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Viable methanogens have been detected in dry, aerobic environments such as dry reservoir sediment, dry rice paddies and aero-
bic desert soils, which suggests that methanogens have mechanisms for long-term survival in a desiccated state. In this study, we
quantified the survival rates of the methanogenic archaeon Methanosarcina barkeri after desiccation under conditions equiva-
lent to the driest environments on Earth and subsequent exposure to different stress factors. There was no significant loss of via-
bility after desiccation for 28 days for cells grown with either hydrogen or the methylotrophic substrates, but recovery was af-
fected by growth phase, with cells desiccated during the stationary phase of growth having a higher rate of recovery after
desiccation. Synthesis of methanosarcinal extracellular polysaccharide (EPS) significantly increased the viability of desiccated
cells under both anaerobic and aerobic conditions compared with that of non-EPS-synthesizing cells. Desiccated M. barkeri ex-
posed to air at room temperature did not lose significant viability after 28 days, and exposure of M. barkeri to air after desicca-
tion appeared to improve the recovery of viable cells compared with that of desiccated cells that were never exposed to air. Desic-
cated M. barkeri was more resistant to higher temperatures, and although resistance to oxidative conditions such as ozone and
ionizing radiation was not as robust as in other desiccation-resistant microorganisms, the protection mechanisms are likely ade-
quate to maintain cell viability during periodic exposure events. The results of this study demonstrate that after desiccation M.
barkeri has the innate capability to survive extended periods of exposure to air and lethal temperatures.

As more microorganisms are discovered in extreme environ-
ments on Earth that were previously considered to be devoid

of life, we have been redefining the physical and chemical param-
eters for life to exist. One such extreme is the long-term storage of
viable cells in a desiccated state, which imposes physiological con-
straints that many species cannot tolerate. A common character-
istic of known desiccation-tolerant microorganisms, which in-
clude spore-forming bacteria, heterocyst-forming cyanobacteria,
heteropolysaccharide-forming Beijerinckia, and Deinococcus, is
the formation of relatively thick outer cell layers (32). The synthe-
sis of an outer cell layer often composed of an extracellular poly-
saccharide (EPS), in conjunction with other mechanisms such as
robust DNA repair and compatible solute formation, enables the
cells to retain the minimal intracellular water activity required for
survival (32).

The methanogenic Archaea, despite their preference for highly
reduced, anoxic conditions in order to grow, are globally distrib-
uted in a wide range of anaerobic, aquatic environments, includ-
ing Antarctic lakes, submarine hydrothermal vents, rice paddies,
sewage digestors, and as symbionts in rumen, termites, protozoa,
and human large intestines (38). Among the least anticipated en-
vironments where viable methanogens have been detected are dry,
aerobic environments such as dry reservoir sediment, dry rice
paddies, and aerobic desert soils (26, 27, 30). These reports sug-
gested that methanogens could survive desiccation in different
environments. In axenic culture studies, Kendrick and Kral (18)
and Liu et al. (21) reported that several species of methanogenic
Archaea remained viable after up to 30 days of desiccation. In the
latter study the authors observed that methanogens remained vi-
able for a longer period of desiccation when the cells were dried
with solid particles present, and they hypothesized that mi-
croniches within soil particles provided protection from oxygen to
cells during periodic desiccation in the environment. However,

the cellular mechanisms for desiccation tolerance by methanogens
are currently unknown.

