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H,-Producing Bacterial Community during Rice Straw Decomposition in Paddy
Field Soil: Estimation by an Analysis of [FeFe]-Hydrogenase Gene Transcripts
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The transcription patterns of [FeFe]-hydrogenase genes (fydA), which encode the enzymes responsible for H, production,
were investigated during rice straw decomposition in paddy soil using molecular biological techniques. Paddy soil amended
with and without rice straw was incubated under anoxic conditions. RNA was extracted from the soil, and three clone libraries
of hydA were constructed using RNAs obtained from samples in the initial phase of rice straw decomposition (day 1 with rice
straw), methanogenic phase of rice straw decomposition (day 14 with rice straw), and under a non-amended condition (day 14
without rice straw). hydA genes related to Proteobacteria, Firmicutes, Bacteroidetes, Chloroflexi, and Thermotogae were
mainly transcribed in paddy soil samples; however, their proportions markedly differed among the libraries. Deltaproteobacteria-
related hydA genes were predominantly transcribed on day 1 with rice straw, while various types of hydA genes related to
several phyla were transcribed on day 14 with rice straw. Although the diversity of transcribed hydA4 was significantly higher
in the library on day 14 with rice straw than the other two libraries, the composition of sydA transcripts in the library was
similar to that in the library on day 14 without rice straw. These results indicate that the composition of active H, producers

and/or H, metabolic patterns dynamically change during rice straw decomposition in paddy soil.
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Paddy fields are flooded during most of the rice cultivation
period, leading to anoxic conditions in bulk soil, except for
the thin surface layer of soil and a part of rhizosphere soil.
Nitrate, Mn (IV, III), Fe (III), and sulfate are sequentially
reduced depending on the redox potentials of the substances,
and methanogenesis is initiated under the most reduced
conditions (13, 32). Rice straw, left on the field after rice
harvesting, is commonly incorporated into soil and one of the
main sources of soil organic matter. Rice straw, which contains
easily decomposable organic substances, is the main origin of
methane emitted from paddy fields (39). The decomposition
of rice straw in soil is processed with the transient accumula-
tion of some intermediates such as sugars, volatile fatty acids,
and alcohols (7, 10, 20, 35). Hydrogen (H,) is one of the key
intermediates produced during rice straw decomposition;
however, the apparent production of H, is low in paddy field
soil (12). H, production is the sink of excess reducing equiv-
alents, which are supplied to H, consumers, and regulates
anaerobic decomposition processes (5, 12). The microorgan-
isms responsible for rice straw decomposition have been
investigated in several studies (11, 24, 28, 30, 36, 40).
However, the diversity and dynamics of H, producers as a
functional group related to rice straw decomposition have not
yet been elucidated.

Hydrogenases are enzymes that catalyze H, production and
consumption, and have been grouped into three classes: [NiFe]-,
[FeFe]-, and [Fe]-hydrogenases. [FeFe]-hydrogenases are
distributed in the Bacteria and Eukarya domains. These
enzymes are the main H,-producing enzymes in anaerobic
environments (3, 23, 37); however, certain [NiFe]-hydrogenases
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catalyze the production of H, from formate (37). [FeFe]-
hydrogenases exist as monomeric or polymeric FeS proteins,
and contain a region called the H cluster, which is encoded by
hydA (37). hydA genes harbor conserved regions (37) that
enable the design of specific primers to analyze H,-producing
bacterial communities. Although the phylogenetic resolution
of hydA gene sequences is lower than that of 16S rRNA
genes, mainly due to gene duplication and lateral gene trans-
fer (23, 26, 37), the phylogenetic analysis of ydA in environ-
ments is important for linking the production of H, with the
diversity and dynamics of H,-producing bacterial communities.
hydA genes have recently been used as a marker gene to elu-
cidate the diversity of H,-producing bacteria in environments
such as ethanol-H, co-producing systems (41), anoxic sew-
age sludge (34), acidic fen soil (26), microbial mats (2), termite
gut (42) and earthworm gut contents (27). In addition, since
the transcriptional levels of 4ydA have been correlated to H,
production rates in some Clostridium species (18, 38), active
members of H, producers may be evaluated using an RNA-
based analysis.

We previously investigated the diversity of H,-producing
bacteria in paddy field soil using a clone library analysis (1).
Predominant members of potential H,-producing bacteria
were composed of a wide range of groups including
Proteobacteria, Firmicutes, Bacteroidetes, and Chloroflexi.
However, the active members of H, producers in paddy field
soil have not yet been identified. Since the soil redox poten-
tial and decomposition pathway of rice straw vary dynami-
cally after flooding in paddy field soil, the composition of key
H, producers in soil is assumed to shift with soil reduction
and rice straw decomposition processes.

