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Responses of methanogenic archaeal community to oxygen
exposure in rice field soil”

Yanli Yuan'?,Ralf Conrad®, Yahai Lu'
(1. College of Resources and Environmental Sciences ,China Agricultural University ,Beijing 100193 ,China;
2. Max-Planck Institute for Terrestrial Microbiology , Karkvon-Frisch-Str , 35043 Marburg ,Germany)

Abstract: Methanogens are regarded as strict anaerobes and hence sensitive to O, exposure, It
has been demonstrated that CH, production and emission from rice field soil are substantially re-
duced when soil is drained or aerated even shortly. However,the response of different methanogenic
populations to O, stress remains unclear. Therefore, we determined CH, production and structure of
the methanogenic community in a Chinese rice field soil after short-term (24 h) and long-term (72 h)
exposure to O, under laboratory conditions. O, stress strongly inhibited CH, production, and the in-
hibitory effect increased with the duration of O, exposure. O, exposure also resulted in dramatic in-
crease of ferric iron and sulfate concentrations. H, partial pressures were significantly reduced, most
probably due to the competitive consumption by iron and sulfate-reducing bacteria. However, sub-
strate competition couldn’t explain the inhibition of acetoclastic methanogenesis, since acetate accu-
mulated after O, exposure compared with the control. Quantitative (real time) PCR analyses of both
archaeal 16S rRNA and mcrA genes (coding for a subunit of the methyl coenzyme M reductase) re-
vealed that growth of the methanogenic populations was suppressed after O, exposure. However, ter-
minal restriction fragment length polymorphism ( T-RFLP) analyses of both 16S rDNA and 16S
rRNA showed that the structure of the methanogenic archaeal community remained remarkably sta-
ble,and that acetoclastic Methanosarcinaceae were always dominant whether with or without O; ex-
posure. Thus, OQ; stress apparently did not differentially affect the various methanogenic populations,
but instead inhibited CH, production by enabling competition, generally suppressing growth,and dif-
ferentially affecting existing enzyme activity.

Key words: Methanogenic community; Rice field soil; Aeration; Substrate competition; Toxic effect
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1 Introduction

Methanogens are regarded as strict anaerobes which do not form resting stages or spores for re-
sisting to various environmental stress. Oxygen is a common stressor to anaerobes. In pure cultures,
the exposure of anaerobic microorganisms ‘to O, usually causes severe growth inhibition or even
death (Imlay and Linn, 1986). However, it has been shown that methanogens possess different re-
sistance capacities to O, stress, For instance,Methanococcus vannielii and Methanococcus voltae lose
their viability after a brief exposure to O, (Kiener and Leisinger,1983) ,while Methanosarcina barkeri
strain Fusaro can survive in the presence of O,for up to 200 minutes without decrease of viability
(Fetzer et al. ,1993) The methanogenic community in rice field soil consists mainly of acetoclastic
Methanosarcinaceae and Methanosaetaceae and hydrogenotrophic Methanomicrobiales, Methanobacte-
riales and Rice cluster I (RC-I) lineages (GroBkopf et al. ,1998; Lueders and Friedrich,2000; Wu et
al. ,2006;Peng et al.,2008). RC-1 methanogens [now Methanocellales (Sakai et al. ,2008)] have
been found to play a key role in CH, production from the plant-derived carbon in the rice rhizosphere
(Lu and Conrad,2005;5Lu et al. ,2005). The analysis of the full genome sequence of an enriched RC-
I culture reveals that these organisms possess an unique set of antioxidant enzymes,including a su-
peroxide reductase (SOR) (Erkel et al. ,2006). Therefore, this group of methanogens may have a se-
lective advantage over other methanogens for living in the rhizosphere where O, leakage from roots
occurs (Erkel ez al, ,2006),

In soil,however, resistance to aeration stress by methanogens may be more complex than in pure
culture, It is likely that microscale anoxic sites are formed within soil aggregates which could provide
a physical protection for the survival of methanogens under O, stress (Wagner ez al. ,1999). The
metabolic coupling of anaerobes and aerobes could provide another mechanism for the anaerobes to
cope with O, stress (Wimpenny,1981). It has been shown that methanogens can survive oxic periods
in the soil environment (Mayer and Conrad 1990;Peters and Conrad 1995). Possibly some groups of
methanogens can survive such oxic periods better than others, but this has not yet been studied. The
only information available in anoxic rice soils is on the response of the activity of the methanogenic
community to aeration stress (Ratering and Conrad, 1998). Effect on the community structure,on the
other hand,has so far only been studied in microbial enrichment cultures (Wu and Conrad, 2001).
Therefore, the objectives of the present study were to determine not only the response of the activity
but also of the structure of the methanogenic community to O, exposure. Using a Chinese rice field
soil it was found that although the activity of methanogens was substantially suppressed after O, ex-

posure,the structure and size of the methanogenic populations remained remarkably stable.

