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Abstract: The effects of combinations of desiccation and exposure to 0 2 were studied in pure cultures of Methanosarcina barkeri 
strain Fusaro and in a new Methanosa~'ina strain and a new Methanobacterium strain which were both isolated from dry oxic paddy 
soil. Incubation of bacterial suspensions under air for 200 min resulted in a decreased potential to produce CH 4, but not in a 
decreased viability. The inhibitory effect of 0 2 slightly increased with increased salt concentration. Desiccation of bacterial 
suspensions under N 2 resulted in reduction of viability to 10% and of potential CH 4 production to 0.6%. Desiccation of bacterial 
suspensions under air resulted in a larger decrease of both viability (0.5%) and potential CH 4 production (0.03%). This decrease 
was smaller at rapid compared to slow deslccation. Survival and potential CH 4 production were further inhibited when the 
suspension was dried in the presence of sand grains or glass beads coated with FeS or FeNH4PO 4. However, survival and potential 
CH 4 production increased dramatically'in the presence of pyrite (FeS 2) grains. Then, as much as 10% of the initial methanogenic 
population survived oxic desiccation. This relatively good resistance is in agreement with observations that methanogens in rice 
fields survive the periods when the paddy soil is dry and oxic. 
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Introduction 

Rice fields represent an important source in 
the global cycle of atmospheric CH 4 [1-3]. The 
CH 4 is produced by methanogenic bacteria which 
are active in the paddy soil as soon as it becomes 
anoxic and sufficiently reduced after flooding of 
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the rice fields [4-7]. Although the methanogenic 
bacteria are strict anaerobes and do not form 
spores or other resting stages, theyare obviously 
able to survive the periods when the paddy soil is 
dry and oxic in-between the flooding periods. 

Mayer and Conrad [7] have recently shown 
that the methanogenic populations ,survive the 
dry and oxic periods in the paddy soil in numbers 
which are identical to those during the sub- 
merged and anoxic period. Exposure of metha- 
nogenic bacterial cultures to O~ results in de- 
creased activities and survival [8-10], but rela- 
tively short exposure periods (<  30 'h) allowed a 
90% survival of some methanogeaic species, e.g., 
Methanosarcina barked [9]. Methanosarcina and 
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Methanobacterium seem to be important inhabi- 
tants of rice field soils [11,12]. 

The effects of combinations of desiccation and 
exposure to 0 2 on methanogenic bacteria have so 
far not been studied. Therefore,  we studied these 
effects on pure cultures of Methanosarcina bark- 
eri strain Fusaro and of a new Methanosarcina 
strain and a new Methanobacterium strain which 
were both isolated from dry oxic paddy soil. 

Materials and Methods 

Methanosarcina barkeri strain Fusaro [13] was 
obtained from the Deutsche Sammlung von 
Mikroorganismen (DSM 804). Methanosarcina 
strain MVF4 and Methanobacterium strain HVF5 
were isolated from dry and oxic paddy soil sam- 
pied in February 1991 from rice fields in Vercelli, 
Italy. Quarz sand was obtained from Merck, 
Darmstadt, glauconitic sand (mesh < 0.1 mm) 
was from a geological site near Uberlingen, Ger- 
many. Glass beads (diameter < 0.1 mm) were 
purchased from Ochs, G6ttingen. Pyrite (FeS 2) 
crystals (Gift Shop, Marburg) were grinded in a 
mortar  and sieved to obtain grains < 0.5 mm. 

The methanogenic bacteria were grown in a 
bicarbonate-buffered mineral medium [14] at pH 
7.0. The medium was supplemented with a solu- 
tion containing 9 vitamins and with 1 mM sulfide 
as reducing agent. For enrichment of aceto- 
trophic methanogenic bacteria the medium was 
inoculated with 3 g paddy soil (sieved < 1 mm), 
supplemented with 20 mM acetate (as energy and 
carbon source) and incubated at 35°C under a 
N2 /CO 2 (9 /1)  atmosphere. Later on, acetate was 
replaced by 20 mM methanol to stimulate growth 
of Methanosarcina [15] and the medium was sup- 
plemented with ampicillin or streptomycin to a 
concentration of 3 mg ml-~. The antibiotics were 
added to suppress growth of homoacetogenic eu- 
bacteria [16]. The methanogens were isolated by 
serial dilution in liquid methanol media using the 
most dilute tube with positive growth as inoccu- 
lum for the next series of dilution. This proce- 
dure was repeated until a pure culture was ob- 
tained. Purity was checked by microscopy and by 
lacking growth on medium containing 5 mM glu- 