Therefore, we herein attempted to identify the active mem-
bers of H,-producing bacteria and their compositional changes
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during rice straw decomposition in anoxic paddy field soil. In
soil incubation experiments, a molecular biological analysis
targeting hydA for soil DNAs and RNAs was performed in
order to elucidate transcriptional patterns under the different
decomposition processes of rice straw in paddy soil.

Materials and Methods

Soil and rice straw samples

Soil samples were collected from a paddy field located at the
Aichi-ken Anjo Research and Extension Center, central Japan (Anjo
field; latitude 34°58'21"N, longitude 137°04'35"E) on 2 October
2013. The chemical properties of Anjo soil were as follows: total C,
14.5 g kg''; total N, 1.4 g kg™!'; pH [H,0], 5.2; free iron content,
5.96 g kg!. This soil is classified as Oxyaquic Dystrudepts (29) with
a Light Clay texture. An approximately 1-kg composite plowed
layer soil sample (0-10 cm) was collected into a plastic bag from
four randomly selected spots in the field using a trowel. Soil samples
were then passed through a 2-mm mesh sieve, mixed thoroughly,
and stored at 4°C until used. Rice straw (Oryza sativa L.
Aichinokaori SBL, obtained from the Anjo field) was pulverized
using Wonder Blender WB-1 (Osaka Chemical, Osaka, Japan), and
passed through a 0.5-mm mesh sieve.

Incubation of soil

Ten grams of soil with and without 0.05 g of powdered rice straw
was added to 4 mL of distilled water in a screw cap test tube (¢18 %
180 mm; Sanshin Industrial, Yokohama, Japan) and mixed well. The
tube was closed with a butyl rubber stopper and screw cap (Sanshin
Industrial). The treatments containing soil with and without rice
straw were designated as treatment R and treatment N, respectively.
The gas phase in the tubes was replaced with N, using a
Deoxygenized Gas Pressure & Replace Injector (MODEL IP-8,
Sanshin Industrial). The tubes were incubated at 25°C in the dark
without shaking, and soil samples were collected 0, 1, 3, 7, 14, 20,
and 28 days after the beginning of the incubation. Triplicate tubes
were prepared for each sampling time, except for the measurement
of gas production (n=6, the same tubes were subjected to measure-
ments throughout the experiment).

Measurement of gases, nitrate, ferrous iron, and sulfate

Gas samples (1 mL) were collected with a Pressure-Lok® glass
syringe (Valco Instruments Company, Baton Rouge, LA, USA)
from the gas phase in closed test tubes after vortex-mixing, and the
concentrations of carbon dioxide (CO,) and methane (CH,) were
measured using the gas chromatograph GC-14B equipped with TCD
and FID (Shimadzu, Kyoto, Japan), respectively, and Porapak N®
(80—100 mesh; GL Sciences, Tokyo, Japan). H, was measured using
GC-7A equipped with TCD (Shimadzu) and Molecular sieve 5A
(60-80 mesh). After the measurement of these gases, the gas phase
was again replaced with N,.

Ferrous iron in incubated soil (1 g) was extracted using acetate
buffer (pH 3.0), and the concentrations of ferrous iron in samples
were measured by the colorimetric method using o-phenanthroline
31).

Sulfate and nitrate were extracted from the collected soil (2 g) by
shaking for one hour with 10 mL distilled water. The suspensions
were filtered with No. 6 Quantitative Filter Paper (Advantec, Tokyo,
Japan) and 0.20-um syringe filters (Advantec). The filtrates were
stored at 4°C until used for measurements. The concentrations of
anions were measured using an ion chromatograph PIA-1000
(Shimadzu) equipped with a Shima-pack IC-A3(S) (Shimadzu) by a
conductivity detection method. The mobile phase containing 8§ mM
p-hydroxybenzoic acid and 3.2 mM Bis-Tris was flowed at a rate of
0.20 mL min™" at 35°C (column temperature).
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Nucleic acid extraction

Regarding nucleic acid extraction, 0.5 g (wet weight) of soil was
collected in a 2-mL microtube (Sarstedt, Niimbrecht, Germany) with
0.7 g of zirconium beads (diameter, 0.1 mm), frozen by liquid N,,
and stored at —80°C. Total nucleic acids were extracted from soil,
and DNA was digested with DNase I (Promega, Madison, W1, USA)
according to the procedure described by Murase et al. (19). RNA
dissolved in RNase-free TE buffer was stored at —80°C. The com-
plete digestion of DNA in RNA samples was confirmed by PCR
using the bacterial universal primer set 357f-GC/517r (21) in the
absence of reverse transcriptase. Nucleic acid mixtures without the
DNase treatment were used as DNA samples for the clone library
analysis on day 0 and a DGGE analysis (see Supplemental docu-
ment). cDNA was synthesized from each RNA sample using the
PrimeScript® RT reagent Kit (Perfect Real Time) (Takara, Otsu, Japan)
with a random 6-mer according to the manufacturer’s instructions.

