance among

organisms from the same order and even from closely

related strains of the same genus. Our results show that

tolerance of vegetative cells to desiccation is a common

phenomenon of thermophilic and hyperthermophilic

microorganisms although they originated from quite dif-

ferent non-arid habitats like boiling acidic springs or black

smoker chimneys.

Keywords Desiccation � Tolerance � Survival �
Hyperthermophilic � Archaea

Introduction

The present-day habitats of many thermophilic and hy-

perthermophilic microorganisms resemble what we assume

to have been the living conditions on early Earth. Ocean

temperatures went up to 100�C (Nisbet and Sleep 2001),

while the atmosphere contained no oxygen (Chyba 2005).

It is therefore not surprising that hypotheses were devel-

oped to the effect that thermophilic or hyperthermophilic

microorganisms (Stetter 1996; Di Giulio 2000) were the

first forms of life on Earth. However, whether life origi-

nated on planet Earth or came from elsewhere is another

question, which is now being discussed in the scientific

community. There is a possibility that Earth was infected

by organisms attached to meteorites (Nicholson et al. 2000;

Horneck et al. 2001). An exchange of meteorite material

between intersolar planets is now regarded as certain

(Melosh 2003). Organisms carried by meteorites would

have had to survive a long journey through space, one of

the harshest known environments an organism could ever

encounter (Nicholson et al. 2000). The prevailing vacuum

and the resulting absence of water is a huge problem for

living organisms. For a long time, it was assumed that only

spores could survive desiccation on Earth (Gest and

Mandelstam 1987) and in space (Horneck et al. 1994).
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With the discovery and analysis of Deinococcus radiodu-

rans, the first desiccation experiments with vegetative cells

were initiated (Anderson et al. 1956). Desiccation experi-

ments using Archaea have been reported only for

methanogenic (Kendrick and Kral 2006; Morozova and

Wagner 2007) and halophilic strains (Kottemann et al.

2005). Their tolerance to desiccation and radiation is often

compared with that of vegetative D. radiodurans cells

(Mattimore and Battista 1996). In this study, we investi-

gated vegetative cells from a wide range of thermophilic

and hyperthermophilic organisms and their ability to sur-

vive short- and long-term desiccation. We also present an

overview on the distribution of desiccation tolerance in all

phylogenetically deep branching thermophilic/hyperther-

mophilic Archaea and thermophilic Bacteria.

Materials and methods

Strains and culture conditions

The microorganisms used and their culture conditions are

summarized in Table 1.

Desiccation experiments

Cell concentrations were determined by use of a Thoma

chamber (depth 0.02 mm).

Approximately 107 cells from the late exponential or

early stationary phase were spread evenly on glass slides

(10 9 26 9 1 mm) (Marienfeld GmbH & Co. KG, Lauda-

Koenigshofen, Germany) or on glass fiber filters (MN 85/

90, Ø 11 cm, Macherey-Nagel GmbH, Dueren, Germany)

and dried 6–8 h under oxic conditions at room temperature

(relative humidity of the atmosphere 33 ± 3.5%). After

drying, the slides of glass/pieces of filters were either

stored under oxic conditions at room temperature, at

-20�C or at -70�C. Pre-desiccated cells on glass slides

were stored partly in an exsiccator over silica-gel (relative

humidity of the atmosphere in the exsiccator 4 ± 0.7%) or

in a vacuum chamber. High vacuum (10-5 Pa) was pro-

duced by an ion getter pumping system (TCP 380; Pfeiffer

Vacuum GmbH, Asslar, Germany) and continuously

monitored during exposure.

All samples of anaerobic organisms were spread, dried

and stored in an anaerobic chamber (Coy Laboratory

Products Inc. USA, Arbor, Michigan, USA) at room tem-

perature (relative humidity of the atmosphere in the

anaerobic chamber 13 ± 0.5%). The anoxic samples stored

at -20�C were gas tight shrink-wrapped in the anaerobic

chamber before transferring to -20�C. All anoxic desic-

cation experiments were only carried out with strictly

anaerobic strains.

To test the influence of the pH during desiccation Sul-

folobales and Thermoplasmatales strains were tested

before and after ‘‘neutralization’’ of the pre-culture.