2 Results and discussion

2.1 Biogeochemistry

The rice soil was collected from a paddy field in the southeastern China. The characteristics of field site
and soil have been described previously (Peng et al. ,2008; Qiu et al. ,2008). The soil was pre-incubated
anaerobically under laboratory condition for 3 weeks before O, exposure. During this pre-incubation, H, and
acetate accumnulated transiently (Fig. S1A). Fe(ID) increased rapidly and reached a maximum at 8 days after

pre-incubation. Sulfate was reduced to below the detection limit within 10 days (Fig. S1B). Nitrate was de-
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tected only at a low concentration and depleted within 24 hours (data not shown). The production of small
amount of CH, started already one day after onset of anoxic conditions, but increased substantially only after
Fe(III) and sulfate were depleted (Fig. SIB).

The treatment with O, was started at 21 days after the pre-incubation. After repeated exposure
to O, for 24 h (short-term treatment) and 72 h (long-term treatment) ,the soil slurries were flushed
with N, for re-establishment of anoxic conditions. In the permanently anoxic control soil,CH, partial
pressures in the headspace increased immediately and linearly (Fig. 1A). However, production of
CH, was substantially suppressed in the O, treatments, and the inhibitory effect was larger in the
long-term than the short-term treatment. In contrast to strong inhibition of CH; production, CO,
production was slightly enhanced after O, exposure (Fig. 1B). In the control soil, H; partial pres-
sures showed a burst after flushing with N; but then decreased to 0. 4~2. 2 Pa at day 8(Fig. 2C),
Immediately after O, exposure H, partial pressures were very low but increased with time reaching
similar values as in the control. Total concentration of Fe (II) in the control soil stayed constant at a-
bout 120 pmol « g~' dw soil throughout the incubation (Fig. 1E). Sulfate concentration in the control
soil stayed close to the detection limit (Fig. 1F). However, after the exposure to O, , the concentra-
tions of Fe(III) [decrease of Fe(II)] and sulfate were markedly increased. After return to anoxic
condition,Fe(III) decreased again [increase of Fe(II)], while sulfate started to decrease when most
of Fe(IIl) was consumed.

The substantial decrease of H, partial pressures after O, exposure is most likely due to the com-
petitive consumption of H; by the iron reducers and sulfate reducers, which were activated due to the
accumulation of Fe(III) and sulfate in the soil slurry. Iron- and sulfate-reducing bacteria can easily
outcompete hydrogenotrophic methanogens as they have the lower K,, and K, values for H, than
methanogens (Robinson and Tiedje,1984). Methane production resumed at days 10 and 23 after the
short-term and long-term treatments with O,,respectively (Fig. 1A), At this time both Fe(III) and
sulfate had already been completely reduced.

In principle,the competitive inhibition of acetoclastic methanogenesis would also be possible if
respiratory bacteria such as sulfate reducers,iron reducers and other aerobes could use the acetate
more efficiently than the methanogens. However,acetate did not decrease but instead transiently ac-
cumulated,reaching a higher maximum in the long-term than in the short-term O, treatment (Fig.
1D). The calculated Gibbs free energy (G values) of CH, production from acetate in the O, treated
soils was much more negative than in the permanently anoxic control (Fig. S2). Apparently, aceto-
clastic methanogenesis was thermodynamically under more favorable conditions in the O, treatments
than the control. Therefore,something else than substrate competition must have suppressed the ac-
tivity of the acetoclastic methanogens upon O, treatment. This result is consistent with previous ob-
servations in the Italian rice field soil (Ratering and Conrad, 1998). Killing of acetoclastic methano-
gens by O, exposure or inactivation of enzymes involved in CH, production may be possible explana-

