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Abstract Methanogenic archaea survive under aerated soil
conditions in paddy fields, and their community is stable un-
der these conditions. Changes in the abundance and composi-
tion of an active community of methanogenic archaea were
assessed by analyzing mcrA gene (encoding « subunit of
methyl-coenzyme M reductase) and transcripts during a
prolonged drained period in a paddy-upland rotational field.
Paddy rice (Oryza sativa L.) was planted in the flooded field
and rotated with soybean (Glycine max [L.] Merr.) under up-
land soil conditions. Soil samples were collected from the
rotational plot in the first year, with paddy rice, and in the
two successive years, with soybean, at six time points, before
seeding, during cultivation, and after harvest as well as from a
consecutive paddy (control) plot. By the time that soybean
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was grown in the second year, the methanogenic archaeal
community in the rotational plot maintained high mcrA tran-
script levels, comparable with those of the control plot com-
munity, but the levels drastically decreased by over three or-
ders of magnitude after 2 years of upland conversion. The
composition of active methanogenic archaeal communities
that survived upland conversion in the rotational plot was
similar to that of the active community in the control plot.
These results revealed that mcrA gene transcription of methan-
ogenic archaeal community in the rotational field was affected
by a prolonged non-flooding period, longer than 1 year, indi-
cating that unknown mechanisms maintain the stability of
methanogenic archaeal community in paddy fields last up to
1 year after the onset of drainage.

Keywords Methanogenic archaea - mcrA transcripts - CHy -
Paddy-upland rotation

Introduction

CHy, is the second most important greenhouse gas, after CO,,
and paddy fields are one of its major emission sources [1].
Methanogenic archaea are strict anaerobes, favor highly re-
duced, anoxic growth conditions [2], and produce CH, in
the paddy field soil [3]. However, methanogenic archaea sur-
vive well under aerated conditions in the paddy fields and their
community is stable under these conditions [4]. The popula-
tion and community composition did not change in the
drained periods during wheat (Triticum aestivum L.) cultiva-
tion in winter after the paddy rice (Oryza sativa L.) was
cropped with flooding in the summer [4-8]. On the other
hand, the composition and abundance of methanogenic ar-
chaeal community were affected by the upland conversion
of paddy fields for one or more years in paddy-upland

@ Springer


https://doi.org/10.1007/s00248-017-1063-2
mailto:liudy1@cib.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1007/s00248-017-1063-2&domain=pdf

752

LiuD. et al.

rotational fields where soybean (Glycine max [L.] Merr.) was
cultivated under drained conditions in the summer instead of
paddy rice. In the rotational fields, the copy number of mcrA
gene that encodes the « subunit of methyl-coenzyme M re-
ductase decreased to about one tenth in comparison with that
in the consecutive paddy (control) field. In addition, some
members of the order Methanosarcinales were fatally
affected, as assessed by the analysis of 16S ribosomal
RNA (rRNA) gene by polymerase chain reaction (PCR)-
denaturing gradient gel electrophoresis (DGGE) [9]. In
contrast, Scavino et al. [10] showed that 16S rRNA and
mcrA gene copy numbers, and the composition of me-
thanogenic archaeal community estimated by terminal
restriction fragment length polymorphism (T-RFLP) of
16S rRNA genes, were not significantly affected by
the pasture following the irrigated rice cultivation.
Watanabe et al. [7, 8] observed fluctuations in the ratios
of 16S rRNA/16S rRNA genes and mcrA transcripts/
mcrA genes and thus variations in the composition of
the active communities passing from flooded to drained
conditions in a double cropping paddy field. However,
almost no changes in the DGGE band patterns of 16S
rRNA were found [7]. In addition, mcrA transcript
levels fluctuated within one order of magnitude during
a year [8] or during rice cultivation [11]. Recently,
Breidenbach and Conrad [12] and Breidenbach et al.
[13] also reported that 16S rRNA copy numbers of me-
thanogenic archaca were similar by comparing fields
with only rice and fields with rice-maize rotation.
Nevertheless, the response of an active methanogenic
archaeal community to upland conversion in paddy-
upland rotational fields where a prolonged drained peri-
od lasts over 1 year has not been investigated thus far.
Under those conditions, the composition and abundance
of methanogenic archaeal community may be more af-
fected than under double cropping conditions.

