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Abstract The effects of water-saving irrigation on emis-
sions of greenhouse gases and soil prokaryotic communi-
ties were investigated in an experimental rice field. The
water layer was kept at 1-2 c¢cm in the water-saving (WS)
irrigation treatment and at 6 cm in the continuous flooding
(CF) irrigation treatment. WS irrigation decreased CHy
emissions by 78 % and increased N,O emissions by
533 %, resulting in 78 % reduction of global warming
potential compared to the CF irrigation. WS irrigation did
not affect the abundance or phylogenetic distribution of
bacterial/archaeal 16S rRNA genes and the abundance of
bacterial/archaeal 16S rRNAs. The transcript abundance of
CH, emission-related genes generally followed CH4 emis-
sion patterns, but the difference in abundance between
mcrA transcripts and amoA/pmoA transcripts best described
the differences in CH,4 emissions between the two irrigation
practices. WS irrigation increased the relative abundance of
16S rRNAs and functional gene transcripts associated with
Anaeromyxobacter and Methylocystis spp., suggesting that
their activities might be important in emissions of the
greenhouse gases. The N,O emission patterns were not
reflected in the abundance of N,O emission-related genes
and transcripts. We showed that the alternative irrigation
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practice was effective for mitigating greenhouse gas emis-
sions from rice fields and that it did not affect the overall
size and structure of the soil prokaryotic community but did
affect the activity of some groups.

Introduction

Methane (CH,) and nitrous oxide (N,O) have been estimated to
contribute approximately 14 and 8 %, respectively, of global
anthropogenic emissions of greenhouse gases, and agriculture
is suggested as a primary source of these gases [1]. Among the
major cereal crops, rice has the highest global warming poten-
tial (GWP), which is largely driven by CH4 emissions from
paddy soils [2]. Strategies for mitigating CH,4 emissions from
rice fields included alternative practices of irrigation, residue
management, and fertilizer management [3-5].

Previous studies have shown that alternative irrigation
practices in rice fields effectively reduced CH, emissions
without a significant loss in crop yield [3, 6-8]. Although
many of the practices were found to increase N,O emissions,
the resulting increase in GWP was estimated to be relatively
minor compared to the effect of reduced CH4 emissions on
GWP [5, 8, 9]. However, some investigators have observed
that the inverse relationship between emissions of CH, and
N,O can be altered depending on soil properties, the applica-
tion rate of nitrogen fertilizer, or the duration of the drainage
period [10, 11].

The shift in the emission patterns of greenhouse gases
resulting from alternative irrigation practices was explained
by variations in oxidation-reduction (redox) potential and
related microbiological activity in the rice paddy soils [9, 12,
13]. Drainage-induced aeration of soil results in regeneration
of electron acceptors such as ferric iron and sulfate, and
microorganisms that use these substrates can outcompete
methanogens, leading to decreased CH4 emission [14, 15].
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Molecular approaches, which can overcome limitations of
culture-dependent studies, have also been adopted to describe
variability in microbial community structure. Watanabe et al.
[16] observed that an alternate wetting and drying practice
(AWD) had no significant effect on abundance of archaeal
16S rRNA genes or methyl-coenzyme M reductase genes
(mcrA genes) but moderately influenced microbial community
structure in rice paddy soils. Ma and Lu [17] observed that soil
drainage decreased the abundance of archaeal 16S rRNA
genes and increased the abundance of particulate methane
monooxygenase genes (pmoAd genes) in rhizosphere soils
and also increased the relative abundance of the type
II methanotrophs Methylocystis/Methylosinus in the rhi-
zosphere and surface soils. Ma et al. [18] demonstrated
that intermittent drainage had a stronger effect on mcrd
transcripts than on mcrd genes in rice paddy soils,
suggesting that transcription of a functional gene is a
more sensitive descriptor of activity than the abundance
of the gene. To our knowledge, molecular approaches
have not been used to explain variability in N,O emis-
sion patterns induced by alternative irrigation practices.

In the present study, we performed a field experiment for
comprehensive examination of changes in prokaryotic com-
munities that resulted from an alternative irrigation practice.
We investigated the abundance and phylogenetic distribution
of 16S rRNA genes and genes associated with greenhouse gas
emissions at both the DNA and RNA levels. Our results
demonstrated that the alternative irrigation affected the abun-
dance of transcripts of CH,4 but not of N,O emission-related
genes. In addition, it was found that the activities of two
bacterial genera, Anaeromyxobacter and Methylocystis, were
increased under the alternative irrigation. Several new charac-
teristics of bacterial and archaeal communities in relation to
emissions of CH4 and N,O are described and discussed.