tions for the observed suppression.
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Figure 1. Biogeochemistry in the anoxic incubation of paddy soil. Shown is the time course of CH, (A),CO;(B)and
H, (C)in the headspace,and acetate(D) ,ferrous iron(E)and sulfate(F)in the liquid phase(values are mean + SE,n=
3). For the anoxic incubation, 8 g(d. w. )of soil was mixed with 12ml. of distilled water in a 60-mL serum bottle. The
soil was pre-incubated anaerobically for three weeks. Then, O, exposure was applied by bubbling with sterile pure O, for
5 min on a shaker. For the short-term stress (24 h),the 5-minute bubbling was repeated at 0 h and 12 h, while for the
long-term stress (72 h) ,the treatment was repeated for six times at 0,12,24,36,48,and 60 h. In parallel, the control
bottles were bubbled with sterile pure N; using the identical time schedule with 24 h treatment, After the O, exposure,
all the bottles were bubbled for 5 minutes with pure N; to change conditions back to anoxic,and incubation was contin-
ued at 25 °C. At different time points, three bottles were sacrificed for gas measurements, liquid analysis and soil sam-
pling. The partial pressures of CH, ,CQO, and H; in the headspace were analyzed using gas chromatography (Roy ez al. ,
1997; Yao and Conrad,2000). Ferrous ion in liquid samples was determined using the method modified from Lovely and
Phillips (1987),sulfate was dete‘rmined in an ion chromatographic system (Sykam) (Bak et al. ,1991),and acetate was
analyzed using high-pressure liquid chromatography (Krumbéck and Conrad,1991)

2.2 Dynamics of the methanogenic archaeal community

A clone library of archaeal 16S rRNA genes was retrieved from soil sample during the recovery
phase (day 21) after short-term treatment with O,. The phylogenetic analysis of randomly selected

clones showed that the archaeal community consisted mainly of Methanosaetaceae, Methanosarci-
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naceae,Methanomicrobiales ,RC-1,and RC-III (Table S1). _

The dynamics of the archaeal community was determined using terminal restriction fragment length
polymorphism (T-RFLP) analyses of both 168 rRNA genes (Fig. 2) and rRNA transcripts (Fig. 3). Six
fragments (78 bp,87 bp,184 bp,282 bp,380 bp and 394 bp) were detected as major peaks in the T—RFLP
profiles. Based on in-silico terminal restriction analysis of the archaeal sequences in this study and in the ARB
database (Ricke et al. ,2005) ,these T-RFs could be assigned to the following lineages: Methanomicrobiales
(78 bp) yMethanobacteriales (87 bp) , Methanosarcinaceae (184 bp) ,Methanosaetaceae (282 bp) and RC-1II
(380 bp). The 394-bp T-RF was associated with more than one lineage, which predominantly represented
RC-1 but occasionally also Methanomicrobiales.

In contrast to the strong effect on CH, production, both 16S rDNA and rRNA-based T-RFLP
analyses indicated that O, exposure had little effect on the structure of archaeal community (Fig. 2
and 3). Only at the second day after O, exposure,a slight increase of RC-I methanogens was observed
based on rDNA-based T-RFLP fingerprints. However, this was not confirmed by the RNA-level ana-
lyses. In addition, the 282-bp T-RF,indicative of acetoclastic Methanosaetaceae,increased after day 27
in the O;-treated soils, but this was only seen in the RNA-based T-RFLP fingerprints, indicating
possibly the increase of activity but no growth. This activity may be indicative for the end of suppres-
sion of acetoclastic methanogenesis by the previous O, exposure,as acetate no longer accumulated at
this time but instead slowly decreased (Fig. 1D).

The total number of the methanogenic archaeal cells was estimated by determining the copy
numbers of both archaeal 1658 rRNA and mcrA genes using quantitative (real time) PCR. The copy
number of archaeal 16S rRNA genes increased gradually with time in the control (Fig. 4). After the
O, treatments, however, the copy numbers of archaeal 16S rRNA genes did not increase and thus,
were in the end significantly lower than in the control. The copy numbers of the mcrA genes in both
control and O, treatments followed a similar pattern as the 165 rRNA genes. Since the genome of
methanogens contains 2~4 times more ribosomal RNA genes than mcrA genes (Erkel et al. ,2006,
Table in supplemental material), copy numbers of the 16S rRNA gene were generally higher than
those of the mcrA gene.