‘‘Neutralization’’ was carried out by adding CaCO3 to the

culture until pH 4.5 to pH 5.5 was reached.

To test the influence of attachment to inorganic sur-

faces on the desiccation tolerance, some Sulfolobales

strains were either cultivated on sulfidic ore mixtures

(pyrite, sphalerite, chalcopyrite) (0.33% w/v; grain size

\0.125 mm) (Huber et al. 1989), on different sterilized

solfatara sands (Pisciarelli Solfatara, Italy; Krisuvik, Ice-

land) or on elemental sulphur. Thermoplasmaacidophilum

and Thermoplasma volcanium were tested in the presence

and absence of sterilized solfatara sand. These adher-

ence materials occur in the original habitat of the

microorganisms.

Samples were stored as follows: short-term desiccation

0–24 h, long-term desiccation 1 day to 1 year under nor-

mal pressure conditions (relative humidity of the

atmosphere 33 ± 3.5%).

Periodical desiccation experiments

with Hydrogenothermus marinus

To test if organisms exposed to repeated desiccation

events acquire a higher tolerance against desiccation, 107

cells of H. marinus were applied on glass slides and dried

over night at room temperature. After reactivation by

incubation of the glass plates in the corresponding media

at 65�C, 107 cells of the culture with the highest dilution

factor were desiccated again over night on glass slides.

This desiccation reactivation cycle was performed five

times.

Determination of the survival rate

The glass slides or glass fibre filters with desiccated cells

were transferred into normal culture media of the corre-

sponding strain and incubated as described in Table 1.

Growth of the cells was followed by phase-contrast

microscopy with 4009 or 1,0009 magnification.

Detection of viable cells after desiccation treatment was

achieved by the most probable number technique (Ameri-

can Public Health Association 1972) via dilution series

with tenfold or 100-fold dilution steps, respectively. Plat-

ing on solid medium could not be used, because nearly all

tested strains do not form colonies on solid surfaces (see

strain references in Table 1).

The survival rate (S) was calculated as relative survival

after desiccation treatment (N) compared to the untreated

control (N0) (S = N/N0). Survival rates were determined at

different periods of time up to 1 year.
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Table 1 Strains, media, growth and culture conditions

Organism Strains Culture media Temp.

(�C)

pH Gasphase

A. brierleyi DSM 1651T, Zillig et al. (1980) Allen, Brock (1978) 75 2.0 Air

A. pernix DSM 11879T, Sako et al. (1996) JXT, Sako et al. (1996) 90 6.5 Air

A. fulgidus DSM 4304T, Stetter (1988) MGG, modified Stetter (1988) 85 6.5 80% H2, 20% CO2

I. hospitalis with

N. equitans
KIN4/M, Huber et al. (2002a) � SME, modified Huber et al.

(2006)

90 6.0 80% H2, 20% CO2

I. hospitalis DSM 18386T, Paper et al. (2007) � SME, modified Huber et al.

(2006)

90 6.0 80% H2, 20% CO2

I. pacificus DSM 13166T, Huber et al. (2000) � SME, modified Huber et al.

(2006)

90 6.0 80% H2, 20% CO2

M. sedula DSM 5348T, Huber et al. (1989) Allen, Brock (1978) 65 2.0 Air

M. prunae DSM 10039T, Fuchs et al. (1996) Allen, Brock (1978) 65 2.0 Air

M. jannaschii DSM 2661T, Jones et al. (1984) MJ, modified Romesser et al.

(1979)

85 6.0 80% H2, 20% CO2

M. thermoautotrophicus DSM 1053T, Zeikus and Wolfe

(1972)

MS, Balch et al. (1979) 65 7.0 80% H2, 20% CO2

M. kandleri DSM 6324T, Kurr et al. (1992) BSM, Kurr et al. (1992) 100 7.0 80% H2, 20% CO2

M. barkeri DSM 800T, Kluyver and Schnellen (1947) MS, Balch et al. (1979) 37 7.0 80% H2, 20% CO2

M. mazei DSM 3318, Barker (1936) MS, Balch et al. (1979) 37 7.0 80% H2, 20% CO2

P. aerophilum DSM 7523T, Voelkl et al. (1993) BS, Voelkl et al. (1993) 100 7.0 79% H2, 20% CO2,

1% O2

P. furiosus DSM 3638T, Fiala and Stetter (1986) SME, Fiala et al. (1986) 95 6.5 80% N2, 20% CO2

P. occultum DSM 2709T, Stetter et al. (1983) � SME, modified Huber et al.

(2006)