Methanosarcina barkeri Fusaro, isolated from sediment from
Lago del Fusaro, a freshwater coastal lagoon west of Naples, Italy,
can adapt to one of the widest ranges of habitats for an individual
methanogenic species (15). In addition to utilizing all known
methanogenic substrates, M. barkeri can grow autotrophically in a
minimal mineral medium with hydrogen as an energy source,
carbon dioxide as a carbon source, and molecular nitrogen as a
nitrogen source (5, 22). This species can also adapt to intracellular
solute concentrations ranging from freshwater to three times the
solute concentration in seawater by synthesis of osmoprotectants,
and it exhibits a dichotomous morphology, growing in freshwater
as large multicellular aggregates embedded in a heteropolysaccha-
ride matrix or growing in high extracellular solute concentrations
as individual cells without an extracellular polymer layer (39). M.
barkeri also synthesizes gas vesicles, which have been proposed to
be an early organelle of prokaryote motility often regulated by
light and oxygen partial pressure (43, 46). The relatively large
genome sizes of M. barkeri (4.8 Mb) and of Methanosarcina spp. in
general (�5.8 Mb) and the relatively large number of putative
coding sequences reflect the versatile nature of these species, with
the ability to use a greater range of substrates, adapt to a broader
range of environments, and form more complex multicellular
structures, compared with the more limited capabilities of most
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other extremophiles, which generally average around 2 Mb (9, 11,
23). The adaptive success of these species is further evidenced by
the occurrence of multiple paralogs in the genomes, including
multiple catabolic methyltransferases and carbon monoxide de-
hydrogenases, all three known types of nitrogenases, and all four
known chaperone systems (8, 9, 11, 23).

In laboratory culture the growth of Methanosarcina spp. is in-
hibited by oxygen and by temperatures above 55°C. However,
Methanosarcina barkeri has been reported to tolerate exposure to
air for up to 200 h without a detectable loss of viability (10). Recent
reports on tolerance of Methanosarcina spp. to stress indicate that
these species have enzymes for protection from oxidative stress
and repair of DNA damage resulting from ionizing radiation and
the ability to endure short periods of desiccation (7, 21, 33, 47).
The Methanosarcina morphology of multicellular aggregates em-
bedded in an EPS matrix is unique among the methanogens, and it
is remarkably similar to the morphology of other desiccation-
resistant prokaryotes. Collectively, the data suggest that the range
of environmental conditions in which these species survive has
been underestimated. In this report we quantify the viability of M.
barkeri under different desiccation conditions and demonstrate
that desiccation is an innate survival mechanism that enables cells
to remain viable in the presence of potentially lethal stress factors.

MATERIALS AND METHODS
Methanogen strains. Methanosarcina barkeri strain Fusaro (DSM 804)
was obtained from sources described previously and maintained as a fro-
zen stock (41).

Media and cell growth. Artificial marine mineral medium (M me-
dium) and freshwater mineral medium (F medium) were prepared in
Balch-style anaerobe tubes for growth of M. barkeri by methods described
previously (40). Growth substrates used were methanol (MeOH) or
trimethylamine-HCl (TMA) at a final concentration of 0.1 M or a mix of
80%:20% carbon dioxide-hydrogen in the gas phase. Methanogen me-
dium was prepared anaerobically in an N2-CO2 (4:1) atmosphere by a
modified Hungate technique (39). Cultures were incubated in the dark at
35°C.

Desiccation of cells. Cells were harvested directly in anaerobe culture
tubes by centrifugation at 6,700 � g for 15 min in a swinging-bucket
centrifuge (model GPR; Beckman Coulter) and transferred to an anaero-
bic glove box. Inside an anaerobic glove box the supernatant was decanted
and the pellets resuspended in approximately 1 ml of supernatant. The
resuspended cells were transferred to preweighed microcentrifuge tubes
and centrifuged at 6,800 � g for 5 min. The supernatant was decanted, and
the tubes with the pellets were weighed. The microcentrifuge tubes with
tops open were sealed in screw-cap glass canning jars (0.94 liter) contain-
ing 10 g of calcium chloride. For desiccation under aerobic conditions, the
jars were removed from the glove box and exposed to the atmosphere for
5 min before resealing.