Materials and Methods
Experimental Site and Water Management

The field experiment was conducted at the experimental rice
field of the National Institute of Crop Science, Suwon, South
Korea (37°16'N, 126°59'E) in 2012. Two irrigation practices,
continuous flooding (CF) and water-saving (WS), were con-
ducted and each treatment consisted of three replicate plots
(4 mx4 m each) connected in series. The water level was
maintained at 6 cm in CF plots and at 1-2 cm in WS plots
using an automatic water level controller (Joeun Eng., Seoul,
South Korea). Seedlings of Samgwang rice (Oryza sativa L.
var. japonica) were transplanted on May 22 and harvested on
October 10. Urea, fused phosphate, and potassium chloride
fertilizers were applied at respective rates of 110 kg N ha ',
30 kg P,Os ha!, and 30 kg K,O ha L.
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Gas Flux Measurements

CH, and N,O fluxes were measured twice per week using the
static chamber method. A rectangular polyacrylic chamber
(0.6 m widex 0.6 m longx 1 m high) was placed in each plot,
and gas samples were taken with a syringe between 10:00 AM
and 1:00 PM. The concentrations of CH,; and N,O were
determined using a gas chromatograph (Varian 3800; Varian,
Palo Alto, USA) with the working conditions presented in
Table S1. Gas fluxes were calculated from the change in gas
concentrations inside the chamber over 30 min, using the
equation suggested by Hou et al. [12], and GWP was calcu-
lated by multiplying the cumulative emissions of CH,4 and
N,O by 21 and 310, respectively [19].

Soil Sampling and Chemical Characterization

Soil samples for microbial characterization were collected on
May 29, July 9, August 2, September 6, and October 8. Soil
cores (1.8-cm diameter, 15-cm height) were collected from the
center and four corners of each plot, mixed thoroughly, and
stored at —70 °C until molecular analyses. When the field
experiment had terminated, an additional set of soil samples
was collected and the following analyses were conducted: pH
and electrical conductivity (1:5 water extraction); organic
matter [20]; total nitrogen (Kjeldahl method); available P,O5
(Lancaster method) [21]; and the contents of exchangeable
Ca**, Mg®", and K" (I M NHg-acetate, pH 7.0, ICP-AES;
GBC Scientific Equipment, Melbourne, Australia).

Nucleic Acid Extraction and cDNA Preparation

Soil RNA and DNA were extracted using the RNA PowerSoil
Total RNA Isolation Kit and the RNA PowerSoil DNA Elu-
tion Accessory Kit (MO BIO Laboratories, Carlsbad, USA),
respectively, according to the manufacturer’s instructions.
Aliquots of RNA extracts were treated by RQ1 RNase-Free
DNase (Promega, Madison, USA) and purified by using the
RNeasy MinElute Cleanup kit (Qiagen, Hilden, Germany).
cDNA was synthesized using the GoScript reverse transcrip-
tion system and random hexamers (Promega, Madison, USA)
according to the manufacturer’s instructions.

Quantification by Real-Time PCR

The following genes and their transcripts were quantified
using the CFX96 system (Bio-Rad, Hercules, USA): bacterial
and archaeal 16S rRNA genes, mcrA genes, ammonia
monooxygenase and particulate methane monooxygenase
genes (amoA/pmoA genes), quinol-oxidizing nitric oxide re-
ductase genes (gnorB genes), cytochrome-oxidizing nitric
oxide reductases genes (cnorB genes), and nitrous oxide re-
ductase genes (nosZ genes). The mcrA4 genes and amoA/pmoA
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genes were selected for monitoring CH,4 production and con-
sumption, respectively, and the gnorB/cnorB genes and nosZ
genes were selected for monitoring N,O production and con-
sumption, respectively. The primers and PCR conditions are
presented in Table S2. The primers to quantify the functional
genes were designed based on reference sequences obtained
from the KEGG database (http://www.genome.jp/kegg/). The
reaction solution contained 10 pul of iQ SYBR Green
Supermix (2x, Bio-Rad, Hercules, USA), 0.4 pM of each
primer, 1 mg/ml of BSA, and 1 pl of DNA (10:1 dilution) or
cDNA, in a total volume of 20 pl. Linearized plasmids con-
taining the corresponding genes were used as standards for all
assays. Efficiencies for PCR reactions were between 64 and
85 % and standard curves had *>0.98.