100 5.5 80% H2, 20% CO2

Sulfolobus sp. Ker 2, Huber and Stetter (1991) Allen, Brock (1978) 65 2.0 Air

Sulfolobus sp. VE 2 Allen, Brock (1978) 65 2.0 Air

S. metallicus DSM 6482T, Huber and Stetter (1991) Allen, Brock (1978) 65 2.0 Air

S. solfataricus Ron 12/III, Zillig et al. (1980) Allen, Brock (1978) 80 2.0 Air

T. pendens DSM 2475T, Zillig et al. (1983) Allen, Brock (1978) 85 6.0 80% N2, 20% CO2

T. acidophilum DSM 1728T, Darland et al. (1970) Modified Segerer et al. (1988) 55 2.0 Air

T. volcanicum DSM 4299T, Segerer et al. (1988) Modified Segerer et al. (1988) 55 2.0 Air

T. tenax DSM 2978T, Zillig et al. (1981) Allen, Brock (1978) 85 6.0 80% N2, 20% CO2

A. aeolicus VF5, Deckert et al. (1998) SME, Huber and Eder (2006) 85 7.0 79% H2, 20% CO2,

1% O2

A. pyrophilus DSM 6848T, Huber et al. (1992) SME, Huber and Eder (2006) 85 7.0 79% H2, 20% CO2,

1% O2

H. thermophilus DSM 6534T, Kawasumi et al. (1984) Kawasumi et al. (1984) 70 7.0 78% H2, 20% CO2,

2% O2

H. hirschii DSM 11420T, Stoehr et al. (2001a) Modified Huber et al. (1992) 60 7.0 78% H2, 20% CO2,

2% O2

H. marinus DSM 12046T, Stoehr et al. (2001b) VM1, modified ZoBell (1941) 65 7.0 78% H2, 20% CO2,

2% O2

Thermocrinis ruber DSM 12173T, Huber et al. (1998) Synthetic-OS, Brock (1978) 85 7.0 94% N2, 3% O2, 3% H2

Thermovibrio ruber DSM 14644T, Huber et al. (2002b) SME, Huber and Eder (2006) 80 6.0 80% H2, 20% CO2
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Results

Survival and growth of the tested strains after

desiccation treatment

The vegetative cells of Aeropyrum pernix, Methanopyrus

kandleri, Methanosarcina mazei, Nanoarchaeum equitans,

Pyrobaculum aerophilum, Pyrococcus furiosus, Pyrodictium

occultum, Hydrogenophilus hirschii, Thermocrinis ruber, the

two tested Thermoplasma strains and the Sulfolobales strains

(Metallosphaera prunae, Sulfolobus sp. VE 2, and Sulfolobus

solfataricus) showed no survival after desiccation.

17 out of the 32 tested strains possess the ability to

survive different periods of desiccation (Table 2).

Tables 2 and 3 summarize quantitatively the desiccation

tolerance of the 17 desiccation tolerant strains. A few

organisms survived only a time period of up to 1 or 3 days

like Acidianus brierleyi and Methanothermobacter ther-

moautotrophicus (under oxic storage conditions). Besides

these two exceptions all other strains exhibited desiccation

tolerances of at least 1 week, although significant differ-

ences occurred depending on the storage temperature or

the presence or absence of oxygen. This was the case for

Archaeoglobus fulgidus, Ignicoccus hospitalis, Ignicoccus

pacificus, Metallosphaera sedula, Methanocaldococcus

jannaschii, Methanosarcina barkeri, Methanothermobacter

thermoautotrophicus, Sulfolobus sp. Ker 2, Sulfolobus

metallicus, Thermofilum pendens, Thermoproteus tenax,

Aquifex aeolicus, Aquifex pyrophilus, Hydrogenobacter

thermophilus, Hydrogenothermus marinus, Thermovibrio

ruber.