Here, we investigate the effect of upland conversion
of a more than 1-year duration on an active community
of methanogenic archaea in a paddy-upland rotational
field. The abundance and composition of the active
methanogenic archaeal community were estimated by
analyzing mcrA transcripts as already reported [8, 11,
14-16]. The present study aims to clarify to what de-
gree the abundance of the active methanogenic archaeal
community decreases and which members of the active
community are affected by the long duration of upland
conversion compared with its impact on the extant
community assessed by DNA analyses. The composi-
tion and abundance of active methanogenic archaeal
community were examined by T-RFLP, clone library
analyses, and quantitative PCR (qPCR) methods by
targeting mcrA genes and their transcripts over 3 years
in a paddy-upland rotational field.
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Materials and Methods
Sampling Sites and Soil Samples

Soil samples were collected from an experimental paddy field
located in NARO Tohoku Agriculture Research Center
(Daisen [Omagari], Akita, Japan; 39° 29" N, 140° 29" E) in
2012, 2013, and 2014, designated as “E” field in a previous
study [9]. The paddy field soil was Gray Lowland soil (Typic
Fluvaquents) [17]. The paddy field consisted of a rotational
plot and a consecutive paddy rice plot (as a control), with two
replicates each. The rotational field history since 1982 is
shown in Table 1. The information pertaining to the plots
and the physical and chemical properties of the soil have al-
ready been reported by Shirato et al. [17] and Liu [9]. Soil
samples for messenger RNA (mRNA) and DNA analyses of
the methanogenic archaea were collected from the plow layer,
at 5-10 cm depth, at four locations/plot, on July 10, 2012;
April 23, July 30 and November 1, 2013; and on April 10
and July 31, 2014. The soils collected at four points were
mixed well to obtain a composite sample for each of two
replicate plots. Soil samples for RNA extraction were dis-
pensed into extraction tubes, and immediately frozen in liquid
nitrogen. The tubes were transported to the laboratory in a
styrene foam box filled with dry ice and stored at — 80 °C until
use. The remaining soil samples were stored at 4 °C, passed
through a 2-mm mesh sieve and used for measurements of
CH,4 production potential and moisture content. Soil moisture
was determined at six sampling time points by placing in an
oven at 105 °C for 24 h and is shown in Table S1.

Nucleic Acid Extraction and RT

Nucleic acids (DNA/RNA) were extracted from 0.4 to
0.7 g soil samples according to modified protocols of
Lueders et al. [18] and Murase et al. [19]. Briefly, prior
to nucleic acid extraction, stored soil samples were treated
with 300 pL RNAlater-ICE (Invitrogen Life
Technologies, Carlsbad, CA, USA) and the preparations
were left at — 20 °C for 12 h. DNA and RNA (110 uL)
were coextracted and purified on filtration columns
(Zymo-Spin™ IV-HRC column, Zymo Research, Irvine,
CA, USA). An aliquot from each nucleic acid extract
(50 pL) was further treated with DNase I (Promega,
Madison, WI, USA) to remove DNA. RNA was
suspended in RNase-free TE buffer and stored at
— 80 °C. DNA removal was confirmed by PCR using
mcrA primer set described below and the RNA template.
Complementary DNA (cDNA) was synthesized using
PrimeScirpt®RT reagent Kit (TaKaRa, Otsu, Japan) and
random hexamer primers. Nucleic acid extracts not treated
with DNase I were directly used as DNA templates for
further DNA-based analyses.
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Rotational history of field

Table 1

1981 1982-1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Plot

R

R

Control

Rotation R

Sampling year and sites are shown in italics

R rice, S soybean

Quantification of mcrA Gene Copy Numbers
and Transcripts

The abundance of methanogenic archaea was determined by
quantitative PCR (qPCR)-targeting of mcrA gene and its tran-
scripts. qPCR was performed with Thermal Cycler Dice Real
Time System (TaKaRa) and a specific primer set (mcrA-f: 5'-
GGT GGT GTM GGATTC ACA CAR TAY GCWACA GC-
3" and mcrA-1: 5'-TTC ATT GCRTAG TTW GGR TAG TT-
3") [20] following the procedure of Liu et al. [21]. Mixtures of
known quantities of mcrA gene fragments (10'=107 copies) or
merA transcripts (10°~10° copies) from three methanogenic
archaeal strains were used as a reference, according to
Watanabe et al. [22]. Approximately 3 ng DNA and 20 ng
RNA were used as templates in a reaction. Blanks (negative
controls) were always run, with water as template. Standard
curve was obtained, with an average slope of — 3.491, 95.5%
efficiency, average y intercept of 47.99, and R* = 0.999.
Amplification of non-specific DNA fragments was not detect-
ed during dissociation curve analysis indicating good speci-
ficity of the primer set in the reactions with DNA and cDNA
samples.