Clone library analysis of hydA and transcripts

PCR targeting partial s1yd4 sequences (ca. 600 bp: 610-703 bp)
was performed for cDNA and DNA samples using the primer set
HydH1{/HydH3r (26) with the modified PCR program (1). In order
to amplify sydA, 5 uL of cDNA and 1.8 pL of a 10-fold dilution of
extracted DNA were used for each 45-uL or 28.2-uL reaction pre-
mix. Procedures for the purification of PCR products, construction
of clone libraries for the DNA sample on 0 day with rice straw
(day0), cDNA samples on 1 and 14 days with rice straw (day1R and
day14R) and 14 days without rice straw (day14N), and cycle sequencing
were described previously (1). Plasmid DNA was extracted using
NucleoSpin® Plasmid EasyPure (Macherey-Nagel, Diiren, Germany).
A sequencing analysis was performed with an Applied Biosystems
3500 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).

Sixty clones from each sample were analyzed and approximately
50 potential hydA partial sequences were obtained. Chimera sequences
were checked by UCHIME de novo (6). The nucleotide sequences of
the clones were translated to amino acid sequences (189-220 aa)
using the EMBOSS Transeq program (EMBL-EBI [http://www.ebi.
ac.uk/Tools/st/emboss_transeq/]). Amino acid sequences containing
the L2 signature (PCxxKxxE) (17, 22, 37) were used for further
analyses. The closest relatives of in silico-translated hydA sequences
were searched using the BLAST program on the NCBI website
(http://blast.ncbi.nlm.nih.gov/) between March and June 2014 as
described by Baba et al. (1). Comparisons of libraries were per-
formed by a weighted UniFrac analysis (15) using Mothur 1.32.1
(25) with the neighbor-joining tree constructed by ClustalW 1.83 on
the DDBJ website (version 1.83; DDBIJ [http://clustalw.ddbj.nig.
ac.jp/]) with default parameters. The criteria of operational taxonomic
units (OTUs) and diversity indices (Ace, Chaol and Shannon) were
determined in the threshold of 80% sequence similarity by Mothur
according to previous studies (1, 27). A principal component analysis
based on the OTU distribution of each sample obtained by Mothur
was performed using R (version 3.1.1; R Foundation for Statistical
Computing [http://www.R-project.org/]). Data on the OTU distribu-
tion were standardized before the analysis because the number of
sequences of each library was different. The Tukey-Kramer test for
diversity indices, and a clustering analysis by Ward’s method for
UniFrac significances were performed using the R. A phylogenetic
tree was constructed with representative amino acid sequences
deduced from transcribed hyd4 and reference sequences by the
neighbor-joining method with ClustalW 2.1 on the DDBJ website
under the default parameters, and the tree was formatted using
MEGA 5.2 (33). [FeFe]-hydrogenase-like Narf protein sequences
(Accession no. P23503, Q6CGR3, and Q8SYS7) were used as the
outgroup sequences.

Accession numbers

The nucleotide sequences of hydA4 determined in the clone librar-
ies have been deposited to the DDBJ database under accession
numbers LC041370-LC041941.
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Results

Sequential reduction processes of paddy soil

In treatment R (the treatment of soil incubated with rice
straw), the concentration of nitrate decreased until day 14,
while that of ferrous iron rapidly increased and reached a
maximum (ca. 2.5 mg g™ dry soil) within one week (Fig. 1A).
In addition, the concentration of sulfate markedly decreased
during the initial 7 days in treatment R (Fig. 1A). Apparent
H, production was only observed between 1 day and 3 day.
CO, was actively produced immediately after day 1, while
active CH, production occurred after day 7 in treatment R
(Fig. 1B).

In treatment N (the treatment of soil incubated without rice
straw), the concentration of nitrate decreased until day 14,
while that of ferrous iron linearly increased until day 28 (ca.
1.5 mg g! dry soil, Fig. 1C). However, in contrast to treatment
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R, the concentration of sulfate remained unchanged in treat-
ment N during the incubation (Fig. 1C). Changes in the pro-
duction of H,, CH,, and CO, were similar between treatments
N and R; however, the amounts of gases produced were
markedly smaller in treatment N (Fig. 1D).

Distinct members transcribing hydA in paddy soil under
different soil conditions

Considering the soil conditions described above, four
clone libraries (hydA, DNA library of day 0 in treatment R
[dayO0]; hydA transcripts, cDNA libraries of day 1 and day 14
in treatment R [daylR and day14R, respectively], and day 14
in treatment N [dayl4N]) were constructed to show the
dominant members that transcribed /ydA in soil during rice
straw decomposition.