Pyrosequencing

The phylogenetic diversities of the following genes and their
transcripts were examined using pyrosequencing analysis:
bacterial and archaeal 16S rRNA gene, mcrA, amoA/pmoA,
gnorB, and nosZ. Only soil samples collected on August 2
were used in this analysis, when the emissions of CH,4 and
N,O were at their maximum levels among the soil sampling
dates (see text). For 16S rRNA sequences, soil samples from
the three replicate plots were analyzed; for the other genes and
their transcripts, a soil sample from the middle one of the three
replicate plots was analyzed. The 50-ul reaction mixture
contained 1x Phusion HF buffer, 0.2 mM of each of the
deoxynucleoside triphosphates (AINTPs), 0.4 uM of each
primer, 1 mg/ml of BSA, 2.5 ul DMSO, 1 U of Phusion
High-Fidelity DNA polymerase (New England Biolabs,
Herts, UK), and 1 pul of DNA (10:1 dilution) or cDNA. The
primers and PCR conditions are presented in Table S3. The
PCR products were gel-purified with the QIAquick Gel ex-
traction kit (Qiagen, Hilden, Germany); pyrosequencing of the
PCR products was performed by the National Instrumentation
Center for Environmental Management (Seoul, South Korea)
using a 454 GS FLX Titanium Sequencing System (Roche,
Mannheim, Germany), according to the manufacturer’s
instructions.

Processing of Pyrosequencing Data

All pyrosequencing data were processed using the Mothur
software package (version 1.27.0) [22] if not mentioned
otherwise. Briefly, prefiltered flowgrams of the pyrose-
quencing reads were clustered using the PyroNoise algo-
rithm [23], and chimeric sequences were removed using
UCHIME [24]. The number of pyrosequencing reads was
normalized among the samples for each of the genes. For
bacterial and archaeal 16S rRNA sequences, the qualified
sequences were classified to the genus level using the
Bayesian method based on the Ribosomal Database

Project (RDP) taxonomy (version 9) [25] and the SILVA
taxonomy (version 111) [26], respectively. The sequences
were aligned using the SINA aligner (http://www.arb-
silva.de/aligner) [27] and then clustered into operational
taxonomic units (OTUs) at 97 % similarity cutoff using
the average-neighbor algorithm. Richness estimators and
diversity indices were calculated using the summary.seqs
command in the Mothur package. Weighted Fast UniFrac
analysis [28] was performed using a phylogenetic tree
constructed with the FastTree program (http://meta.
microbesonline.org/fasttree) [29]. For functional genes
and their transcripts, the qualified sequences were
subjected to the RDP FrameBot for frameshift
corrections (http://fungene.cme.msu.edu). The frameshift-
corrected sequences were translated to protein sequences
and aligned using the Clustal Omega program [30] with
the pre-aligned sequences provided by the FunGene data-
base as the reference in the Mobyle Portal (http://mobyle.
pasteur.fr). The aligned sequences were imported into the
ARB software package (version 5.5) [31] and the distance
matrixes were calculated using the ARB neighbor-joining
method. The numbers of the unique sequences were cal-
culated using the average-neighbor algorithm based on the
distance matrix.

Phylogenetic Analysis

For 16S rRNA sequences, predominant OTUs and closely
related sequences obtained from GenBank were aligned as
mentioned above. The aligned sequences were imported into
the ARB software package and almost full-length sequences
(>1,300 bp) were used for construction of the initial tree via
the maximum-likelihood algorithm (Phylip). Shorter se-
quences (<1,300 bp) were added to this tree using the ARB
parsimony tool, which allows the addition of short sequences
to phylogenetic trees without changing the global tree topol-
ogy [32]. The relative abundances of dominant OTUs in each
sample were represented as a heatmap with the iTOL tool
(http://itol.embl.de) [33]. For the other genes and their
transcripts, the maximum-likelihood trees were constructed
from the aligned protein sequences using the FastTree
program.