To get an overview on the amount of their tolerance,

survival rates were qualitatively measured (Fig. 1a–i). In

general, it was obvious that within the first hours and days

Table 2 Qualitative analysis of the desiccation tolerance

Organism Desiccation in days

RT, oxic conditions -20�C, oxic conditions RT, anoxic conditions

1 3 7 14 21 28 1 3 7 14 21 28 1 3 7 14 21 28

Acidianus brierleyi, ore ? - - - - - ? ? - - - - ND ND ND ND ND ND

Archaeoglobus fulgidus ? ? ? ? ? - ? ? ? ? ? - ? ? ? ? ? ?

Metallosphaera sedula, pH 2, S� - - - - - - - - - - - - ND ND ND ND ND ND

Metallosphaera sedula, pH 5, S� ? ? ? - - - ? ? ? ? ? ? ND ND ND ND ND ND

Metallosphaera sedula, pH 2, ore ? ? - - - - ? ? ? - - - ND ND ND ND ND ND

Metallosphaera sedula, pH 5, ore ? ? ? ? - - ? ? ? ? ? - ND ND ND ND ND ND

Methanocaldococcus jannaschii - - - - - - ? - - - - - ? ? ? ? - -

Methanothermobacter thermoautotrophicus ? - - - - - ? ? - - - - ? ? ? ? ? ?

Methanosarcina barkeri ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?

Sulfolobus sp. Ker 2, pH 2, S� - - - - - - - - - - - - ND ND ND ND ND ND

Sulfolobus sp. Ker 2, pH 5, S� ? ? - - - - ? ? ? ? - - ND ND ND ND ND ND

Sulfolobus sp. Ker 2, pH 2, ore ? ? - - - - ? ? ? - - - ND ND ND ND ND ND

Sulfolobus sp. Ker 2, pH 5, ore ? ? - - - - ? ? ? - - - ND ND ND ND ND ND

Sulfolobus metallicus, pH 2, S� - - - - - - - - - - - - ND ND ND ND ND ND

Sulfolobus metallicus, pH 5, S� ? ? ? - - - ? ? ? ? ? ? ND ND ND ND ND ND

Sulfolobus metallicus, pH 2, ore ? - - - - - ? ? ? ? ? - ND ND ND ND ND ND

Sulfolobus metallicus, pH 5, ore ? ? ? - - - ? ? ? ? - - ND ND ND ND ND ND

Thermofilum pendens - - - - - - - - - - - - ? ? ? ? ? -

Thermoproteus tenax - - - - - - - - - - - - ? ? ? ? - -

Aquifex aeolicus ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?

Aquifex pyrophilus ? ? ? ? ? - ? ? ? ? ? ? ? ? ? ? ? ?

Hydrogenobacter thermophilus ? - - - - - ? ? ? ? - - ND ND ND ND ND ND

Hydrogenothermus marinus ? ? ? ? ? ? ? ? ? ? ? ? ND ND ND ND ND ND

Thermovibrio ruber - - - - - - - - - - - - ? ? ? ? ? ?

Strains were cultivated under species-specific standard conditions (see Table 1). 107 cells were applied on glass fiber filter pieces or glass slides.

Drying and storage of the cells was carried out under the described conditions. (?) indicates that a culture grew up after transfer of the desiccated

cells into fresh media. (-) no growth detectable. ND survival after desiccation was not tested under this condition (aerobic organisms were only

tested under oxic conditions)
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the survival rates of the cells decreased substantially

[S (1 day) = 10-2 to 10-7]. In contrast, longer desicca-

tion periods resulted in a significantly lower inactivation

(depending on the strain). For instance, 1% of H. marinus

cells survived only one day of desiccation in the presence

of oxygen. The subsequent reduction of viable cells was

only about one order of magnitude per week. After

4 weeks of desiccation, about 10 of originally 107 cells

had survived. To our surprise, this result was also

obtained after 112 days of desiccation and even after

196 days at least one cell from the original population in

the sample survived the used desiccation treatment

(Fig. 1i).

The survival rate of H. marinus after desiccation in ultra

high vacuum is the same as under normal pressure condi-

tions (Fig. 2). After desiccation in an exsiccator with a

low relative humidity (4 ± 0.7%) the survival rate of

H. marinus decreased about one order of magnitude com-

pared to the survival rates under room conditions with a

higher relative humidity (33 ± 3.5%).