The number of OTUs and diversity indices of Chaol, Ace,
and Shannon are shown in Table 1. All diversity indices were
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Fig. 1. Changes in NO;, Fe?*, and SO,>" concentrations (A, C) and the production of CO,, H,, and CH, (B, D) in treatment R (A, B) and treatment
N (C, D).
Table 1. Number of sequences, OTUs, and diversity indices of #ydA libraries obtained in this study.
Lib No. No.
Treatment n:mrl?)?; Clo(r)les OT({Ja Coverage® Ace Chaol Shannon
DNA  day0 1 48 19 0.79 30 42 2.7
R 2 46 29 0.52 132 AB 145 AB 32 AB
3 49 28 0.67 46 48 32
mRNA day 1 1 45 17 0.80 30 23 2.3
R 2 44 11 0.80 56 A 29 A 1.1 A
3 44 15 0.80 28 21 1.8
day 14 1 47 31 0.57 57 55 33
R 2 50 35 0.56 63 B 54 B 35 B
3 50 34 0.50 90 84 3.4
1 50 18 0.84 37 23 2.5
N 2 51 19 0.82 36 A 31 A 2.7 A
3 48 21 0.85 25 25 2.9

2 The criterion of OTUs was assessed in the threshold of 80% sequence similarity, according to previous studies (1, 27).
b The criterion of coverages was C=1-n;/N, in which n, is the number of OTUs that have been sampled once and N is the total

number of sequences in each sample.

A and B indicate the results of the Tukey-Kramer test: data with different letters show a significant difference (P<0.05).
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significantly higher on dayl4R than on daylR and dayl14N
(Table 1; P<0.05); however, no significant difference was
observed between day0 and other libraries (daylR, dayl4N,
and dayl4R) or between daylR and dayl4N. The clustering
analysis based on the value of weighted UniFrac significances
showed that the replicates of each library were clustered into
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Fig. 2. Cluster dendrogram representing similarities and differences
among libraries. The value of weighted UniFrac significances was used
for the calculation. The number after the dash of each sample represents
its replication number. day0, DNA library of day O in treatment R
(incubation with rice straw); daylR, cDNA libraries of day 1 in treat-
ment R; dayl4R, cDNA libraries of day 14 in treatment R; dayl14N,
cDNA libraries of day 14 in treatment N (incubation without rice straw).
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the same groups depending on the type of the treatment and
incubation day (Fig. 2). The principal component analysis
based on the distribution of OTUs in the libraries also showed
similar results to those of the clustering analysis (Fig. 3).
The proportion of closest microbial phyla obtained by a
BLAST analysis in each library is shown in Fig. 4. The
ranges of the identities and similarities of the amino acid
sequences deduced from AydA in this study to the known
[FeFe]-hydrogenase partial sequences were 44-97% and
58-98%, respectively. The lowest and highest similarities
were obtained from the amino acid sequences derived from
Chlamydomonas reinhardtii (EDP02498) and Clostridium
saccharoperbutylacetonicum N1-4(HMT) (AGF57068), respec-
tively. Various phyla were observed in each library. The
sequences of Bacteroidetes-, Chloroflexi-, Firmicutes-, and
Proteobacteria-related hydA transcripts were detected in all
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Fig. 3. Principal component analysis of the OTU distribution in day0,
daylR, day14N, and day14R (n=3). PC1 and PC2 mean the scores of the
first and second principal components. The percentages in parentheses
mean the contribution rates of PC1 and PC2. The error bars show the
standard deviation of each library.
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libraries, while the sequences of Thermotogae-related hydA
transcripts were only observed in cDNA libraries (daylR,
dayl4N, and dayl14R). The sequences of Eukaryota-related
hydA transcripts were also observed in (some or all replicates
of) all libraries, although the number was small. Sixty-five
and twenty percent of the sequences in daylR were related to
the [FeFe]-hydrogenases of Proteobacteria and Firmicutes,
respectively. Desulfovibrio- and Pelobacter-related hydA
transcripts (the similarity ranges of deduced [FeFe]-hydrogenase
sequences were 77-93% and 90-94%, respectively) occupied
more than 40% of all clones obtained in day1R. On the other
hand, in day14R, Proteobacteria-related hydA transcripts were
markedly decreased, while the proportions of Firmicutes-,
Bacteroidetes-, and Thermotogae-related hydA transcripts
slightly increased. In day 14N, more than 30% of the sequences
were close to Firmicutes-related [FeFe]-hydrogenases, similar
to dayl4R. The proportion of Thermotogae-related hydA
transcripts was also higher than that in dayIR.

A phylogenetic tree of known [FeFe]-hydrogenase partial
sequences and the representative sequences obtained in this
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study, which were derived from the major OTUs containing
more than 5 clones, is shown in Fig. 5. Most of the OTUs
were grouped into 10 clusters according to their phylogenetic
relationships. The phylogenetic distributions and proportions
of [FeFe]-hydrogenases were different among the libraries, as
shown in Fig. 2, 3, and 4. The proportion of Cluster 2 in Fig.
5, which was related to the [FeFe]-hydrogenases of Desulfovibrio
and Pelobacter, was markedly different among the libraries;
it was 56% in daylR, but equal to or less than 10% in the
other libraries. Some of the representative OTUs, e.g., the
OTUs in Clusters 6, 7, 8, and 10, were only observed in the
cDNA libraries (daylR, day14N, and day14R).