cose, 5 mM pyruvate, 5 mM fumarate and 0.1% 
yeast extract. For enrichment of hydrogeno- 
trophic methanogenic bacteria the medium was 
supplemented with 2 mM acetate (as carbon 
source) and incubated at 30°C under H 2 / C O  2 
(9 /1)  (as energy and carbon source). The metha- 
nogens were isolated by serial dilution in agar 
deeps [17] under a H 2 / C O  2 atmosphere. The 
following compounds were tested as growth sub- 
strates at a concentration of 20 mM: methanol, 
ethanol, 2-propanol, monomethylamine chloride, 
dimethylamine chloride, trimethylamine chloride, 
sodium formate, and sodium acetate. The 
Methanosarcina strains were cultivated at 37°C in 
stoppered serum bottles (120 ml) with 50 ml 
medium containing 60 mM methanol under a gas 

Fig. 1. Phasecontrast microphotographs of the isolates 
Methanosarcina MVF4 (A)and Methanobacterium HVF5; 

bar = 10/~m. 
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phase of Nz/CO 2 (9/1) without shaking. The 
Methanobacterium strain was cultivated at 30°C 
under a gas phase of H2/CO 2 (9/1) and 2 mM 
acetate (as additional carbon source) with shak- 
ing. Immediately before inoculation the medium 
was reduced by addition of Na2S204 solution to 
a final concentration of 0.18 mM. Growth of the 
bacteriawas followed by measuring the turbidity 
(extinction at 578 nm) in a spectral photometer 
(Zeiss, Oberkochen). 

Cells were harvested in the exponential growth 
phase (E578 = 0 . 4 - 0 . 8 )  under strictly anoxic con- 
ditions. For this purpose, the culture bottles were 
placed with rubber adaptors into a GSA rotor 
(Sorvall, DuPont, Bad Nauheim) and centrifuged 
at 3000 × g and 4°C for 30 min. The supernatant 
was removed through a capillary by applying N 2 

pressure. Methanosarcina cells were washed and 
suspended in anoxic imidazol/phosphate buffer 
(20 mM imidazol, 20 mM NaHzPO 4, 5 mM 
K H z P O 4 ,  2 mM MgCI2 ,  20 mM NaCI, pH 7.0) to 
give a protein concentration of 4-6 mg ml -t. 
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Methanobacterium cells were washed and sus- 
pended in anoxic phosphate buffer (100 mM, pH 
7.0) to a protein concentration of 2-3 mg ml-1. 
Phosphate buffer instead of imidazol/phosphate 
buffer was also used for the further processing. 
The bacterial protein was measured after incu- 
bating 400 ~1 cell suspension with 100 /~1 1 M 
NaOH at 100°C for 1 h, followed by neutraliza- 
tion with 100 t~l 1 M HC1. Protein was then 
determined by the bicinchoninic acid (BCA) test 
reagent (Faust, K61n) which is based on a method 
by Smith et al. [18]. 

Cells were exposed t o  0 2 by placing 500 txl 
bacterial suspension into 5 ml oxic imidazol/ 
phosphate buffer and incubating it in a sterile 
petri dish at 20°C on a shaker at 90 rpm. To 
impose additional osmotic stress, 20-330 mM 
NaC1 plus 2-40 mM MgC12 were added to the 
buffer. After the exposure to O 2, the bacterial 
suspension was transferred into a Nz-filled sterile 
serum bottle (25 ml), flushed several times with 
N 2 and processed as described below. 
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Fig. 2. Accumulation of CH 4 (A) and rates of CH 4 production (B; e) and cell viability (B; <3) in suspensions of M. barkeri strain 
Fusaro as function of time of incubation under air. The bacterial suspensions (0.27 mg protein ml-  1) were incubated in petri dishes 
on a shaker for the time indicated and then, transferred to anoxic incubation conditions, Methanogenesis was initiated by addition 
of 20 mM methanol as substrate and 1.5 mM titanium(Ill) citrate as reducing agent. The viable bacterial counts were determined 