Measurements of CH, Production Potential

To measure CH,4 production, three replicates of each soil sam-
ple were statically incubated for 2 months. Briefly, 20 g fresh
soil was placed into a 120-mL glass vial. The vials were
capped with butyl stoppers and aluminum seals. The head-
space was flushed with N, for 3 min, pressurized to
111 kPa, and then incubated at 25 °C in the dark. CH4 con-
centration in the headspace was measured every 5—7 days
using a gas chromatograph (GC-14B, Shimadzu, Kyoto,
Japan).

T-RFLP Analysis of Methanogenic Archaeal Community

T-RFLP analysis of the methanogenic archaeal mcrA gene and
its transcripts was conducted using the primer set mcrA-f/
mcrA-r, where the forward primer was labeled with 6-carbo-
xyfluorescein. The PCR reactions were carried out twice for
DNAs and cDNAs from the soil samples for each of two
replicate plots with a TaKaRa PCR Thermal Cycler
(TaKaRa). The 50 pL mixture contains 1 pL of template
DNA or cDNA, 2.5 umol of forward and reverse primers,
5.0 U of Ex-Taq polymerase (TaKaRa), 25 pumol of Ex-Taq
buffer (TaKaRa), 25 wmol of ANTP mixture (TaKaRa), and
was filled up with Milli-Q water. The PCR amplification pro-
gram was as follows: initial denaturation at 95 °C for 90 s,
followed by 35 cycles of denaturation at 95 °C for 30 s, an-
nealing at 55 °C for 30 s and extension at 72 °C for 90 s, and a
final extension at 72 °C for 6 min. PCR amplicons were puri-
fied with NucleoSpin Gel and PCR Cleanup Purification Kit
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(Macherey-Nagel, Duren, Germany), and approximately
30 ng amplicons were subjected to a Klenow fragment treat-
ment to eliminate PCR bias caused by partially single-
stranded amplicons [23]. After purification, all the PCR
amplicons were digested with Mspl (TaKaRa) at 37 °C for
2 h [24] and re-purified by ethanol precipitation. Digestion
reaction products were mixed with 0.25 pL size standard
LIZ600 (Applied Biosystems, Foster City, CA, USA) and
9.75 uL Hi-Di formamide (Applied Biosystems). Fragments
were separated according to size using ABI Prism 3130
Genetic Analyzer (Applied Biosystems) in GeneScan mode.
T-RFLP profiles were obtained and analyzed using Peak
Scanner Software v 1.0 (Applied Biosystems). The relative
abundance of all terminal restriction fragments (T-RFs) in
each sample was calculated by dividing the individual peak
height by total peak height. T-RFs with the average proportion
of two replicates < 1% were eliminated from the profile of
each sample.

Clone Library Analysis of mcrA Genes and Their
Transcripts

For soil samples collected on July 10, 2012 and July 31, 2014,
mcrA gene fragments were PCR-amplified twice from DNAs
and cDNAs for each of two replicate plots using the same
primer set, mcrA-f/mcrA-r, and the amplification procedure
as mentioned above. PCR products were purified using
NucleoSpin Extract I (Macherey-Nagel, Duren, Germany)
and the preparations from the two replicate plots were com-
bined. Then, the mixture was subjected to a ligation reaction
into pT7-Blue-T-Vector (Novagen, San Diego, USA) using
Ligation Solution I (Takara) and used to transform competent
cells of Escherichia coli XLI-Blue (Toyobo, Osaka, Japan),
according to the manufacturer’s instructions. Positive clones
were verified by blue/white selection and by colony PCR with
the primer set and the amplification procedure specified
above. Plasmid DNA was extracted using NucleoSpin
Plasmid EasyPure kit (Macherey-Nagel). Clones (96) were
randomly selected and sequenced using BigDye Terminator
v 3.1 Cycle Sequencing Kit with ABI 3530 Genetic Analyzer
(Applied Biosystems). The obtained sequences were virtually
translated into amino acid sequences using EMBOSS Transeq
program (http://www.ebi.ac.uk/Tools/st/emboss_transeq/).
The closest relatives of the translated amino acid sequences
were searched using BLAST algorithm on NCBI website
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). The sequences were
aligned using ClustalW v 1.83 on DDBJ website (http://
clustalw.ddbj.nig.ac.jp), with default parameters. Operational
taxonomic units (OTUs) and Chaol and Shannon indices
were determined at 90% sequence similarity threshold by
MOTHUR [25], according to a previous study [8]. Eight clone
libraries constructed from mcrA gene and transcripts in 2012
and 2014 were compared by non-metric multidimensional
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scaling (NMDS) using the relative proportion of OTUs of
clones in each library. Phylogenetic tree of amino acid se-
quences of the representative clones from DNAs, cDNAs,
and related mcrA gene fragments was constructed using
neighbor-joining method in MEGAG6 [26].