Substrate experiments. M. barkeri was grown in F medium with TMA,
methanol, or a mix of carbon dioxide-hydrogen as described above. Cells
were grown to stationary phase (optical density at 550 nm [OD550] � 0.7 for
TMA-grown cells, OD550 � 0.5 for methanol-grown cells, and OD550 � 0.3
for CO2-H2-grown cells). Cultures were harvested at the indicated growth
phase by centrifugation of culture tubes as described above. Cells were desic-
cated in an anaerobic glove box for 1, 7, 14, or 28 days prior to resuspension in
medium and enumeration for viable cells as described below. All assays were
performed with four replicate cultures.

Growth phase experiments. M. barkeri was grown in F medium with
0.1 M TMA to three different growth phases: mid-exponential phase, late
exponential phase, and stationary phase. The growth phase of the cells was
monitored by OD550: mid-exponential-phase cells were harvested at
OD550s of 0.45 and 0.6, late-exponential-phase cells were harvested at an

OD550 of 0.7 to 0.8, and stationary-phase cells were harvested at an OD550

of greater than 0.83. Four replicates cultures for each growth phase were
harvested by centrifugation and desiccated anaerobically for 7 days as
described above.

Effect of EPS on cell viability. M. barkeri was grown in either M me-
dium to generate single cells without extracellular polysaccharide (EPS) or
F medium to generate aggregated cells with EPS. Both types of media had
0.1 M TMA as the growth substrate. Cells were grown to stationary phase,
harvested by centrifugation as described above, and desiccated anaerobi-
cally. Three different desiccation treatments were tested: in treatment 1,
cells were desiccated anaerobically for 7 days prior to enumeration of
viable cells; in treatment 2, cells were desiccated aerobically in desiccators
containing air for 7 days prior to enumeration of viable cells; and in
treatment 3, cells were desiccated anaerobically for 7 days and then ex-
posed to air in a desiccator for 7 days prior to enumeration of viable cells.
All assays were performed with four replicate cultures.

Treatment with ozone. M. barkeri was grown in F medium with 0.1 M
TMA and harvested in 1-ml aliquots of cells by centrifugation in micro-
centrifuge tubes. A triplicate set of microcentrifuge tubes containing har-
vested cells was transferred into four screw-cap glass canning jars contain-
ing CaCl2 (desiccated) and four jars without CaCl2 (undesiccated), and
the jars were sealed and stored at room temperature. All preparation was
performed in an anaerobic glove box at room temperature. After 7 days,
100 ml of 80% ozone from an ozone generator (Guardian, Cocoa, FL) was
injected into the jars through a septum in the top, and viable cells were
enumerated from triplicate sets of desiccated and undesiccated cells at 0,
1, 24, and 216 h.

Treatment with ionizing radiation. M. barkeri was grown in 50 ml of
F medium with H2-CO2 as the growth substrate. Aliquots (1 ml) of culture
were harvested anaerobically in 1.5-ml microcentrifuge tubes at 6,800 � g
for 5 min. Six tubes were transferred to a screw-cap glass canning jar
containing CaCl2 in an anaerobic glove box and desiccated overnight. An
additional six tubes were sealed and stored overnight in a canning jar
without desiccant. Duplicate sets of desiccated and undesiccated cells
were irradiated to final doses of ionizing radiation of 1.5 and 2.5 kGy using
a 60Co gamma source (University of Maryland College Park Gamma Test
Facility, College Park, MD) at a dose rate 3 to 13 kGy h�1. One set of
control tubes was not irradiated. Viable cells were enumerated, and their
survival relative to that of a duplicate set of nonirradiated cells was deter-
mined.