The survival rate after desiccation of H. marinus did not

change after five periodical cycles of desiccation and

reactivation. On average 1% of the original 107H. marinus

cells survived the first day of desiccation. After five des-

iccation reactivation cycles, the survival rate was the same

as at the beginning of the experiment.

Desiccation tolerance depends on the storage

temperature

After complete drying at room temperature and storage at

-20�C, survivability of all strains after desiccation was

significantly higher than after storage at room temperature

(RT) (Table 2). Remarkably, there is no difference

between storage of the cells at -20�C or at -70�C.

M. sedula cultivated and desiccated on solfatara sand

showed no significant difference in its survival at storage

temperatures of -20�C or at -70�C (data not shown).

Desiccation tolerance of anaerobic strains

depends on the presence of oxygen

The survival rates after desiccation for A. fulgidus,

A. aeolicus, A. pyrophilus, I. hospitalis, I. pacificus, and

M. barkeri were significantly lower, when the cells were in

contact with oxygen during the desiccation process. The

survival rate of A. pyrophilus and A. aeolicus under oxic

desiccation conditions is, on average, at least one order of

magnitude lower than under anoxic desiccation conditions.

Nevertheless, none of the original 107Aquifex-cells sur-

vived storage for 56 days or longer, in the presence or

absence of oxygen (Fig. 1g, h).

Not all anaerobic strains possess a noticeable tolerance

against the presence of oxygen during desiccation process.

M. jannaschii, M. thermoautotrophicus, T. tenax, T. pen-

dens and Thermovibrio ruber are highly sensitive to

oxygen and survived long periods of desiccation only under

anoxic conditions (Fig. 1b–f). M. thermoautotrophicus

survived four weeks of desiccation, when the cells were

dried and stored at room temperature under anoxic condi-

tions; in the presence of oxygen the organism can survive

only one day (Fig. 1c).

Influence of pH and substrate on Sulfolobales

and Thermoplasma strains

Cultivated in sulphur-containing medium, all tested

desiccation-resistant Sulfolobales strains (M. sedula,

S. metallicus,and Sulfolobus sp. Ker 2) showed survival

after desiccation only when the pre-culture was ‘‘neutral-

ized’’ before desiccation treatment (Table 2). When stored

at low pH, 99% of Sulfolobales cells did not survive des-

iccation for more than 5 h. After 24 h of desiccation none

of the originally 107 cells had survived. In this short-term

desiccation experiment with wet cells, a storage tempera-

ture at -20�C had no positive influence on the survival of

M. sedula.

In contrast to cultures grown on elemental sulfur,

S. metallicus, Sulfolobus sp. Ker 2 and M. sedula survived

Table 3 Survival of I. hospitalis, I. pacificus and the co-culture I.
hospitalis with attached N. equitans after desiccation

Desiccation in days

1 2 3 4 7 14 21 28

I. hospitalis

RT, oxic conditions - - - - - - - -

-20�C, oxic conditions ? - - - - - - -

RT, anoxic conditions ? ? ? ? - - - -

-20�C, anoxic conditions ? ? ? ? ? ? ? ?

I. hospitalis with N. equitans

RT, oxic conditions - - - - - - - -

-20�C, oxic conditions - - - - - - - -

RT, anoxic conditions ? ? - - - - - -

-20�C, anoxic conditions ? ? ? ? ? ? ? ?

I. pacificus

RT, oxic conditions - - - - - - - -

-20�C, oxic conditions ? - - - - - - -

RT, anoxic conditions ? ? ? - - - - -

Strains were cultivated under species-specific standard conditions (see

Table 1). 107 cells were applied on glass fiber filter pieces. Drying

and storage of the filters with the applied cells was carried out under

the described conditions. (?) indicates that a culture grew up after

transfer of the desiccated cells into fresh media and (-) no growth

detectable
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desiccation at pH 2 for at least a few days when they were

grown on sulfidic ores (Table 2) or on solfatara sand. In

addition, a significant increase of the survival rate was

obtained after storage at low temperatures (-20�C) in

comparison to room temperature. Higher survival rates

were obtained for most of the Sulfolobales strains after

neutralization of the culture (final pH 5) (Table 2).