Statistical Analysis

Logarithmically transformed mcrA gene copy numbers and
transcript abundances, as well as CH, production measure-
ments were subjected to one-way ANOVA and Tukey’s test
to determine the significance of differences between groups
using Microsoft Excel 2013 for Windows (Microsoft Corp.,
Tokyo, Japan) and Ekuseru-Toukei 2012 (Social Survey
Research Information Co., Ltd., Tokyo, Japan) at P < 0.05.
NMDS analysis on the relative T-RF abundance and relative
OTU proportion data and the Wilcoxon signed-rank test for
the Shannon index were performed using PAST3 [27].

Results

Effect of Upland Conversion on Abundance of mcrA
Genes and Transcripts

Copy numbers of methanogenic archaeal mcrA genes ranged
from 7.2 x 107 to 4.0 x 10® and from 6.7 x 10%to 1.8 x 10° cop-
ies g ! dry soil in the rotational and control plots, respectively
(Fig. 1a). Levels of mcrA transcripts in methanogenic archaea
ranged from 2.4 x 10° to 1.1 x 10° and from 4.5 x 10® to
6.9 x 10° copies g ' dry soil in the rotational and control plots,
respectively. Abundance of mcrA transcripts ranged from
1.1 x 10” to 3.0 x 10® in the rice growing period of 2012 to
the soybean harvesting period of 2013 after 1 year of upland
conversion but drastically decreased to 3.2 x 10° copies g
dry soil in the rotational plot afterwards (Fig. 1b). Copy num-
bers of the methanogenic archaeal mcrA genes were signifi-
cantly lower in the rotational plot than in the control plot
(P < 0.01), with some fluctuations among the sampling occa-
sions in the both plots. The abundance of methanogenic ar-
chaeal mcrA transcripts was significantly lower in the rotation-
al plot than in the control plot (P < 0.01), with the decrease by
about three orders of magnitude, after 1 year of upland con-
version in the rotational plot. The abundance of mcrA tran-
scripts in the rotational plot until July of 2013 was not signif-
icantly different from that in the control plot.

CH, Production Potential

In soil samples collected during drained conditions, CH, was
produced at very low levels in both the control and rotational
plots. CH, was produced under flooded conditions in the con-
trol as well as rotational plots in 2012 (Fig. 2) when paddy rice
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Fig. 1 mcrA gene copy numbers (a) and transcript abundances (b) in
methanogenic archaeal communities from six sampling points in 2012,
2013, and 2014. The numbers are presented as logl0 values. BF/BS,
before paddy rice flooding or before soybean seeding; CG, crop
(rice/soybean) growth period; AH, after crop (rice/soybean) harvesting.
Bars represent mean value range from duplicate measurements from two
replicate plots. Different letters indicate statistically significant
differences (P < 0.05)

was cultivated in the second year of conversion from soybean
to paddy rice (Table 1). Indeed, CH, production potential of
the rotational plot was almost same as that in the control plot
when paddy rice was cultivated under flooded conditions. In
contrast, only small amounts of CH, were produced from the
soil under drained conditions in the rotational plot during
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Fig. 2 Cumulative CH, production potential of the soil in control and
rotational plots for 37 days of incubation. BF/BS, before paddy rice
flooding or before soybean seeding; CG, crop (rice/soybean) growth
period; AH, after crop (rice/soybean) harvesting. Bars represent mean
value ranges from triplicate measurements from two replicate plots.
Different letters indicate statistically significant differences (P < 0.05)

soybean growth in 2013 and 2014. The CHy4 production po-
tential showed significantly low values during soybean grow-
ing periods in the rotational plot compared with the control
plot (P < 0.01). A positive linear correlation was observed
between the mcrA transcript/gene abundance ratio
(mRNA/DNA) in methanogenic archaeal community and
the CH4 production potential in the control plot (Fig. S1).