Enumeration of viable cells. Since M. barkeri grows as multicellular
aggregates, OD and direct cell count assays are not effective for cell enu-
meration. To enumerate cells more accurately, most-probable-number
(MPN) assays were performed as previously described with modifications
described below (4). All procedures were performed in an anaerobic glove
box, and all materials were equilibrated in the glove box for 24 h prior to
use to remove residual oxygen. For each treatment, replicate samples were
assayed as indicated. Each well of a 96-well polycarbonate microtiter plate
was filled with 180 �l of the appropriate medium (F medium or M me-
dium). Microcentrifuge tubes containing the desiccated cell pellets were
removed from the canning jars and reweighed to determine the final dry
mass of the material. The desiccated cell material was resuspended in 1 ml
of the appropriate medium (F medium or M medium). After resuspen-
sion, replicate 20-�l subsamples of each cell suspension were added to
three wells and completely suspended in the medium with a micro-
pipettor. A total of eight 10-fold serial dilutions were created by sequen-
tially transferring a 20-�l subsample to the subsequent row of wells. Plates
were covered with clear, sterile aluminum sealing film, and small holes
were punctured above each well to allow accumulated methane gas to
escape and, in the case of the H2-CO2 assay, to allow the substrate to enter
the wells. The plates were placed in stainless steel anaerobe jars (Torbal,
Clifton, NJ), and the atmosphere was reduced with hydrogen sulfide gen-
erated from Na2S as described previously (2). The anaerobe jars were
incubated at 35°C for 60 days. The plates were removed from the jars, and

Anderson et al.

1474 aem.asm.org Applied and Environmental Microbiology

http://aem.asm.org


growth was scored based on the appearance of cell pellets. The number of
cells per 1 ml was calculated using the 3-dilution MPN table (4).

RESULTS
Effect of growth substrates on the viability of desiccated cells.
The effect of growth substrates on the viability of M. barkeri after
desiccation was determined for trimethylamine (TMA), methanol
(MeOH), and H2-CO2. Cultures were grown to stationary phase
with each substrate, and the viability of harvested cells was assayed
after desiccation for various lengths of time (Fig. 1). Cells grown
on TMA and MeOH showed similar patterns of survival over time,
with less than 30% loss of viability after 28 days. The apparent
increase in viability of cells grown on H2-CO2 within the first 7
days was likely an artifact resulting from the tendency of H2-CO2-
grown cells to form large aggregates that were difficult to disperse
homogenously even after rigorous resuspension. Regardless of the
initial differences, the loss of viability was less than an order of
magnitude for each substrate, and the difference in cell viability
was not significantly different between substrates after 28 days.

Effect of growth phase on viability of desiccated cells. A
greater percentage of Escherichia coli cells harvested during
stationary-phase growth than of cells harvested during exponen-
tial growth maintain their viability (36). The recoveries (standard
deviations) of viable M. barkeri harvested at mid-exponential, late
exponential, and stationary phases of growth prior to desiccation
were 3.35 � 108 (4.04 � 108), 5.77 � 109 (3.93 � 109), and 1.33 �
1010 (4.26 � 109) cells g (dry weight)�1, respectively. Cells that
were grown to mid-exponential phase retained only 5.8% and
2.5% of the viable cells retained by cells grown to late exponential
and stationary phases, respectively. Although there was not a sig-
nificant difference in recovery of viable cells after desiccation be-
tween late-exponential-phase and either mid-exponential- or
stationary-phase cultures, there was a significant difference in re-
covery of viable cells after desiccation between mid-exponential-
and stationary-phase cultures (P � 0.0063).

Role of methanochondroitin in maintaining the viability of
desiccated cells. When M. barkeri is grown in medium with high
extracellular solute concentrations, such as marine medium, this
species no longer synthesizes the methanosarcinal extracellular
polysaccharide methanochondroitin and grows as single cells with
only a protein S-layer outer wall. To determine whether the
methanosarcinal EPS has a role in the survival of M. barkeri during