Statistical Analysis

The differences in the gas emission, richness estimator, diver-
sity index, and the gene/transcript abundance between CF and
WS plots were analyzed with Student’s ¢ tests. Differences in
the abundance of taxa were determined with one-way analysis
of variance (ANOVA) followed by Tukey’s pairwise compar-
ison. p values<0.05 were considered significant. All analyses
were performed using OriginPro 8 SR4 software (OriginLab
Corp., Northampton, USA).
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DNA Sequence Data

The raw pyrosequencing data are available in the NCBI Se-
quence Read Archive under the accession numbers
SRX318152-SRX318157 and SRX326402-SRX326407.

Results
Soil Characteristics and Crop Yield

The chemical properties of the rice paddy soils are presented
in Table 1. No noticeable differences were observed between
the two irrigation practices with the exception of available
P,0s, which was about two times higher in CF than in WS
plots. Grain yield of rice was 5.83 ton ha ' in CF plots and
6.25 ton ha ' in WS plots.

CH,4 and N,O Emissions

The two irrigation practices produced dramatic differences in
the patterns of greenhouse gas emissions during the rice-
growing season (Fig. 1). In CF plots, CH, emissions increased
rapidly from July 16 and peaked on August 6, while in WS
plots, CH, emissions remained relatively low during the entire
experimental period (Fig. 1a). CH, emissions were signifi-
cantly higher in CF plots than in WS plots on most of the
measurement dates. In contrast, N,O emissions initially de-
creased in both treatments and increased again only in WS
plots, peaking on August 16 (Fig. 1b). In CF plots, N,O
emissions were almost nondetectable after June 18. Cumula-
tive emissions were 286 kg CH, ha ' and 0.003 kg N,O ha™'
in CF plots and 62 kg CH, ha ' and 0.019 kg N,O ha ' in WS
plots, resulting in a reduction in GWP from 6.02 ton CO, ha™"
in CF plots to 1.31 ton CO, ha ' in WS plots.

Quantification by Real-Time PCR

Bacterial and Archaeal 16S rRNAs The variability in abun-
dance of bacterial and archaeal 16S rRNA genes and 16S
rRNAs during the rice-growing season are illustrated in
Fig. 2. No significant difference was observed between the
two irrigation practices, indicating that WS irrigation did not
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Fig. 1 Seasonal variability of CHy4 (a) and N,O (b) emissions from rice
paddy soils under continuous flooding (CF) and water-saving (WS)
irrigation practices. Arrows denote the dates on which soils were sampled
for microbiological characterization. Asterisks indicate significant differ-
ences (p<0.05) between CF and WS plots on the corresponding date.
Values are means + standard errors, n=3

have a substantial effect on the total abundance or activity of
soil prokaryotes. Interestingly, bacterial abundance and activ-
ity peaked in August (Fig. 2a), while those of archaea tended
to increase until the end of the experiment (Fig. 2b). The
extent of variability was much higher in the 16S rRNAs
(14.4- to 28.8-fold increase from the minimum to the maxi-
mum) than in the 16S rRNA genes (2.2- to 3.1-fold increase).

Table 1 Chemical properties of rice paddy soils sampled after the experiment ended. Means + standard deviations of n=3

Sample pH (1:5) Organic matter (g kg ') T-N (gkg ") Available P05 (mg kg ™) Exchangeable cations (cmol, kg ")

K Ca Mg
CF 6.0+£0.0 29.6+0.2 1.0£0.0 122.7+0.9 0.51+0.00 9.7+£0.0 3.2+0.0
WS 5.8+£0.0 27.7£0.2 1.1£0.0 69.3+0.5 0.32+0.01 8.9+0.2 3.1£0.1

CF continuous flooding irrigation, WS water-saving irrigation
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Fig. 2 Seasonal variability in abundance of bacterial 16S rRNA genes/
16S rRNAs (a) and archaeal 16S rRNA genes/16S rRNAs (b) in rice
paddy soils under continuous flooding (CF) and water-saving (WS)
irrigation practices. Values are means + standard errors, n=3. “DNA”
and “RNA” in the legend denote 16S rRNA genes and 16S rRNAs,
respectively