Composition of Methanogenic Archaeal Community
Determined by T-RFLP Analysis of mcrA Gene
and Transcripts

Changes in methanogenic archaeal community composition
in the rotational and control plots under flooded and drained
conditions are shown in NMDS scatter plot of the relative T-
RFs of mcrA gene and its transcripts (Fig. 3). Methanogenic
archaeal community delineated by mcrA gene analyses
showed similarity with subgrouping by the rotational and con-
trol plots in the NMDS scatter plot. Based on mcrA transcript
analyses, the community in the control plot showed dissimi-
larity with the community characterized by mcrA gene analy-
ses. In contrast, the community in the rotational plot was more
distantly scattered, with a tendency to divide into two sub-
groups (before and after the soybean cultivation in 2013),
which was not as clearly observed in the community delineat-
ed by mcrA gene analyses. Overall, the archaeal community
composition of the rotational plot was different from the con-
trol plot, but the community described by mcrA transcript
analyses under drained conditions in the rotational plot
showed some similarities with the community based on
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Fig. 3 Non-metric multidimensional scaling (NMDS) analysis of T-
RFLP profiles of mcrA gene and transcripts using relative T-RF abun-
dance at all the sampling points in control and rotational plots. BF/BS,
before paddy rice flooding or before soybean seeding; CG, crop
(rice/soybean) growth period; AH, after crop (rice/soybean) harvesting.
Relative T-RF abundance represents mean value from duplicate measure-
ments for each of two replicate plots
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mcrA gene analysis in the control plot though the stress value
(0.193) indicated that the separation/grouping should be
interpreted with caution.

Community Composition of Methanogenic Archaea
Examined by Clone Library Analysis of mcrA Genes
and Transcripts

In total, eight clone libraries were constructed, and 83—85 and
71-84 clone sequences were retrieved for mcrA genes and
transcripts, respectively (Table S2). OTU numbers and diver-
sity indices are shown in Table S2. Based on the Chaol esti-
mator, which indicates species richness in samples, the clones
covered 73-93 and 77-86% of methanogenic archaeal com-
munities in mcrA gene and transcript clone libraries, respec-
tively. As a whole, 19 OTUs were recognized and they were
phylogenetically affiliated with Methanomicrobiales,
Methanosarcinales, Methanocellales, Methanobacteriales,
Candidatus Methanoperedenaceae, and
Methanomassiliicoccales (Fig. 4). The Shannon index did
not significantly differ between the control and rotational plots
for both mcrA gene and transcripts (Wilcoxon signed-rank
test; P = 0.63). NMDS scatter plots of the relative OTU pro-
portion of mcrA genes and transcripts in the clone libraries
revealed that the proportion of OTUs was different between
the rotational and control plots and was also different between
the 2012 and 2014 libraries from the rotational plot (Fig. S2).
It is interesting that the library of mcrA transcripts from 2014
(the second year of upland conversion) in the rotational plot
showed some similarities phylogenetically with that of mcrA
transcripts library from 2012 control plot.

The predominant groups in mcrA gene and transcript
values libraries were Methanomicrobiales,
Methanosarcinales (Methanosarcinaceae and
Methanosaetaceae), and Methanocellales (Fig. 5). The com-
munity composition in the rotational plot was different from
that in the control plot based on both mcrA genes and tran-
scripts. The relative abundance of Methanomicrobiales de-
creased and that of Methanosarcinales and Methanocellales
increased in the rotational plot compared with the control plot.

In mcrA gene analyses, OTU1 (Methanosarcinaceae),
OTUs 2 and 8 (Methanosaetaceae), and OTUS
(Methanocellales) were dominant groups in the rotational
plot, whereas OTUs 3 and 4 (Methanomicrobiales) and
OTUS (Methanocellales) were dominant groups in the control
plot (Fig. S3a). In addition, some OTUs were present only in
the control (OTUs 9, 10, 11, 12, and 16) and rotational (OTU
8, 13, and 15) plots. In the transcript analyses, OTU3
(Methanomicrobiales) and OTU2 (Methanosaetaceae) were
dominant groups in the rotational plot, whereas OTUs 3, 4,
and 6 (Methanomicrobiales), as well as OTU2
(Methanosaetaceae) were dominant groups in the control plot
(Fig. S3b). OTUS was present only in the rotational plot.
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Furthermore, in the rotational plot, OTUs 5 and 8 were mainly
dominant groups in 2012 during rice cultivation, and OTUs 4
and 6 were mainly dominant groups in 2014 (the second year
of upland conversion).