Discussion

H, metabolism in anoxic paddy field soil affects the reduc-
tion processes and decomposition pathway of organic matter
in soil. The present study analyzed transcripts of 4#ydA, which
encode possible H,-producing enzymes [FeFe]-hydrogenases,
under different soil conditions (daylR, the ferric iron and
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Fig. 5. Phylogenetic tree of deduced amino acid sequences of 4ydA in representative OTUs containing more than five clones, and the proportion
of clones in subclusters to libraries. Clones with bold names indicate amino acid sequences derived from /ydA transcripts obtained in this study.
The numbers at the branches indicate bootstrap values (=50%) with 1,000 replicates. Clustering (shown in grey squares) is based on phylogenetic
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sulfate reduction phase, and initial phase of rice straw decom-
position; dayl4R, the phase of methanogenesis and mid-
phase of rice straw decomposition; dayl4N, the phase of
ferric iron reduction and substrate-poor conditions) in order
to identify active members of H, producers during rice straw
decomposition in paddy field soil.

hydA libraries constructed from DNA samples in this study
suggested that members of Proteobacteria, Firmicutes,
Bacteroidetes, and Chloroflexi were the main H, producers
existing in paddy soil (Fig. 4). A DGGE analysis of hydA
showed that the band patterns did not change during the
incubation period (Fig. S1A and B in the Supplemental docu-
ment). Our previous study, investigating hydA diversity in a
double cropping paddy field, also showed the predominance
of Proteobacteria, Firmicutes, Bacteroidetes, and Chloroflexi
and no significant differences in the community between
drained and flooded soil (1). Thus, these results suggest that
the community structure of H, producers is stable during rice
straw decomposition in paddy field soil. However, the distri-
bution of transcribed AydA (daylR, dayl4N, and dayl4R)
was clearly distinguished from those of 4ydA4 (day0) based on
the UniFrac-based clustering analysis and OTU-based princi-
pal component analysis (Fig. 2 and 3). Although the diversity
of hydA does not always indicate the diversity of H, produc-
ers because of multiple hydA genes in some bacteria, the
results shown in Fig. 2 and 3 imply that the active community
structure of H, producers in paddy field soil differed from
existing H, producers and/or the H, metabolic patterns (of H,
producers) changed.

The clone library analysis showed that the transcriptional
patterns of hydA genes in paddy soil were markedly different
among the three libraries (Fig. 2 and 3). In day1R, when the
initial decomposition of rice straw and rapid ferric iron and
sulfate reduction occurred (Fig. 1), the proportion of Cluster
2, which was close to Deltaproteobacteria-related [FeFe]-
hydrogenases, was high (Fig. 4 and 5). In dayl4R, under
methanogenic conditions with the active decomposition of
rice straw, various H, producers transcribed AydA4 (Table 1,
Fig. 4 and 5). On the other hand, in day14N, when ferric iron
reduction occurred, but sulfate reduction did not under rela-
tively substrate-poor conditions, the proportions of the other
types of [FeFe]-hydrogenases were relatively high (Clusters
6,7, and 8 in Fig. 5). These results suggest that various active
H, producers participate in the decomposition of rice straw
and/or soil reduction processes, and there were dynamic
changes in the transcriptional activity of ydA4 in paddy field
soil under different soil conditions.

In day1R, the initial phase of rice straw decomposition, the
emission of the excess amount of H, produced and the active
reduction of iron and sulfate were observed. This kind of
phase was characterized by the high activity levels of the
fermentation of reducing sugars and relatively low activity
levels of H, consumption (8). Therefore, H, producers fer-
menting reducing sugars may have become active in daylR.
Weber et al. showed that specific members of Clostridia
dominated the microbial community at an early phase of
shredded rice straw decomposition using PCR-DGGE analy-
ses (40). In the present study, we also showed the lowest
diversity of transcribed 4ydA in day1R with the dominance of
Deltaproteobacteria, which was also indicated to be respon-
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sible for the decomposition of rice straw incorporated into
paddy field soil (30) and the decomposition of rice straw on
rice roots (28). Itoh et al. showed that the proportion of some
Deltaproteobacteria-related 16S rRNA was higher in flooded
paddy soil than in drained soil (9). They suggested that some
Deltaproteobacteria play important roles in sulfate reduction
and H, production under anoxic conditions in paddy field
soil. Although further studies are needed in order to elucidate
the role of hydA transcribed in this phase in more detail, the
results of the present study indicated that microorganisms
possessing Deltaproteobacteria-related hydA were responsi-
ble for a part of H, production in the initial phase of rice straw
decomposition and soil reduction.