mcrA and amoA/pmoA The variability in abundance of CHy
emission-related genes and transcripts is illustrated in Fig. 3.
The abundance of the mcrA transcripts was more reflective of
CH, emissions than was the abundance of the mcrA genes
(Fig. 3a): mcrA transcripts peaked on August 2 and July 9 in
CF plots and WS plots, respectively, and decreased thereafter
in agreement with CH4 emissions in the respective plots
(Fig. 1a, when confined to emissions on the soil sampling
dates). On the other hand, the abundance of mcr4 genes also
peaked on August 2 and July 9 in CF and WS plots, respec-
tively, then decreased, and increased again on October 8. In
addition, the extent of variability was higher in mcr4 tran-
scripts (4.2- to 4.8-fold increase from the minimum to the
maximum) than in mcrA4 genes (1.6- to 2.5-fold increase). The
abundance of mcrA transcripts was higher in CF plots than in
WS plots on August 2 and September 6 (Fig. 3a), when CHy4
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Fig. 3 Seasonal variability in abundance of mcrA genes and transcripts
(a), amoA/lpmoA genes and transcripts (b), and mcrA genes — amoA/pmoA
genes and mcrA transcripts — amoA/pmoA transcripts (c) in rice paddy
soils under continuous flooding (CF) and water-saving (WS) irrigation
practices. Values are means * standard errors, n=3. Asterisks indicate
significant differences (p<0.05) between CF and WS irrigation on the
corresponding dates. “DNA” and “RNA” in the legend denote genes and
transcripts, respectively
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emissions were significantly higher in CF plots; however,
these differences were not statistically significant.

The abundance of amoA/pmoA genes fluctuated during the
rice-growing season (Fig. 3b) and showed no relationship to
CH, emissions, while the abundance of amoA/pmoA tran-
scripts peaked on August 2 and decreased thereafter, indicat-
ing that methanotrophic activity was the highest on August 2.
The abundance of amoA/pmoA genes and transcripts did not
differ significantly between the two irrigation practices with
the exception of amoA/pmoA transcripts on October 8, when
CH,4 emissions were not different between CF and WS
(Fig. 1a). When the difference in abundance between mcr4
transcripts and amoA/pmoA transcripts was plotted against
time, it followed the patterns of CH,4 emissions in the respec-
tive plots and was higher in CF plots on August 2, September
6, and October 8§, although a significant difference was ob-
served only on August 2 (Fig. 3c). The difference in abun-
dance between mcrA genes and amoA/pmoA genes showed
significant differences between the two irrigation practices on
September 6, but again did not follow the patterns of CH,
emissions.

gnorB, cnorB, and nosZ The abundance of N,O emission-
related genes and transcripts generally fluctuated and showed
large variability among the replicate plots (Fig. 4a—c). Signif-
icant differences between the irrigation practices were not
observed during most of the soil sampling dates. Differences
in abundance between genes/transcripts related to N,O pro-
duction (gnorB and cnorB) and those related to N,O consump-
tion (nosZ) also did not differ significantly between the two
irrigation practices (Fig. 4d). The abundance of gnorB genes
was 6.4-to 12.8-fold higher than that of cnorB genes and 55.8-
to 82.8-fold higher than that of nosZ genes (Fig. Sla), and the
abundance of gnorB transcripts was 2.1- to 13.4-fold higher
than that of cnorB transcripts and 1.7- to 8.7-fold higher than
that of nosZ transcripts during the rice-growing season
(Fig. S1b).

Phylogenetic Analysis

Bacterial and Archaeal 16S rRNA A summary of the pyrose-
quencing data is presented in Tables 2 and S4. No significant
differences in the number of OTUs, richness estimators, or
diversity indices were observed between the two irrigation
practices. When weighted Fast UniFrac analysis was per-
formed to compare prokaryotic community structure among
the soil samples, the bacterial and archaeal communities ob-
tained using 16S rRNA genes were separated from those
obtained using 16S rRNAs by principal coordinate 1
(Fig. S2). It appeared that irrigation practices had no effect
on the global community structure of the soil prokaryotes. The
composition of bacterial phyla did not differ significantly
between the two irrigation practices (Fig. 5a). The abundance
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of pyrosequencing reads affiliated with Proteobacteria was
significantly higher in the 16S rRNAs than in the 16S rRNA
genes, while the situation was reversed for Chloroflexi, sug-
gesting that the metabolic activity of Proteobacteria was
higher than that of Chloroflexi. On the other hand, the abun-
dance of 16S rRNAs affiliated with Anaeromyxobacter and
Methylocystis was significantly higher in WS plots (8.2 and
1.3 %, respectively) than in CF plots (4.2 and 0.5 %, respec-
tively) (Fig. 5b); these differences were also observed at the
species level (Fig. S3a). The abundance of 16S rRNAs be-
longing to the OTUs 4478, 4946, 5036, 5042, and 5061,
which were clustered with the 16S rRNA gene of
Anaeromyxobacter dehalogenans 2CP-17 (AF382396), were
more abundant in WS than in CF plots, although these differ-
ences were not significant. OTU 4604, which showed 98.6 %
of 16S rRNA gene similarity with Methylocystis echinoides
IMET 10491" (AJ458473), occupied 0.33 % of bacterial 16S
rRNAs in CF plots and 1.17 % in WS plots, and this difference
was significant.