Discussion

Changes in mcrA Gene and Transcript Abundance
and CH4 Production Potential Caused by Upland
Conversion

The abundance of mcrA genes was ca. one order of magnitude
lower in the rotational plot than in the control plot (Fig. 1a),
confirming the findings in the same field in the years 2008—
2011 in a previous study [9]. The abundance of mcrA tran-
scripts in the control plot was 10°-10” copies g ' dry soil, with
fluctuations within one order of magnitude (Fig. 1b). The
fluctuation range coincided with data on the fluctuations of
mcrA transcript abundance during the flooding and drainage
of paddy fields [8, 11, 15]. Indeed, there was a positive corre-
lation between the ratio of mcrA transcript/gene numbers
(mRNA/DNA) and CH,4 production potential in the control
plot (Fig. S1). The abundance of mcrA transcripts in the rota-
tional plot was comparable with that in the control plot from
2012 (CG-12) when paddy rice was cultivated on both fields
under flooded conditions. It remained at 10% copies g ' dry
soil, slightly lower, in the rotational plot than in the control
plot for the two following sampling time points (BF/BS-13
and CG-13) in the subsequent year though the difference was
not significant, when soybean was grown under drained con-
ditions. However, the abundance of mcrA transcripts drastical-
ly decreased after harvest (AH-13) and was at 10° copies g’
dry soil in the second year of upland conversion (BF/BS-14
and CG-14) (Fig. 1b). This was in contrast to that mcrA gene
abundance was not conspicuously reduced at the time (Fig.
la) and CH,4 production potential of the soil remained very
low but still positive in the rotational plot during the first and
second years of upland conversion. The drastic decrease in
mcrA transcript abundance implies that the transcriptional ac-
tivity of mcrA gene in the methanogenic archaeal community
was greatly reduced in the rotational plot on account of > 1 year
upland conversion, indicating a detrimental effect of
prolonged dry and oxic soil conditions on the active commu-
nity of methanogenic archaea. The transcriptional activity of
mcrA gene in methanogenic archaea is probably decreased by
oxygen exposure, low moisture content, and no substrate
availability in the soil under upland conditions, which has
been in part demonstrated by a moderate (within one order
of magnitude) decrease in the mcrA transcript levels in previ-
ous studies [8, 11, 14, 15]. The decrease in mcrA transcript
number in the rotational plot by more than three orders of
magnitude suggested a much more severe impact of the soil
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Fig. 4 Neighbor-joining
phylogenetic tree constructed
from the deduced amino acid
sequences of proteins encoded by
mcrA gene and transcripts of
representative OTUs and related
sequences. Methanopyrus
kandleri was used as outgroup.
The numbers in parentheses after
the OTU number represent ratio
of clones obtained from the
libraries in the order of mcrA gene
in control and rotational plots in
2012, mcrA transcripts in control
and rotational plots in 2012, mcrA
gene in control and rotational
plots in 2014, and mcrA
transcripts in control and
rotational plots in 2014
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Methanoculleus palmolei(AB300784)
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Methanospirillum lacunae (AB517988)
Methanolinea mesophila (AB496719)
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1(8 31 4 11 14 46 8 9
( ) Methanosarcinaceae
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Methanosaeta thermophila PT (CP00477)
01001

Methanosaetaceae
OTU8(0 50 8
uncultured Methanosaetaceae archaeon (KJ885507)
Methanosaeta harundinacea 8Ac (AY970348)
Methanosaeta sp. HA (LC033612)

Candidatus Methanoperedens nitroreducens (WP04809615)

—E[ Uncultured archaeon (KF760910)
OTUM(1 000 0021)

oTU10(6 040 2013
Uncultured archaeon (EU275991)
Uncultured methanogenic archaeon (AM746876)
Candidatus Methanoperedens sp. BLZ1 (KPQ44219)

Candidatus
Methanoperedenaceae

(AB615589

9.9 1> (2.1110%13365) Methanocellales

111 2010)

Methanomicrobiales

Methanomassiliicoccus luminyensis B10 (HQ896500)
Methanomassiliicoccales

oTU 16 (1

Uncultured methanogenic archaeon (KJ464048)
Methanobacterium formicicum (EF465108)
Methanobrevibacter arboriphilus (AB300777)

Car
| S— Uncultured bacterium (JX942697)
Methanobacterium sp. MBC34 (AMGN01000020)

000002
Methanobacteriales

Methanothermobacter wolfeii (AB300780)

Methanopyrus kandleri (U57340)

—
0.05

conditions, which was probably potentiated by a long, 2 year,
duration of upland conversion. The large difference between
mcrA gene and transcript abundances may indicate that ma-
jority of the extant community of methanogenic archaea was
dormant, with almost no activity, e.g., “maintenance or sur-
vival mode” [28], under these conditions although resistant
forms of cells (e.g., spores) have not been found in methano-
genic archaea.