In dayl4R, ferric iron and sulfate reduction were almost
completed, and methanogenesis occurred (Fig. 1). In the
methanogenic phase, reducing sugars accumulated by the
hydrolysis of rice straw polysaccharides were generally
almost consumed (8), and intermediate metabolites such as
VFAs may be the main substrates for fermentation (8, 10, 35).
Therefore, typical secondary fermenters such as Syntrophobacter
(16) and Syntrophomonadaceae-related bacteria (14) were
expected to produce H, by transcribing hydA4 during the oxi-
dization of VFAs. However, our results suggest that a phylo-
genetically broader range of fermenters transcribed hydA4 and
produced H, in day14R (Table 1, Fig. 4 and 5) than in day1R
and day14N. This result is consistent with previous findings
showing that various microorganisms (24, 30, 40) were
involved in rice straw decomposition. In addition, a distinct
pattern of transcription of 4ydA was observed in dayl4R, but
overlapped with that in day 14N to some extent (Fig. 2 and 3).
Therefore, various types of hydA appeared to have been
transcribed in the methanogenic phase of rice straw decom-
position. This result indicates that a large number of H, pro-
ducers are responsible for rice straw decomposition and pro-
duce H,; however, the diversity of #ydA4 does not necessarily
indicate the diversity of H, producers because of multiple
hydA in their genome (17, 22). Methanogenesis from H, and
CO, mostly occur via interspecies electron transfer (4), and
ATP synthesis by H,-producing primary fermenters increases
when they grow with hydrogenotrophic methanogens (43).
Therefore, not only specific secondary fermenters, but also
various fermenters may have grown with methanogens by
interspecies H, transfer in the methanogenic phase of rice
straw decomposition.

When soil was relatively organic substrate-poor in the
non-methanogenic early phase (in day14N), the phylogenetic
distribution of transcribed AydA was different from that in
day1R (Fig. 2, 4 and 5). On the other hand, some hydA4 genes
were commonly transcribed in day14N and day14R (Fig. 5),
and a similar transcriptional pattern was observed to some
extent (Fig. 2, 3 and 4). Glissmann and Conrad showed that
the same types of volatile fatty acids accumulated in a similar
manner in the incubation of rice-straw amended and non-
amended paddy soil (7). Therefore, the types of active H,
producers in rice-straw amended and non-amended paddy
soil may be common to some extent. However, soil condi-
tions (organic matter content and soil redox conditions) were
markedly different between dayl4R and dayl4N (Fig. 1).
OTU-based diversities were higher in day 14R (Table 1).
Therefore, although some /ydA transcripts were common to
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two libraries, the active community structures of H, produc-
ers appeared to differ between dayl4R and day14N.

In conclusion, we herein revealed the dynamics of poten-
tially active members of H, producers during rice straw
decomposition in paddy soil using molecular biological
techniques targeting hydA transcripts. Our results showed
that specific hydA genes were transcribed in the initial phase
of rice straw decomposition and soil reducing processes.
More diversified #ydA genes were transcribed, i.e., more various
H, producers may have become active in the methanogenic
phase than in the non-methanogenic phase. Although the role
and function of these microorganisms remain to be elucidated
and further studies are required, the results obtained herein
suggest that sydA transcriptional patterns and/or active mem-
bers of H, producers in paddy field soil are dynamically
changed in the process of rice straw decomposition and soil
redox conditions.

Acknowledgements

We thank H. Honjo and N. Saka of the Anjo Research and
Extension Station, Aichi-ken Agricultural Research Center, Japan,
for their help collecting the soil samples. This work was supported
by the Japan Society for the Promotion of Science KAKENHI
[Grant Numbers 24780318, 26450077, and 15J04362].

References

1. Baba, R., M. Kimura, S. Asakawa, and T. Watanabe. 2014. Analysis
of [FeFe]-hydrogenase genes for the elucidation of a hydrogen-
producing bacterial community in paddy field soil. FEMS Microbiol.
Lett. 350:249-256.

2. Boyd, E.S., J.R. Spear, and J.W. Peters. 2009. [FeFe] hydrogenase
genetic diversity provides insight into molecular adaptation in a saline
microbial mat community. Appl. Environ. Microbiol. 75:4620-4623.

3. Calusinska, M., T. Happe, B. Joris, and A. Wilmotte. 2010. The surprising
diversity of clostridial hydrogenases: a comparative genomic perspec-
tive. Microbiology 156:1575-1588.

4. Conrad, R., H.P. Mayer, and M. Wiist. 1989. Temporal change of gas
metabolism by hydrogen-syntrophic methanogenic bacterial associa-
tions in anoxic paddy soil. FEMS Microbiol. Ecol. 62:265-273.