by MPN. 
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Cells were desiccated by placing 500/~1 bacte- 
rial suspension into different volumes (0.5 to 2.0 
ml) of imidazol /phosphate  buffer in serum bot- 
tles (25 ml) and drying the suspension under a gas 
stream (3.4 1 min-1)  of either N 2 or air. Depend- 
ing on the volume of the buffer, the suspensions 
dried within 30 to 100 min. For some experiments 
sand (1 g), glass beads (1.5 g) or pyrite (2.5 g) was 
added. The sand and the glass beads were placed 
into the serum bottles and coated by adding 500 
/xl of either 15 mM FeS or 15 mM NH4FePO 4 
and drying the solution onto the grains under a 
N 2 stream. Then the bacterial suspension was 
added and processed as described above. NHnFe- 
P O  4 w a s  prepared by the method of Blitz [19]. 
FeS was prepared by mixing equal volumes of hot 
solutions of 0.5 M Na2S and 0.5 M FeC12 • 4 H 2 0  
and washing the FeS precipitate with hot water. 

After desiccation and eventual storage under 
dry conditions, the dried cells were resuspended 
in 5 ml anoxic imidazol /phosphate  buffer which 
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Fig. 3. Accumulat ion of CH 4 in suspensions of M. barkeri as 
function of t ime of incubation under  air in the presence of 
increased salt concentrations: (e) 20 mM  NaCl 4-2 mM  MgCl2; 
( A )  90 m M  N a C l + 1 0  m M  MgCl2; ( o )  330 mM  N a C l + 4 0  

m M  MgCl2; other conditions as in Fig. 1. 

contained 1.5 mM titanium(III) citrate as reduc- 
ing agent. Titanium(III) citrate was prepared as 
described by Zehnder  and Wuhrmann [20]. Sus- 
pensions of Methanosarcina were then supple- 
mented with 20 mM methanol and incubated 
under a N 2 atmosphere at 37°C on a shaker at 
120 rpm. Suspensions of Methanobacterium were 
incubated under an atmosphere of H 2 / C O  2 (8 /2)  
at 30°C and 220 rpm. Production of CH 4 was 
followed by gas chromatography [21]. The viable 
counts of methanogenic bacteria were deter- 
mined by the most probable number (MPN) tech- 
nique using 10-fold serial dilutions in growth 
medium and testing the tubes for production of 
CH 4 [7]. Positive tubes were evaluated according 
to the index tables published by the American 
Public Health Association [22]. The 95% confi- 
dence limit of the MPN counts was about one 
order of magnitude. 

Results  

Methanosarcina strain MVF4 (Fig. 1A) was 
isolated from an enrichment culture on acetate 
using dry oxic paddy soil from rice fields in Italy. 
The strain grew well on methanol, H 2 / C O  2 and 
methylamines, grew poorly on acetate, and did 
not grow on formate, ethanol and 2-propanol. 
Doubling times on methanol were 30 h. The 
temperature optimum was 35-40°C. The proper- 
ties of the isolate ressemble those of other 
Methanosarcina strains isolated from paddy soil 
[111. 

Methanobacterium strain HVF5 (Fig. 1B) was 
isolated from an enrichment culture on H 2 / C O  2 
using the same soil as above. The strain grew well 
on H2/CO2,  but did not grow on acetate, for- 
mate, ethanol, 2-propanol and methylamines. Low 
concentrations of acetate (2 mM) stimulated 
growth probably by serving as carbon source. 
Doubling times on H 2 / C O  2 in the presence of 
acetate were 7 h. The temperature optimum was 
about 35°C. No growth was possible at 55°C. The 
properties of the isolate ressemble those of the 
Methanobacterium strain isolated earlier [12]. 