desiccation, cell viabilities of desiccated non-EPS-forming single
cells and EPS-forming cell aggregates were compared. As EPS is
reported to provide a physical barrier against oxygen diffusion in
some nitrogen-fixing bacteria (3, 31, 35), the EPS of M. barkeri was
also tested for its potential role in maintaining the viability of cells
after exposure to oxygen. Both multicellular aggregates embedded
in EPS and single cells without EPS were (i) desiccated and incu-
bated anaerobically, (ii) desiccated anaerobically and incubated
aerobically, and (iii) desiccated and incubated aerobically. Figure
2 shows that cell viability was significantly greater for desiccated
multicellular aggregates than for single cells under all conditions
tested. When desiccated and incubated under anaerobic condi-
tions, cells without EPS retained only 7% of the viability observed
for EPS-forming cells, and when desiccated under anaerobic con-
ditions prior to aerobic incubation, non-EPS-forming cells re-
tained 11% of the viability observed for EPS-forming cells. How-
ever, no viable cells were detected when non-EPS-forming cells
were desiccated and incubated under aerobic conditions. Interest-
ingly, both EPS-synthesizing and non-EPS-synthesizing cells
maintained the greatest postdesiccation viability when incubated
in air after anaerobic desiccation.

Effects of desiccation on the viability of cells exposed to stress
factors. The role of desiccation in protecting M. barkeri from sev-
eral stress factors commonly encountered in the environment was
also tested. Desiccated and actively growing M. barkeri cells were
exposed to temperatures ranging from the optimal growth tem-
perature of 40°C to 100°C for 1 h and then assayed for viability. As
expected, viability rates decreased as the temperature increased
(Fig. 3). However, the rate of recovery of viable desiccated cells
was 4 to 5 orders of magnitude higher at temperatures above 40°C
than that of undesiccated cells. Since desiccation substantially in-
creased survival of cells after short-term exposure to higher tem-
peratures, desiccated cells were exposed to lethal temperatures for
2 days to determine the longer-term viability (Fig. 4). At 20°C,
there was no significant change in the viability of desiccated cells
over time. At 55°C, which is 10°C greater than the maximum
temperature tolerated for growth of M. barkeri, there was a grad-
ual and constant decrease in cell viability during the exposure

FIG 1 Effect of growth substrate on recovery of viable cells after desiccation.
M. barkeri was grown on H2-CO2 (�), methanol (�), or trimethylamine (�)
prior to desiccation, and the recovery of viable cells was determined over time.
Survival is based on an MPN estimation of viable cells per gram (dry weight) of
cell material. Values are means and standard deviations for four replicate cul-
tures.

FIG 2 Effect of EPS on recovery of viable cells after desiccation. M. barkeri was
grown as either EPS-forming multicellular aggregates (black bars) or non-
EPS-forming single cells (gray bars) prior to desiccation under three different
conditions. Anaerobic cells (A) were desiccated anaerobically prior to enumer-
ation of viable cells, anaerobic/aerobic cells (B) were desiccated anaerobically
and then exposed to air for 7 days prior to enumeration of viable cells, and
aerobic cells (C) were desiccated aerobically for 7 days prior to MPN analysis.
Survival is based on an MPN estimation of viable cells per gram (dry weight) of
cell material. Values are means and standard deviations for four replicate cul-
tures.

Methanosarcina barkeri Desiccation Tolerance

March 2012 Volume 78 Number 5 aem.asm.org 1475

http://aem.asm.org


period. In contrast, the viability of cells exposed to 90°C was re-
duced drastically after 3 h of exposure, but viability was constant
thereafter for the remaining period of exposure.

The effect of desiccation on survival of M. barkeri under highly
oxidative conditions was tested by exposing desiccated and ac-
tively growing cells to ozone at an initial concentration similar to
that found in the ozone layer around Earth (Fig. 5). The recovery
of viable undesiccated cells after exposure to ozone over time was
relatively constant, which was likely due to the short half-life (t1/2)
in water (t1/2 in air � 20 min) and the presence of residual reduc-
tants from the medium. Although the viability of desiccated cells
declined over time, the loss of viability was not significant in the
first 24 h, when the ozone concentration was greatest (t1/2 in air �
3 days), and cell loss of viability decreased by only 2 orders of
magnitude after 10 days.