5. Conrad, R. 1999. Contribution of hydrogen to methane production and
control of hydrogen concentrations in methanogenic soils and sedi-
ments. FEMS Microbiol. Ecol. 28:193-202.

6. Edgar, R.C., B.J. Haas, J.C. Clemente, C. Quince, and R. Knight.
2011. UCHIME improves sensitivity and speed of chimera detection.
Bioinformatics 27:2194-2200.

7. Glissmann, K., and R. Conrad. 2000. Fermentation pattern of metha-
nogenic degradation of rice straw in anoxic paddy soil. FEMS
Microbiol. Ecol. 31:117-126.

8. Glissmann, K., and R. Conrad. 2002. Saccharolytic activity and its
role as a limiting step in methane formation during the anaerobic
degradation of rice straw in rice paddy soil. Biol. Fertil. Soils 35:62—
67.

9. TItoh, H., S. Ishii, Y. Shiratori, K. Oshima, S. Otsuka, M. Hattori, and
K. Senoo. 2013. Seasonal transition of active bacterial and archaeal
communities in relation to water management in paddy soils.
Microbes Environ. 28:370-380.

10. Kimura, M., T. Minoda, and J. Murase. 1993. Water-soluble organic
materials in paddy soil ecosystem: II. Effects of temperature on con-
tents of total organic materials, organic acids, and methane in leachate
from submerged paddy soils amended with rice straw. Soil Sci. Plant
Nutr. 39:713-724.

11. Kimura, M., and C.C. Tun. 1999. Microscopic observation of the
decomposition process of leaf sheath of rice straw and colonizing
microorganisms during the cultivation period of paddy rice. Soil Sci.
Plant Nutr. 45:427-437.

12. Kimura, M. 2000. Anaerobic microbiology in waterlogged rice fields,
p. 35-138. In J.M. Bollag, and G. Stotzky (ed.), Soil Biochemistry.
vol. 10. Dekker, New York.

13.

14.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

. Murase, J., Y. Takenouchi, K.

BABA et al.

Liesack, W., S. Schnell, and N.P. Revsbech. 2000. Microbiology of
flooded rice paddies. FEMS Microbiol. Rev. 24:625-645.

Liu, P., Q. Qiu, and Y. Lu. 2011. Syntrophomonadaceae-affiliated
species as active butyrate-utilizing syntrophs in paddy field soil. Appl.
Environ. Microbiol. 77:3884—3887.

. Lozupone, C., and R. Knight. 2005. UniFrac: a new phylogenetic method

for comparing microbial communities. Appl. Environ. Microbiol. 71:
8228-8235.

Lueders, T., B. Pommerenke, and M.W. Friedrich. 2004. Stable-
isotope probing of microorganisms thriving at thermodynamic limits:
syntrophic propionate oxidation in flooded soil. Appl. Environ. Microbiol.
70:5778-5786.

Meyer, J. 2007. [FeFe]-hydrogenases and their evolution: a genomic
perspective. Cell Mol. Life. Sci. 64:1063—1084.

Morimoto, K., T. Kimura, K. Sakka, and K. Ohmiya. 2005.
Overexpression of a hydrogenase gene in Clostridium paraputrificum
to enhance hydrogen gas production. FEMS Microbiol. Lett. 246:
229-234.

Iwasaki, and M. Kimura. 2014.
Microeukaryotic community and oxygen response in rice field soil
revealed using a combined rRNA-gene and rRNA-based approach.
Microbes Environ. 29:74-81.

Murayama, S. 1984. Changes in the monosaccharide composition
during the decomposition of straws under field conditions. Soil Sci.
Plant Nutr. 30:367-381.

Muyzer, G., E.C. De Waal, and A.G. Uitterlinden. 1993. Profiling of
complex microbial populations by denaturing gradient gel electropho-
resis analysis of polymerase chain reaction-amplified genes coding for
16S rRNA. Appl. Environ. Microbiol. 59:695-700.

Pereira, P.M., Q. He, F.M. Valente, A.V. Xavier, J. Zhou, [.A. Pereira,
and R.O. Louro. 2008. Energy metabolism in Desulfovibrio vulgaris
Hildenborough: insights from transcriptome analysis. Antonie van
Leeuwenhoek 93:347-362.

Peters, J.W., G.J. Schut, E.S. Boyd, D.W. Mulder, E.M. Shepard, J.B.
Broderick, P.W. King, and M.W.W. Adams. 2015. [FeFe]- and
[NiFe]-hydrogenase diversity, mechanism, and maturation. Biochim.
Biophys. Acta 1853:1350-1369.

Rui, J., J. Peng, and Y. Lu. 2009. Succession of bacterial populations
during plant residue decomposition in rice field soil. Appl. Environ.
Microbiol. 75:4879-4886.