In contrast, the addition of solfatara sand had no influ-

ence on the survival rates of the two Thermoplasma strains.

T. acidophilum and T. volcanium did not survive any

desiccation treatment.

Desiccation tolerance of I. hospitalis and I. pacificus

in pure culture and tolerance of the co-culture

I. hospitalis with N. equitans

The desiccation tolerance of the two tested Ignicoccus

strains is influenced by two parameters: storage tempera-

ture and presence of oxygen. Lower temperature and low

oxygen pressure during desiccation yielded higher survival

rates. In addition to these parameters we found an influence

on the desiccation tolerance for I. hospitalis cells,

depending on cultivation with or without N. equitans.

Fig. 1 Survival of A. fulgidus (a), M. jannaschii (b), M. thermoau-
totrophicus (c), T. pendens (d), T. tenax (e), Thermovibrio ruber (f),
A. aeolicus (g), A. pyrophilus (h), H. marinus (i) after desiccation.

Strains were cultivated under species-specific standard conditions (see

Table 1). 107 cells were originally applied on glass slides or glass

fiber filters. Black survival without desiccation (N0), light grey
survival after desiccation in the absence of oxygen (relative humidity

13 ± 0.5%, 105 Pa, %O2 \ 5 ppm) (N), dark grey survival after

desiccation in the presence of oxygen under laboratory conditions (N)

(relative humidity 33 ± 3.5%, 105 Pa)
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Interestingly, the survival rate of I. hospitalis was lower in

co-culture than it was in a pure culture. I. pacificus and

I. hospitalis showed very similar tolerances against desicca-

tion (Table 3). N. equitans showed no desiccation tolerance

and we could not detect any N. equitans cells attached on

I. hospitalis cells after desiccation treatment.

Discussion

General remarks on survival after desiccation

Our data demonstrate that desiccation tolerance of vege-

tative cells seems to be a common phenomenon and is

present in nearly all orders of thermophilic and hyper-

thermophilic Archaea and thermophilic phylogenetically

deep-branching Bacteria. The results presented here show

great variations in desiccation tolerance of organisms from

different orders and also of species from the same order

(Aquificales, Desulfurococcales, methanogens, Sulfolob-

ales) or closely related organisms from the same genus

(M. sedula and M. prunae, M. barkeri and M. mazei or

S. metallicus, and S. solfataricus). However, there are

organisms from the same genus (A. aeolicus and A. pyro-

philus or I. hospitalis and I. pacificus) with very similar

tolerances against desiccation too.

It seems remarkable that most of the tested microor-

ganisms belonging to the order Aquificales and further

organisms, gaining their energy with the ‘‘knallgas’’-reac-

tion (like members of the order Sulfolobales), are quite

resistant against desiccation. This is especially true for

A. aeolicus, A. pyrophilus, and H. marinus. In contrast,

Thermocrinis ruber and H. hirschii, also belonging to the

order Aquificales, are not desiccation resistant.

Although most of the cells die during the first hours of

the desiccation process, a constant number of cells can

survive long-term desiccation (e.g. H. marinus). Never-

theless, in comparison to survival rates of mesophilic

desiccation resistant vegetative cells, the survival rates of

the thermophilic and hyperthermophilic microorganisms

are lower. D. radiodurans does not show any changes in its

survival rate after 100 h of desiccation, and after 400 h of

desiccation, 40% of the cells survived (Rettberg et al.

2004). A decrease of survival by 25% was observed for

Halobacterium sp. strain NRC-1 after 20 days of desicca-

tion (Kottemann et al. 2005). Our tests show that on

average only 0.001% of the original H. marinus cells, the

organism with the highest desiccation tolerance, survived

the period of time between 16 days (*400 h) and 20 days.

Since the discovery and the first analyses of D. radio-

durans, a correlation between desiccation tolerance and

radiation resistance was discussed. Recently, similar cor-

relations for further organisms e.g. Halobacterium

salinarum NRC-1 (Kish et al. 2009), Ustilago maydis

(Holloman et al. 2007) and bdelloid rotifers (Gladyshev

and Meselson 2008) were demonstrated. In this context, it

was assumed that intracellular protein protection mecha-

nisms against oxidative damages occurring during

desiccation as well as during irradiation play a key role

(Daly et al. 2007). In our case, it remains unclear at the

moment if such cellular protection mechanisms are work-

ing in the tested microorganisms, too. Interestingly, we

Fig. 2 Survival of H. marinus (a) and M. sedula (b) after desiccation.