Exposure of suspensions of Methanosarcina 
barkeri strain Fusaro to air resulted in decreased 
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C H  4 production rates when the bacteria were 
subsequently incubated under anoxic and re- 
duced conditions. The potential bacterial activity 
to produce CH 4 decreased gradually with the 
time of 0 2 exposure exhibiting a residual activity 
of about 25% after 200 rain (Fig. 2). Interestingly, 
the viability of the bacteria did not decrease, i.e., 
100% of the initial number of 10 s counts m1-1 
survived 200 min exposure to 0 2. 

The inhibitory effect of 0 2 on the potential 
C H  4 production was further increased (by about 
30%) by the simultaneous presence of high salt 
concentrations (Fig. 3). However, this effect of 
osmotic stress was relatively small compared to 
the effect of desiccation (see below). 

Drying of suspensions of M. barkeri strain 
Fusaro under an anoxic atmosphere (N 2) resulted 
in a reduced viability, but as much as 10% of the 
initial number of 108 counts ml -I survived the 
anoxic desiccation. However, the potential C H  4 

production decreased from 140 to 0.8 nmol 
min- ]mg- 1 protein (0.6% residual activity). The 
result of the experiment was not affected whether 
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the suspension was dried within a period of either 
40, 80 or 100 min (data not shown). 

Drying of suspensions of M. barked strain 
Fusaro under an oxic atmosphere (air) resulted in 
a stronger reduction of the viability than under 
an anoxic atmosphere. Less than 5% of the initial 
number of 108 counts m1-1 survived the oxic 
desiccation. The survival decreased with the time 
which was used to dry the suspension (Fig. 4). 
Rapid desiccation resulted in better survival than 
slow desiccation. Only 5 × 105 counts ml-1 (0.5%) 
survived a desiccation which took 100 min. The 
potential rate of c n  4 production decreased in 
parallel with the surviving bacteria finally reach- 
ing 0.04 nmol min-lmg -1 protein (0.03% resid- 
ual activity) (Fig. 4). On the other hand, storage 
of desiccated cell suspensions (45 min drying time) 
under an oxic atmosphere (air)for  periods of 
0-60 h did neither affect the survival nor the 
potential r a t e  of C H  4 production (data not 
shown). 

The inhibitory effect of oxic desiccation on the 
p o t e n t i a l  c n  4 production was strongly reduced 
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Fig. 4. Accumulation of CH 4 (A) and rates of CH 4 production (B; o) and cell viability (B; Q) after drying of suspensions of M. 
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not in (B), other conditions as in Fig. 1. 
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by the presence of pyrite grains (Fig. 5). The 
survival and the potential CH 4 production rates 
of M. barked strain Fusaro were 10 times higher 
in the presence (107 counts m l - ' ;  3.0 nmol 
min-  lmg- 1 protein) than in the absence of pyrite 
(106 counts ml-1; 0.3 nmol m in - lmg  ~protein). 
Thus, oxic desiccation in the presence of pyrite 
provided even better conditions than anoxic des- 
iccation. On the other hand, the presence of 
glauconitic sand grains or glass beads which had 
been coated with ferrous iron resulted in inhibi- 
tion of potential CH 4 production (Fig. 5). Un- 
coated glauconitic sand, glass beads or quarz 
sand had the same effect (data not shown). 

The beneficial effect of pyrite was corrobo- 
rated with the two new methanogenic strains (see 
above) which were isolated from dry oxic paddy 
soil. In both Methanosarcina strain MVF4 and 
Methanobacterium strain HVF5, survival and po- 
tential CH 4 production were drastically reduced 
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after desiccation under an oxic atmosphere in a 
similar manner (data not shown) as observed in 
M. barkeri strain Fusaro. However, the rates of 
p o t e n t i a l  C H  4 production increased by at least 
one order of magnitude when the desiccation was 
carried out in the presence of pyrite (Fig. 6). The 
survival rate of Methanosarcina strain MVF4 and 
Methanobacterium strain HVF5 (initially 108 
counts m1-1) was generally 10% in the presence 
of pyrite, but only 5% and 0.1%, respectively, in 
absence of pyrite. 