Interestingly, at least by the soybean growth period
(CG-13) in the first year of upland conversion, mcrA tran-
script level was almost the same as that during flooding
before upland conversion (CG-12) (Fig. 1b). How could
methanogenic archaea sustain a high abundance of mcrA
transcripts within 1 year after the onset of drainage?
Firstly, some methanogenic archaea possess oxidative
stress defense mechanisms, based on enzymes, such as
superoxide dismutase and catalase, which alleviate the
damage caused by oxygen exposure [29, 30]. In addition,
protection afforded by minerals such as pyrite [31] and
the encystment by soil protozoa [32] might play a role

in tolerance of dry/oxic conditions. Secondly, methano-
genic archaea may resist unfavorable soil conditions by
maintaining the abundance of mRNAs or ribosomal
RNAs. In fact, the number of 16S rRNAs was also mea-
sured in our soil samples. The number was sustained at
2.7 x10',4.9 x 10'°, and 6.2 x 10'° copies g ' dry soil
in CG-12, BS-13, and CG-13 samples, respectively,
whereas it decreased to about one tenth, 5.6 x 10 copies g~
dry soil, in AH-13. Maintenance of a high 16S rRNA
number was also reported for drained conditions in rice-
maize rotational fields under double cropping system [12,
13]. However, it is not clear how methanogenic archaea
maintain their transcriptional activities or prevent mRNA/
rRNA degradation under drained soil conditions up to
1 year after the onset of drainage. The synthesis and
maintenance of long-lived rRNAs/mRNAs under extreme
energy limitation [28] might in part explain these find-
ings. CH4 production potential remained positive, but
very low, in the soil samples of the rotational plot during
upland conversion (Fig. 2), suggesting that methanogenic
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Fig. 5 Composition of extant and active communities of methanogenic
archaea as analyzed by mcrA gene and transcripts, respectively, in control
and rotational plots in 2012 (CG-2012) and 2014 (CG-2014)

archaea obtained only small quantities of maintenance en-
ergy from methanogenesis, the sole energy source in me-
thanogenic archaea, under those circumstances. The uni-
versal distribution of fermentative hydrogen production in ter-
restrial ecosystems [33] may comprise, in part, energy supply
for hydrogenotrophic methanogenic archaea in the soil. In
addition, hydrogen production by nitrogen-fixing
bradyrhizobia in soybean nodules [34] might have also made
some contributions to the energy supply in the rotational plot.
Suitable micro-niches might exist in the drained upland soil
allowing anaerobic decomposition, providing methanogenic
substrates [35, 36]. Indeed, acetate was found in upland soils
[37] and degradation of organic matter, such as lignin and
monosaccharides, in anaerobic micro-sites by facultative aer-
obes was reported in aerobic forest soils [38, 39]. In the future
study, further investigation should be conducted to elucidate
the mechanisms of this phenomenon by monitoring oxygen
concentrations and redox potentials in the soil or the micro-
niches. Additional possible factor that may have facilitated
retardation of degradation of mRNAs/rRNAs in the soil could
be the temperature. Low temperature in the area of the inves-
tigated field, from about — 3 to 7 °C (the monthly average air
temperature from November 2012 to April 2013 at Omagari
observatory [39° 29" N, 140° 30" E], Japan Meteorological
Agency; http://www.jma.go.jp/jp/amedas), was associated
with the snowfall in the winter season, from the crop
harvesting period to the flooding of the field or soybean
seeding. Although higher temperature, from 14 to 24 °C,
from May to October during the crop-growing period should
have counteracted the retarding effect, mcrA transcript level
was nonetheless still sustained. Since Methanosarcina barkeri
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exhibited high resistance to exposure to air and high temper-
ature after desiccation [40], the drying caused by drainage in
the paddy rice harvesting period (Table S1) may have induced
some archaeal mechanism to survive the soil conditions after
the onset of drainage. Further studies need to be conducted to
characterize the mechanisms by which methanogenic archaea
maintain high transcript levels even 1 year after the onset of
drainage. These mechanisms would be responsible for the
high stability of methanogenic archaeal community in paddy
fields used for the cultivation of paddy rice under flooded
conditions at least once a year, including fields with double
cropping systems with upland crop cultivation during the an-
nual winter/dry season.