107 cells were originally applied on glass slides or on glass fibre

filters. Both organisms were cultivated under species-specific standard

conditions (see Table 1). a Survival of H. marinus under normal

pressure conditions, high vacuum and in an exsiccator. Black survival

without desiccation (N0), light grey survival after desiccation under

normal pressure conditions (relative humidity 33 ± 3.5%; 105 Pa)

(N), dark grey survival after desiccation in high vacuum (relative

humidity 0%; 10-5 Pa; vacuum tolerance was only tested up to

7 days) (N), white grey survival after desiccation in an exsiccator

(relative humidity 4 ± 0.7%, 105 Pa) (N). b Survival of M. sedula
after short-term desiccation. M. sedula was pre-cultivated with

elemental sulfur (see Table 1; drying at pH 2, storage under oxic

conditions at different temperatures). Black survival without desic-

cation (N0), light grey survival after desiccation at room temperature

(N), dark grey survival after desiccation at -20�C (N)
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were already able to detect a high tolerance against ion-

izing radiation up to 10 kGy for some of the tested

organisms, but further experiments are necessary (data not

shown).

Effects of storage

The desiccation tolerance of the thermophilic and hyper-

thermophilic microorganisms is influenced by several

parameters: storage temperature, pH, substrate and the

presence of oxygen. The positive effect of low temperature

storage on the desiccation tolerance is known, and freeze-

drying is therefore a commonly used procedure to preserve

microorganisms for long periods of times (Miyamoto-

Shinohara et al. 2000). In contrast to the positive influence

of low temperature storage in long-term desiccation

experiments, we could show a negative influence of cold

temperatures in the short-term experiments with M. sedula.

Due to probable intracellular ice crystal formation (Mazur

1963), the survival rate of wet, cold stored cells is lower

than the survival rate of the cells which were stored at room

temperature until complete drying.

Effects of pH and adherence/growth material

A positive influence on the desiccation tolerance of Sulfo-

lobales strains after neutralization (to about pH 5) is

obvious. In all living cells, the intracellular pH is at around

pH 7 to pH 8 (Luebben and Schaefer 1989). If an organism

lives in an environment with low pH, an effective proton

transport from the cytoplasma to the environment is nec-

essary (Booth 1985). Since desiccated cells have nearly no

metabolic activity, H?-ions, which penetrate into the cell

due to the huge gradient cannot be exported anymore. Due

to the fact that the proton permeability of the Sulfolobus

membrane is significantly lower at room temperature than at

80�C (Elferink et al. 1994), this may help the cells to sur-

vive at unfavourable conditions for several hours or even

days. Neutralization minimizes this flux of protons into the

cells, thereby explaining the higher survival rates of the

strains at pH 5. In principle, the increase of survival on

sulfidic ores in comparison to elemental sulfur may have the

same origin. On elemental sulfur, the local pH in the micro-

environment in or at the sulfur particle is lower than in the

supernatant (due to the primary production of sulfuric acid)

while the composition of the sulfidic ore leads (in the micro-

environment) to a lower degree of acidification. In addition,

it may be that the cells, when attached to ore particles, are

more protected against the influence of water loss.

Growth on or adherence to solid material had no effect

in experiments with other microorganisms. T. acidophilum

and T. volcanium showed no survival independent from

added adherence material. Osman and colleagues showed

that several non-spore-forming organisms (e.g. several

Microbacterium strains, Micrococcus mucilaginosus,

Staphylococcus epidermidis) died after prolonged desic-

cation (75 days) in Atacama desert soil extract (Osman

et al. 2008). M. barkeri, cultivated and dried in Mars soil

analogue material showed lower tolerance against desic-

cation (no methane-production after 12 days of

desiccation) (Kendrick and Kral 2006). Our results showed

that M. barkeri cultivated and dried in a particle free

medium, had a higher ability to survive desiccation up to

28 days under anoxic conditions. These results are in

accordance with desiccation experiments with M. barkeri

which demonstrated survival and methane-production of

M. barkeri after desiccation periods up to 25 days

(Morozova and Wagner 2007).