The survival of undesiccated and desiccated cells after expo-
sure to different levels of ionizing radiation was compared (Fig. 6).
Recovery of viable cells was similar for desiccated and undesic-
cated cells, with an overall decline of viable cells of over three
orders of magnitude at 2.5 kGy.

Long-term viability of Methanosarcina spp. To assess the
long-term viability of Methanosarcina spp., a desiccated cell pellet
of Methanosarcina thermophila TM-1 harvested in 1984 was lo-
cated in a frozen culture archive. The culture was grown in a pH
auxostat with acetate and harvested anaerobically in late exponen-
tial growth as described previously (42). The cell pellet was stored
in liquid nitrogen for 12 months and then stored thereafter at
�20°C in a plastic container with a loose-fitting top, leading to
desiccation and constant exposure to air since 1985. The cell pellet
was pink from oxidation of residual resazurin and had a powdery
consistency. Samples of 0.01 g of dry pellet material from the sur-
face of the desiccated pellet were resuspended in 1 ml F medium
containing 0.1 M TMA. Enumeration by the MPN technique in-
dicated that there were on average 9 � 106 (�2 � 106) viable cells
g (dry weight)�1 remaining after exposure to air in a desiccated
state for over 25 years.

DISCUSSION
Recovery of M. barkeri desiccated under different growth con-
ditions. The removal of cell-bound water through air drying and

FIG 3 Effect of high temperatures on viability of desiccated and undesiccated
cells. Desiccated cells (black bars) were dried anaerobically, and undesiccated
cells (gray bars) were grown in liquid medium and pelleted immediately prior
to incubation at different temperatures for 1 h. Survival is based on an MPN
estimation of viable cells per gram (dry weight) of cell material. Values are
means and standard deviations for four replicate culture samples.

FIG 4 Effect of desiccation on recovery of viable cells after extended exposure
to high temperatures. Desiccated M. barkeri cells were incubated at 20°C (�),
55°C (�), and 90°C (Œ), and survival based on an MPN estimation of viable
cells per gram (dry weight) of cell material was determined over time. Values
are means and standard deviations for four replicate culture samples.

FIG 5 Effect of ozone on viability of desiccated and undesiccated cells. Des-
iccated cells (�) were dried anaerobically, and undesiccated cells (�) were
grown in liquid medium and pelleted immediately prior to incubation with
ozone. Survival is based on an MPN estimation of viable cells per gram (dry
weight) of cell material. Values are means and standard deviations for three
replicate culture samples.

FIG 6 Effect of ionizing radiation on viability of desiccated and undesiccated
cells. Desiccated cells (black bars) were dried anaerobically, and undesiccated
cells (gray bars) were grown in liquid medium and pelleted prior to exposure
to a 60Co gamma source. Survival is based on an MPN estimation of viable cells
per gram (dry weight) of cell material. Values are means for two replicate
culture samples.
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rehydration of air-dried cells can influence the activities and the
distribution of bacterial species on both local and global scales. In
the current study, M. barkeri was desiccated for as long as 30 days
in �10% relative humidity with anhydrous CaCl2 (28), with the
goal of simulating dry conditions where viable methanogens have
been detected previously (26, 27, 30). The recovery of viable cells
after desiccation was equivalent for M. barkeri grown either hy-
drogenotrophically or methylotrophically with trimethylamine or
methanol. The results indicate that the catabolic pathway utilized
was not a factor in the mechanisms that mediate postdesiccation
viability. Furthermore, there was no significant loss of viability of
cells desiccated for 1 day and 28 days, which is consistent with the
finding by Mayer and Conrad (26) that the methanogenic popu-
lation in rice paddies remained constant during dry fallow peri-
ods. The latter observation suggests that M. barkeri is innately
stable once it is in a state of desiccation and that protection by
microaggregation with soil particles is not required to maintain
viability over time (12).