The distribution of archaeal phyla in paddy soils did not
differ significantly according to irrigation practice (Fig. Sc).
The relative abundance of six orders of phylum Euryarchaeota
is presented in Fig. 5d. Methanosarcinales was the most abun-
dant Euryarchaeotal order (28 and 24 % of archaeal 16S rRNA
genes and 38 and 39 % of archaeal 16S rRNAs in CF and WS
plots, respectively). At the species level, OTUs affiliated with
GOM Arc I and Methanosaetaceae, which belong to the order
Methanosarcinales, dominated the Euryarchaeotal 16S tRNA
genes and 16S rRNAs (Fig. S3b).

mcrA and amoA/pmoA Although the mcr4 genes and tran-
scripts were distributed among the orders Methanosarcinales,
Methanomicrobiales, and Methanobacteriales, group 1 (be-
longing to Methanosarcinales) occupied most of the se-
quences (89-99 %, Fig. 6a). Sequences affiliated with group
1 have frequently been found in rice paddy soils (Fig. S4a) but
only as minor members [34-36].

The phylogenetic distribution of the amoA/pmoA genes and
transcripts differed dramatically (Fig. 6b). About 98 % of the
amoA/pmoA genes were affiliated with amoA genes from
ammonia-oxidizing bacteria in both treatments, while 73
(CF) and 89 % (WS) of amoA/pmoA transcripts were affiliated
with pmoA genes from methanotrophic bacteria. Although
pmodA transcripts were associated with both type I and type
II methanotrophs, many (49 and 68 % in CF and WS treat-
ments, respectively) were grouped with pmoA genes from type
II methanotrophs such as Methylocystis and Methylosinus spp.
(group 7 in Fig. 6b). The higher abundance of pmoA tran-
scripts belonging to type II methanotrophs in WS treatment
compared to CF treatment was in agreement with the above
result (Fig. 5b), where 16S rRNAs affiliated with
Methylocystis were significantly more abundant in WS plots
than in CF plots.
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gnorB and nosZ The gnorB genes and transcripts showed
homologies with those from Acidobacteria, Proteobacteria,
Firmicutes, and Cyanobacteria at the phylum level (Fig. 6¢).
The gnorB sequences assigned to group 10, which was related
to the gnorB gene from A. dehalogenans, were most abundant
in gnorB transcripts (16 and 24 % in CF and WS plots,

Table 2 Summary of pyrosequencing data obtained from rice paddy soils
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respectively) but were not detected in gnorB genes. The higher
abundance of gnorB transcripts belonging to group 10 in WS
than in CF was in agreement with the above result (Fig. 5b),
where the 16S rRNAs affiliated with Anaeromyxobacter spp.
were significantly more abundant in WS plots than in CF
plots.

Bacterial 16S rRNA  Archaeal 16S rRNA  mcr4 amoAlpmoA qnorB nosZ
No. of  No. of No.of  No. of No. of  No. of No. of  No. of No. of  No. of No. of  No. of
reads OTUs* reads OTUs* reads OTUs" reads OTUs? reads OTUs® reads OTUs®
CF_DNA 800 564+12 300 10343 500 123 250 61 210 106 490 20
WS DNA 800 583+26 300 104+9 500 89 250 49 210 124 490 24
CF_RNA 800 560+36 300 92+13 500 54 250 106 210 152 490 17
WS RNS 800 555+36 300 10242 500 57 250 113 210 149 490 14

* Calculated at a 97 % nucleic acid similarity cutoff, average + standard deviation (#=3)