Effects of oxygen and anoxia

Most anaerobic but also some aerobic microorganisms are

oxygen-sensitive when they are metabolically inactive

(Grogan 1989). Only organisms possessing a functional

superoxide dismutase or other quenching mechanisms can

dispose oxygen out of the cell. After desiccation, the cells

are in a metabolically inactive state and the superoxide

dismutase is not active. Although methanogens are strictly

anaerobic and are the most oxygen-sensitive organisms

among Archaea (Whitman et al. 2006), M. barkeri exhib-

ited in our experiments a distinct, already known tolerance

against oxygen exposure and desiccation (Fetzer et al.

1993). M. barkeri exhibits an active superoxide dismutase,

protecting the organisms against oxidative stress (Briou-

khanov et al. 2000). In contrast, M. thermoautotrophicus

possess a superoxide dismutase (Takao et al. 1990), too,

but is very sensitive to oxygen.

Intracellular protectants

Thermophilic and hyperthermophilic microorganisms live

under very hostile conditions and in the most extreme

environments. These organisms have always to ensure that

the intracellular effects of heat are repaired, e.g. by means

of the thermosome or class II chaperonin (Phipps et al.

1991; Ditzel et al. 1998). The main effects of heat and of

water loss in the cells are very similar and include, e.g.

DNA double strand breaks (Dose et al. 1992; Mattimore

and Battista 1996) and protein denaturation (Prestrelski

et al. 1993). Due to heat adaptation of hyperthermophilic

microorganisms, these organisms have acquired mecha-

nisms to overcome DNA damages (Grogan 1998, 2000),

which might also be employed in repair of desiccation

effects in the DNA.

It is discussed that intracellular compatible solutes could

influence the tolerance of microorganisms during hostile
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conditions. Hincha and Hagemann (2004) showed a pos-

sible positive influence of compatible solutes (like

sucrose or trehalose) on membranes during desiccation. In

some Archaea, like A. fulgidus, M. kandleri, P. furisous,

T. acidophilum, P. occultum, P. aerophilum, T. tenax,

S. solfataricusand M. sedula intracellular compatible sol-

utes have been detected in noticeable amounts under

certain growth conditions (Martins et al. 1997). If such

components have a significant influence on the desiccation

tolerance of the tested organisms remains an open question

at the moment. However, it might be that a small part of the

cells of a culture possess higher intracellular concentrations

of compatible solutes and exhibit therefore a higher toler-

ance against desiccation.

Relationship of symbiosis to stress tolerance

The hyperthermophilic Archaea N. equitans and I. hospi-

talis represent a unique and the only known archaeal host-

parasite/symbiosis-system (Huber et al. 2002a; Paper et al.

2007). N. equitans can only be grown in co-culture with

I. hospitalis and not in axenic cultures. It is not known

whether the dependence of N. equitans on I. hospitalis is

parasitic or symbiotic. Genome analysis revealed that

N. equitans lacks nearly all genes for important biosyn-

thetic processes (Waters et al. 2003) and is therefore highly

dependent on its host. In our experiments, I. hospitalis

showed a higher survivability after desiccation in pure

culture than in the co-culture. This can in part be explained

by the fact that its cytosol contains high amount of a

thermosome, the type II chaperonine, against (heat) stress,

and the thioredoxin peroxidase, which scavenges peroxides

and related radicals (Burghardt et al. 2008). In the presence

of N. equitans; however, the host cells might be stressed in

addition and are therefore liable to the damaging effect of

extreme environmental conditions. N. equitans obviously

has a stressing effect on I. hospitalis cells during desicca-

tion. This supports the hypothesis that the Ignicoccus-

Nanoarchaeum-system is more parasitic than symbiotic.

Conclusions

Vegetative cells of several thermophilic and hypertherm-

ophilic species show a so far unknown significant tolerance

against desiccation. In combination with the also demon-

strated resistance against high vacuum conditions and first

results of a high tolerance against monochromatic UV-C

radiation (254 nm) and high doses of gamma radiation (up

to 10 kGy) for some of these microorganisms (data not

shown) they turn out to be interesting candidates and model

organisms not only for simulated space condition experi-

ments but also for future space exposure experiments.
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