Robust and Thriving Members of the Methanogenic
Archaeal Community During Upland Conversion

Almost all methanogenic archaeal members identified by
mcrA transcript analysis in the rotational plot during paddy
rice cultivation under flooded conditions (CG-12) thrived after
2 years of upland conversion (CG-14), as indicated by the
order/family and OTU levels (Fig. 5 and Fig. S3). The dom-
inant members of methanogenic archacal community were
Methanomicrobiales, Methanosarcinales, and
Methanocellales (Fig. 5). These have also been identified in
a subtropical aerated soil [41] and subtropical estuarine marsh
soils [42] by DNA-based analyses and in other paddy fields
[8, 11, 14, 15] by mcrA transcript analyses. The community
compositions constructed from mcrA gene and transcript
levels were different in the control and rotational plots,
confirming DNA-based findings from the same field [9]. We
noted that the relative abundance of methanogenic archaea
varied with respect to composition, depending on mcrA gene
or transcript analyses, especially Methanosarcinaceae,
Methanosaetaceae, and Methanocellales (Fig. 5), and also
on the OTU level (Fig. S3).

In addition, some changes in the community composi-
tion of methanogenic archaea in the rotational plot
brought about by 2-year upland conversion were observed
at the OTU level. However, it was not the case of specific
groups disappearing during the 2-year upland conversion,
indicating that almost all the members of methanogenic
archaeal community survived and withstood the
prolonged 2-year drainage. It is interesting that the com-
position of the community surviving during upland con-
version in the rotational plot, as assessed by mcrA tran-
script analysis, was rather similar to the composition of
the active community in the control plot (Fig. S2). The
surviving community may have represented autochtho-
nous members of the soil, as a seed community for com-
munity recovery under probable favorable conditions in
the future.
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Resilience of a Methanogenic Archaeal Active Community
After Plot Re-conversion to Paddy Field

In paddy-upland rotational fields, CH4 emission in the second
year, or later, of paddy rice cultivation after upland conversion
was comparable with that from fields with consecutively cul-
tivated paddy rice, but the emission in the first year of paddy
rice cultivation following upland conversion decreased to 20—
50% of that in the consecutive paddy plot [13, 43—45]. In the
present study, the rotational plot in 2012 was in the second
year of paddy rice cultivation under flooding, after 3-year
upland conversion (Table 1). The recovery of CH4 emission
in the second year of paddy rice cultivation and also the com-
parable CH, production potential from both the control and
rotational plots (Fig. 2) were correlated well with the recovery
of mcrA transcript levels (Fig. 1). Should this relationship
between CH, emission/production and mcrA transcript abun-
dance be also valid in the first year of paddy rice cultivation
after upland conversion, mcrA transcript levels cannot be ex-
pected to fully recover. This may be a cause of low CHy
emission from rotational fields in the first year of re-
conversion to paddy rice cultivation. Once the soil conditions
become favorable for methanogenic archaeal growth, an ac-
tive archaeal community and CH,4 production potential can
gradually recover in the rotational plot, but full recovery
may take ~ 2 years. Further investigation of the rotational plot
is needed to verify this hypothesis by monitoring long-term
methanogenic archaeal dynamics and CH4 emission/
production at more sampling time points under various kinds
of rotational intervals in the future study.

Conclusions

High mcrA transcript levels were maintained by the methan-
ogenic archaeal community in the rotational plot and were
comparable to those of archaeal community in the control plot
by the time of soybean growth in the first year of upland
conversion. This finding was probably associated with the
high stability of methanogenic archaeal community in paddy
fields where paddy rice is at least once a year cultivated under
flooded conditions. However, the levels drastically decreased,
by more than three orders of magnitude, after 2 years of up-
land conversion. Almost all members of the active methano-
genic archaeal community, as assessed by mcrA transcript
analyses, survived and withstood the prolonged 2-year drain-
age despite some changes in the community composition of
methanogenic archaea. The composition of active community
in the rotational plot surviving during upland conversion was
similar to the composition of active community in the control
plot. Community members surviving in the drained soil may
have played a role of a seed community, awaiting favorable
conditions in the rotational plot. Elucidation of the

mechanisms of their survival, together with the ability of me-
thanogenic archaeal community to recuperate after the return
to the flooded paddy field in a paddy-upland rotational field in
the future study, may provide pivotal information about the
control of CH,4 emission/production in paddy fields.
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