> Numbers of unique amino acid sequences
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Unlike the gnorB sequences, the nosZ sequences obtained
from the rice paddy soils were distributed among nosZ genes
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only from Proteobacteria (Fig. 6d). Most nosZ genes and
transcripts (70-79 %) were assigned to group 1, which
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Fig. 6 Phylogenetic trees of a
genes and transcripts related to 0.20
emissions of the greenhouse gases % frequency
from rice paddy soils under H%
continuous flooding (CF) and i3
water-saving (WS) irrigation (in 6

bold): merA (a), amoAlpmoA (b),
gnorB(c), and nosZ(d). Reference
sequences obtained from the
FunGene and GenBank databases
were also included. The
phylogenetic trees were
constructed based on the
homology of deduced amino acid
sequences with average lengths of
133 (mcrA), 100 (amoAlpmoA),
113 (gnorB), and 153 (nosZ)
amino acids. Local support values
(>70) calculated using the b
Shimodaira-Hasegawa (SH) test
are indicated at each node. The

86

0.20
% frequency

sequences were grouped %

arbitrarily based on the local %04
. 524

support values and the distances 554

788

among groups. A representative
reference sequence is presented
for each group and the isolation
sources are indicated where
known. Relative abundances of
the groups or the sequences in
each sample are represented by
color gradients (heatmaps).

“DNA” and “RNA” in the legend o
denote genes and transcripts,
respectively ot

96|

included sequences from Betaproteobacteria such as
Aromatoleum, Azoarcus, Rhodoferax, and Thiobacillus
(Fig. S4b). Noticeable differences in abundance of nosZ se-
quences between the two irrigation practices were not observed.

Discussion

The water-saving (WS) irrigation reduced CH4 emissions by
78 % and increased N,O emissions by 533 % compared to
continuous flooding (CF) irrigation, without loss of crop
yield. This resulted in a 78 % reduction of GWP in the rice
field, which exceeded reductions obtained by other alternative
irrigation practices such as intermittent drainage (27-61 %)
[6-8], indicating that WSS irrigation is effective for mitigating
emissions of the greenhouse gases from rice fields.

The significant difference in CH4 emissions between the
irrigation practices was best described by the difference in
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abundance between mcrA transcripts and amoA/pmoA tran-
scripts, indicating that WS irrigation simultaneously affected
methanogenic and methanotrophic activities. Zhang et al. [37]
also showed that intermittent drainage reduced CH, produc-
tion potential and increased CH,4 oxidation potential, thus
decreasing CH, emissions from rice fields.

Unlike the CH,4 emission-related genes, the transcript abun-
dance of N,O emission-related genes could not explain either
the N,O emission patterns or the differences in N,O emissions
between the two irrigation practices (Fig. 4). Two recent
studies demonstrated the existence of novel nosZ genes that
are difficult to detect with currently available primers, and
these genes are abundant in various environments [38, 39].
Jones et al. [38] showed that nosZ sequences obtained using
newly designed primers were grouped with the nosZ genes
from Bacteroidetes, Gemmatimonadetes, Chloroflexi, and
Proteobacteria; in contrast, the nosZ sequences obtained in
the present study were associated only with genes from
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Fig. 6 (continued) C
‘group 1. Candidatus Koribacter versatilis Ellin345 (ABF639369) I
Acidobacteria
0.05
% frequency = L//group 2. Candidatus Solibacter usitatus Ellin6076 (ABJ83921) [Z1]] Acidobacteria
0 %
[ 82
12 group3 [T [T
195
gfg %] ———group 4. So_ce_56 ( ) L[ | | Deltap:
39.0 80| — HWHXEOS02IVHE3 [ [ ]
“l " groups. E264 T P
L
group6 T 1]
I%Zsmnp £
HWHXEOS021L09l [ [ [
Py2
group 8. Novosphingobium pentaromativorans U56_1 (EHJ58490) [ | [ T Alphapr
7
ﬁ ; group 9. Bacillus sp. R-32656 (CAOB5946) [ [ Firmicutes
HWHXEOS02GSH4Z [ [ [ ]
08 Corynebacterium pseudotuberculosis CIP 5297 (AEQ05701)
‘Anaeromyxobacter dehalogenans 2CP_C (ABC83486)
HWHXEOS02G51BN
HWHXEOS02FO5GI
group 10. Aneromyxobacter dehalogenans 2CP_C (ABC81177) [ [ Deltaproteobacteria
group 11. Synechocystis sp. PCC 6803 (BAL34004) [ [ [ | | Cyanobacteria
HWHXEOS02HGXNM
Syntrophobacter fumaroxidans MPOB (ABK18607)
o HWHXEOS02FNSUJ [ 1 ]
__— groupt2. iensis Bem Deltaproteobacteria
00— aureus ED133 (ADI96742)
' Lactobacillus fermentum CECT 5716 (ADJ41603)
Kyrpidia tusciae DSM 2912 (ADG06795) Firmicutes
Bacillus licheniformis DSM 13 (AAU40974)
idasius C56_YS93
HWHXEOS02JIMTA
0 D ile fiodjer DS 6799 (
L HWHXEOSO02IQMK [ [ 1 [ ] Deltaproteobacteria
s e group 13. 668 o | Betaproteobacteria
= —group14 [T 1]
EE &
ZzZzZ zZ z
nInl m| mI
5252
0.20
—— & ‘group 1. Thiobacillus denitrificans ATCC_25259 (AAZ97342) NN
% frequency
% o .
___— group 2. Herbaspirillum sp. TSA20w (BAI67003) It b
—_— group 3. Ralstonia eutropha H16 (CAA46383) || | |
np clone ISA00203 (ACI48842) 0-20cm paddy soil
85, HY4BJDCO20MY60 [ [ [ | |
ﬁu _~ group 4. Mesorhizobium sp. D246 (BAH90711) [T [ [ |
8
Azospiriflum sp. TS022-1 (BAJ11540)
7 group 5. SB 1003 (. )y T T 13
clone DUNnos237 (AAX10748), forest soil :
l HY4BJDCO2IQEUV [ | [ Alphaproteobacteria
- —group 6. clone 28-1 (CBE70458), Acidic fen Schloeppnerbrunnen [ [ [ |
o
o group 7. clone DMZb2-2772 (ABX57711), lake sediment
e group 8. USDA 110 I
99
s[> group®. ATCC 49840 4) T T 1
Gammaproteobacteria
9[> group 10. Rhodanobacter sp. 115 (HIL86864) [ | | | |
9 roup 11. Candidatus Accumulibacter phosphatis [ | | |
ORI ade A str. UW-1 (ACV36679) "
Py N ;
= group 12. 2CP-C ( VT T 1) o e