Schloss, P.D., S.L. Westcott, T. Ryabin, et al. 2009. Introducing mothur:
open-source, platform-independent, community-supported software
for describing and comparing microbial communities. Appl. Environ.
Microbiol. 75:7537-7541.

Schmidt, O., H.L. Drake, and M.A. Horn. 2010. Hitherto unknown
[Fe-Fe]-hydrogenase gene diversity in anaerobes and anoxic enrich-
ments from a moderately acidic fen. Appl. Environ. Microbiol.
76:2027-2031.

Schmidt, O., P.K. Wiist, S. Hellmuth, K. Borst, M.A. Horn, and H.L.
Drake. 2011. Novel [NiFe]-and [FeFe]-hydrogenase gene transcripts
indicative of active facultative aerobes and obligate anaerobes in
earthworm gut contents. Appl. Environ. Microbiol. 77:5842-5850.
Shrestha, M., P.M. Shrestha, and R. Conrad. 2011. Bacterial and
archaeal communities involved in the in situ degradation of *C-labelled
straw in the rice rhizosphere. Environ. Microbiol. Rep. 3:587-596.
Soil Survey Staff. 1999. Soil Taxonomy, a Basic System of Soil
Classification for Making and Interpreting Soil Surveys, 2nd ed. United
States Department of Agriculture Natural Resources Conservation
Service, Washington, DC.

Sugano, A., H. Tsuchimoto, C.C. Tun, S. Asakawa, and M. Kimura.
2005. Succession and phylogenetic profile of eubacterial communities
in rice straw incorporated into a rice field: estimation by PCR-DGGE
and sequence analyses. Soil Sci. Plant Nutr. 51:51-60.

Takai, Y., T. Kamura, and 1. Adachi. 1958. Dynamic behavior of iron
compound in paddy soils (Part 2): an improved method for determin-
ing Fell. J. Sci. Soil Manure 29:216-220. (In Japanese)

Takai, Y., and T. Kamura. 1966. The mechanism of reduction in
waterlogged paddy soil. Folia Microbiol. 11:304-313.

Tamura, K., D. Peterson, N. Peterson, G. Stecher, M. Nei, and S.
Kumar. 2011. MEGAS: molecular evolutionary genetics analysis using
maximum likelihood, evolutionary distance, and maximum parsimony
methods. Mol. Biol. Evol. 28:2731-2739.



Active H> Producers in Paddy Field Soil

34.

35.

36.

37.

38.

Tomazetto, G., and V.M. Oliveira. 2013. Investigation of the FeFe-
hydrogenase gene diversity combined with phylogenetic microbial
community analysis of an anaerobic domestic sewage sludge. World J.
Microbiol. Biotechnol. 29:2003-2014.

Tsutsuki, K., and F.N. Ponnamperuma. 1987. Behavior of anaerobic
decomposition products in submerged soils: effects of organic mate-
rial amendment, soil properties, and temperature. Soil Sci. Plant Nutr.
33:13-33.

Tun, C.C., and M. Kimura. 2000. Microscopic observation of the
decomposition process of leaf blade of rice straw and colonizing
microorganisms in a Japanese paddy field soil during the cultivation
period of paddy rice. Soil Sci. Plant Nutr. 46:127-137.

Vignais, P.M., and B. Billoud. 2007. Occurrence, classification, and
biological function of hydrogenases: an overview. Chem. Rev. 107:
4206-4272.

Wang, M.Y., Y.L. Tsai, B.H. Olson, and J.S. Chang. 2008. Monitoring
dark hydrogen fermentation performance of indigenous Clostridium
butyricum by hydrogenase gene expression using RT-PCR and qPCR.
Int. J. Hydrogen Energ. 33:4730-4738.

39.

40.

41.

42.

43.

233

Watanabe, A., T. Takeda, and M. Kimura. 1999. Evaluation of origins
of CH, carbon emitted from rice paddies. J. Geophys. Res. 104:
23623-23629.

Weber, S., S. Stubner, and R. Conrad. 2001. Bacterial populations
colonizing and degrading rice straw in anoxic paddy soil. Appl. Environ.
Microbiol. 67:1318-1327.

Xing, D., N. Ren, and B.E. Rittmann. 2008. Genetic diversity of
hydrogen-producing bacteria in an acidophilic ethanol-H,-coproducing
system, analyzed using the [Fe]-hydrogenase gene. Appl. Environ.
Microbiol. 74:1232-1239.

Zheng, H., D. Bodington, C. Zhang, K. Miyanaga, Y. Tanji, Y.
Hongoh, and X.H. Xing. 2013. Comprehensive phylogenetic diversity
of [FeFe]-hydrogenase genes in termite gut microbiota. Microbes
Environ. 28:491-494.

Zinder, S.H. 1993. Physiological ecology of methanogens, p. 128—
206. In J.G. Ferry (ed.), Methanogenesis. Springer, New York.