Even though recovery from desiccation was not substrate spe-
cific, cells in stationary phase at the time of desiccation appeared
to recover more efficiently. This likely represents common mech-
anisms for adaptation to stresses associated with stationary phase
and desiccation. Bacterial cells in stationary phase are generally
more stress tolerant than metabolically active cells growing expo-
nentially. Exponential phase is a time of rapid growth with the
availability of unlimited nutrients, whereas in stationary phase,
cell metabolism and growth are minimized in response to various
stress factors such as nutrient depletion and toxic product
buildup. Studies on other microorganisms have found that when
desiccated during stationary phase, cells had a significantly greater
survival rate than when desiccated during exponential phase (45).
E. coli in stationary phase is adapted to tolerate stress conditions
by responses that include modifications of fatty acids, condensa-
tion of DNA, synthesis or uptake of osmoprotectants, dimeriza-
tion of ribosomes, and expression of stress response genes and
antioxidants, and these conditions predisposed cells to tolerate the
stress conditions imposed by desiccation (36). A study on Saccha-
romyces cerevisiae (37) also found similarities in the transcrip-
tomes of stationary-phase and desiccated cells, indicating that the
process of surviving desiccation is similar to the conditions found
during stationary phase. The results of this study suggest that, like
for bacterial and eukaryotic cells, the mechanisms enabling adap-
tation to stress associated with stationary phase and desiccation
are similar in the methanogenic Archaea.

Increased resistance of M. barkeri to environmental stres-
sors when desiccated. Dry sediments or desert soils where meth-
anogens have been detected would potentially expose methano-
gens to greater temperatures, oxidation, and ionizing radiation
than tolerated by M. barkeri in laboratory culture. The M. barkeri
genome has genes encoding major known DNA repair mecha-
nisms, including alkyl transfer, photoactivation, base excision re-
pair, nucleotide excision repair, mismatch repair, translesion syn-
thesis, and homologous repair, as well as proteins for preventing
oxidative damage, including superoxide dismutase (SOD) and
catalase (23). Zhang et al. (47) confirmed that genes encoding
putative superoxide dismutase, peroxiredoxin, catalase, and thi-
oredoxin reductase were expressed at various levels in M. barkeri
both before and after exposure to air, and Angel et al. (1) showed
that the gene encoding catalase was transcribed in desert soil ex-
posed to oxygen. Another report showed that double-strand

breaks resulting from exposure of M. barkeri to ionizing radiation
were repaired in vivo by homologous recombination, and repair
was at least in part the result of eukaryotic poly(ADP-ribose) poly-
merase activity (34). However, in the current report we show that
the sensitivity of desiccated cells to ionizing radiation is similar to
that of E. coli, indicating that the mechanisms of adaptation in M.
barkeri are not linked to a robust DNA repair associated with
desiccation-tolerant microorganisms such as Deinococcus and Ha-
lobacterium (20, 25). Desiccated M. barkeri exposed to air at room
temperature did not lose significant viability after 28 days, and
desiccated M. thermophila remained viable in air at �20°C for 25
years with an estimated loss in viability of 6 orders of magnitude.
Interestingly, complete cell death of M. barkeri exposed to 90°C
was not observed, and recovery of viable cells remained constant
at 106 cells g (dry weight)�1 between 6 and 48 h. Likewise, the
viable cell count recovered from archived desiccated M. thermo-
phila was observed at a similar threshold. This apparent threshold
of cell recovery might reflect innate recovery/repair processes of
desiccation tolerance that minimize sublethal damage to cell mac-
romolecules for a finite portion of the cell population. Overall, the
results indicate that both oxidative defense and DNA repair mech-
anisms are adequate for protecting desiccated M. barkeri from
oxidative damage in air, and these mechanisms are most effective
when cells are in a desiccated state. The effectiveness of the anti-
oxidant protection mechanisms should not be underestimated, as
many critical proteins in M. barkeri contain metal redox centers
that are irreversibly inhibited by oxygen. Resistance of M. barkeri
to highly oxidative conditions such as ozone and ionizing radia-
tion was not as robust as for other desiccation-resistant microor-
ganisms, such as halophilic Archaea or Deinococcus, but would
likely be adequate to maintain cell viability during periodic expo-
sure events.