The increase of gene copies with time in the control indicated a net growth of methanogenic ar-
chaeal populations. Since the T-RFLP patterns did not much change despite net growth (Fig. 2) ,each
group of the detected methanogens must have grown at the same rate. The relatively constant copy
numbers of rRNA and mcrA genes in the O, treatments suggested that extensive death or inactiva-
tion of the different archaeal populations did not occur, though net growth apparently was sup-
pressed. Furthermore, the duration of O, exposure did not show an effect on the copy numbers. This
was obviously in contrast to CH, production, which showed a stronger inhibition after long-term

compared to short-term O, exposure,
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Figure 2, T-RFLP analyses targeting the archaeal 16S rRNA gene (DNA) at 7 different time points after short-term
(24 h) and long-term (72 h) O, exposure and in the permanently anoxic control (CK). Shown is the percentage of indi-
vidua! T-RF's relative to the total integrated fluorescence (RAF = relative amplicon frequency; mean values = SE;n=
3). Only T-RFs representing major methanogenic lineages are shown. DNA and RNA were co-extracted from soil sam-
ples using the phenol-chloroform extraction protocol modified from (Burgmann et al. ,2003). PCR reaction followed the
protocol described in (Lueders and Friedrich,2000). PCR products were purified and T-RFLP analysis was performed
following the procedure as described previously (Chin ez al. ,1999)

Interestingly , DNA-based T-RFLP profiling revealed that both Methanosarcinaceae and RC-1
methanogens were dominant in the archaeal community, while RNA-level analysis showed that only
Methanosarcinaceae were exclusively dominant, If we assume that DNA-level analysis represents to-
tal population,while RNA analysis more likely indicates the activity,this observation implies that the
relative activity of Methanosarcina spp. » 1. e. the synthesis of proteins, was higher than of other
methanogens and that this relation was true for all the different incubations. However, this interpre-
tation may be deceptive. If the different methanogenic groups in the anoxic control were all growing
at the same rate, as discussed above, but were not growing in the O,-treatments, and since both
DNA-based and RNA-based T-RFLP patterns were the same,independently whether the populations
grew or not,the relative abundance of RNA-based T-RFs cannot represent a measure for the relative
activity. Instead, RC-1 methanogens must generally have smaller ribosome content per growing cell
than Methanosarcinaceae. Hence,the relatively low abundance of the T-RF characteristic for RC-I in

the RNA-based analysis does not necessarily indicate a low activity of this group.
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Figure 3. T-RFLP analyses targeting the archaeal 16S rRNA transcripts (RNA) at 7 different time points after
short-term (24 h) and long-term (72 h) O, exposure and in the permanently anoxic control (CK). Shown is the percent-
age of individual T-RF relative to the total integrated fluorescence (RAF = relative amplicon frequency;mean values +
SE;n=3). Only T-RFs representing major methanogenic lineages are shown. For reverse transcription (RT), coextract-
ed DNA was removed from the nucleic acid extracts by DNase digestion (Qiagen,Germany). RT-PCR was performed u-
sing the AccessQuick one tube RT-PCR system (Promega, Germany) following the protocol described previously (Lu-
eders and Friedrich,2002). Amplicons were purified and subjected to T-RFLP analysis as described in Figure 2

3 Conclusion

In conclusion,our study revealed a remarkable discrepancy between the effect of O, exposure on
the activity and the structure dynamics of the methanogenic community in rice field soil. The ob-
served effects of O, exposure on the activity of methanogens were neither completely explained by
competition with iron reducers and sulfate reducers,nor by differential suppression of growth or en-
zyme synthesis in acetoclastic versus hydrogenotrophic methanogens. Therefore, we hypothesize that

CH, production, acetoclastic CH, production in particular,is in addition affected on the level of the
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existing enzymes, The mechanisms involved remain currently unresolved. To uncover the mechanisms
will require an understanding of not only the eco-physiology of methanogens but also the complex

physical and biological interactions of microorganisms in the soil.
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Figure 4. Temporal changes of 16S rRNA gene copies of total archaea (A) and mcrA gene copies (B) of methano-

gens (values are mean + SE,n=3). The copy numbers of both archaeal 16S rRNA and mcrA genes were determined u-

sing quantitative PCR. The DNA standard for the quantification of the mcrA gene copies was prepared using the genomic

DNA extracted from the liquid culture of Methanosarcina barkeri™ (DSM804)according to the extraction protocol (Lu-
eders and Friedrich,2002). The DNA standard for total archaeal 16S rRNA genes was prepared using partial 16S rDNA
fragments (sequence length was about 800 bp) amplified from genomic DNA of M. barkeri using the protocol as de-
scribed previously ( Grokopf et al. ,1998). Quantification of the archaeal 16S rRNA gene was carried out using the
primers 364f(Burggarf et al. ,1997)and 934r with the same conditions as described in (Kemnitz et al. ,2004) and quan-
tification of the mcrA genes was done using the primers ME1{/ME3r (Hales et al. ,1996) with the same conditions as
described in (Wilms et al. ,2007)
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