Discussion 

Our results show that drying and exposure to 
0 2 had an additive detrimental effect on the 
viability of methanogenic bacteria and on the 
potential of the treated cells to produce CH 4. 
The effect of drying was more severe than that of 
O 2 exposure and was apparently due to the re- 
moval of water rather than to the increase of 
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osmolarity. However, our results also show that a 
significant percentage (0.5-10%) of a methano- 
genic population can survive desiccation under 
oxic conditions. This is a rather interesting result, 
since methanogens are strictly anaerobic bacteria 
which do not form resting stages. Survival and 
potential CH 4 production was even higher in the 
presence of pyrite. These observations were the 
same irrespectively whether the methanogen was 
obtained from a culture collection (M. barkeri 
strain Fusaro) or was freshly isolated from a dry 
oxic paddy soil (Methanosarcina strain MVF4 and 
Methanobacterium strain HVF5). The relatively 
high potential of methanogens to survive dry and 
oxic conditions explain s why methanogenesis can 
start within days after flooding dry oxic soil [7]. 

Exposure to O z alone did not decrease the 
viability of M. barkeri. Since the MPN test de- 
tects only the viability of whole cell aggregates, 
we cannot exclude that 0 2 killed some of the 
cells within a package (e.g., the peripheral cells), 
while others (e.g., the central cells) survived. The 
good survival is consistent with earlier observa- 
tions [8,9]. The O2-dependent decrease of the 
potential to produce CH 4 may be due to conver- 
sion of the methanogenic coenzyme F420 from its 
active into its inactive form [23]. In fact, this 
conversion could be part of a defense mechanism 
against 0 2 [24]. In addition, toxic O radicals 
might be removed by the action of superoxid 
dismutase which has been found in methanogens 
[25]. 

Drying decreased both the viability and the 
potential to produce CH 4. Oxic drying had a 
stronger effect than anoxic drying, especially when 
the drying was done slowly. Since the speed of 
drying influenced survival and CH 4 production 
only under oxic but not under anoxic conditions, 
it is likely that exposure to 0 2 and removal of 
water acted synergistically. The molecular back- 
ground for this behaviour is presently unknown. 

The partial protection of methanogens by 
pyrite against oxic desiccation is also an interest- 
ing phenomenon which is presently not under- 
stood. In fact, we had expected protection by 
ferrous iron which was added in form of its 
sulfide or phosphate salt as a film coating glau- 
conitic sand grains or glass beads. Ferrous iron 

could theoretically remove 0 2 by autoxidation at 
neutral pH [26]. For example, FeS stimulated 
CH 4 production in enrichment cultures [27] and 
stimulated substrate utilization by the anaerobic 
bacterium Pelobacter acidigallici [28]. Quite in 
contrast, however, FeS- or NH4FePOa-coated 
particles drastically reduced the potential to pro- 
duce CH 4 in methanogens which had been desic- 
cated under oxic conditions. Therefore, we rather 
assume that the ferrous iron enhanced the pro- 
duction of toxic O radicals [10,29]. 

Pyrite (FeS 2) is ubiquitously present in anoxic 
environments [30] and is an important constituent 
of paddy soil [31]. We can only speculate about 
the reasons of its protective effect for methano- 
gens. Under the conditions in paddy soils (neu- 
tral, low temperature, anoxic) FeS 2 should not be 
attacked by chemical or microbial reactions. 
However, FeS 2 forms spheroidal cristals with a 
diameter of 5-500 /.~m which show a highly un- 
even raspberry-like surface (pyrite framboids) [32]. 
These surfaces may provide a protective habitat 
for methanogens. Attachment of the methanogens 
to pyrite may be facilitated by electrostatic and 
hydrophobic interactions. Pyrite shows a positive 
surface charge and, like other metal sulfids, ex- 
hibits lipophilic properties. M. barkeri, on the 
other hand, has also a relatively hydrophobic cell 
surface [33] and like other bacteria exhibits a 
negative surface charge [13]. Interestingly, a new 
theory has recently proposed that pyrite might 
have been the craddle of life by constituting the 
surface on which the first biomolecules have 
formed and around which the first cells have 
developed [34]. 
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