Role of methanochondroitin in desiccation tolerance. The
secretion of extracellular polysaccharide (EPS) is a common fea-
ture of desiccation-tolerant microorganisms. Although it is widely
believed that EPS protects cells during desiccation and the protec-
tive role has been confirmed for some species, a clear relationship
could not be shown in others (19, 29, 44). The Methanosarcina
morphology of multicellular aggregates embedded in an EPS ma-
trix is unique among the methanogens, and it is remarkably sim-
ilar to the morphology of other desiccation-resistant prokaryotes.
M. barkeri synthesizes an EPS composed primarily of
D-galactosamine and D-glucuronic acid, termed methanochon-
droitin, that is nearly identical to animal chondroitin except for
the order of the monomers and lack of sulfate (16). Because M.
barkeri can be grown with or without methanochondroitin syn-
thesis, it was possible to demonstrate that the heteropolysaccha-
ride had a definitive role in desiccation resistance. Regardless of
whether cell desiccation/postdesiccation was anaerobic/anaero-
bic, anaerobic/aerobic, or aerobic/aerobic, cells that synthesized
methanochondroitin had a significantly higher survival rate than
cells without methanochondroitin. One of the characteristics of
chondroitin is the ability to absorb water. This property suggests
that methanochondroitin may contribute to cell viability by serv-
ing as a humectant, thereby enabling cells to retain a critical level
of intracellular water activity while in a desiccated state. In addi-
tion to retaining water, extracellular polysaccharides inhibit the
fusion of membrane vesicles during desiccation and act as an im-
mobilization matrix for secreted enzymes that remain active dur-
ing long-term desiccation (13). Another possible role of the EPS is
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to minimize oxygen diffusion into the cell, which has been shown
to prevent oxygen denaturation of nitrogenase in nitrogen-fixing
bacteria (3). This conclusion is supported by the observation that
methanochondroitin-synthesizing cells desiccated aerobically had
nearly the same rate of recovery as cells desiccated anaerobically,
but in the absence of methanochondroitin there was no recovery
of viable cells from aerobically desiccated cultures. Interestingly,
M. barkeri cells grown with and without methanochondroitin that
were desiccated anaerobically and then incubated in air had a
higher rate of recovery than cells that were maintained anaerobi-
cally both pre- and postdesiccation. Although it is possible that
postdesiccation exposure to air stimulated an enhanced defense
against free radicals by production of catalase, SOD, and other
metabolic antioxidants that increased recovery of viable cells after
desiccation, the reason for this phenomenon is unknown at this
time.

The results of this study demonstrate unequivocally that M.
barkeri, in addition to its ability to adapt to the widest ranges of
habitats for an individual methanogenic species, also has the in-
nate capability to survive extended periods of desiccation and re-
sistance to oxidative stress from exposure to air. Prior reports
showed that Methanosarcina spp. and other methanogens could
survive desiccation for limited periods of time (6, 10, 18, 21, 30).
This report quantitatively assesses the survival rates of a methano-
genic archaeon after desiccation and subsequent exposure to
stress factors that simulate the driest environments on Earth, such
as the Antarctic dry valleys and hyperarid core of the Atacama
Desert in Chile (14, 24). The ability of desiccated cells to tolerate
stress factors typically found in the open atmosphere would enable
Methanosarcina spp. to be disseminated in high-altitude dust
clouds as a mechanism for explaining the ubiquitous nature of
these species in both aqueous and terrestrial environments
around the globe (17). Future work is necessary to identify the
molecular mechanisms utilized by M. barkeri for maintaining vi-
ability under desiccation stress and to determine the absolute lim-
its of survival of Methanosarcina spp. in the most extreme envi-
ronments found on this planet.
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