Proteobacteria (Fig. 6d). The discrepancy between the N,O
emission patterns and the molecular results may have arisen
from microbial groups with undetected nosZ genes.

There are two possible explanations for the observed dif-
ferences in N,O emissions between WS and CF irrigations.
The thicker layer of water in CF plots might facilitate micro-
bial conversion of N,O to N, by increasing the residence time
of N,O [40]. On the other hand, reduction of N,O may have
been inhibited in WS plots because it is known that nitrous
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oxide reductase can be irreversibly inactivated by O, exposure
[41, 42].

Analysis of community structure based on 16S rRNAs
showed that the relative abundance of Anaeromyxobacter
and Methylocystis spp. increased in WS plots compared to
CF plots (Fig. 5b). It was shown that bacteria affiliated with
Anaeromyxobacter were capable of utilizing acetate under
methanogenic conditions [43] and 4. dehalogenans, the sole
species of the genus, can utilize various electron acceptors,
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such as chlorinated phenols, nitrate, oxygen, and ferric iron
[44, 45]. We presume that the relatively oxic conditions in-
duced by WS irrigation increased the availability of electron
acceptors for Anaeromyxobacter spp., leading to their enrich-
ment in WS plots. However, it is unclear whether
Anaeromyxobacter spp. affected methanogenesis by compet-
ing with methanogens for acetate. On the other hand, genome
sequencing analysis revealed that A. dehalogenans possesses
norB and nosZ genes [46], and indeed, norB transcripts related
to this species were abundant in the rice paddy soils, particu-
larly in WS plots (Fig. 6¢).

Ma and Lu [17] observed that intermittent drainage signif-
icantly increased the abundance of Methylocystis/
Methylosinus in thizosphere and surface soils, but not in bulk
soils, suggesting that the Methylocystis/Methylosinus group
responds to oxic conditions induced by intermittent drainage
more rapidly than other methanotrophs. Our results showed
that this group of methanotrophs can be enriched in bulk soils
by the alternative irrigation practices. On the other hand,
methanotrophs are known to reduce NO, to N,O, similar to
ammonia oxidizers [47]. Mandernack et al. [48] showed that
type II methanotrophs were important in NH; oxidation and
concomitant production and emission of N,O from landfill
soils. Further studies will be needed to clarify the roles of
Anaeromyxobacter and Methylocystis in the emissions of
greenhouse gases.

GOM Arc I was previously known as ANME-2d because
this group was phylogenetically related to the anaerobic
methanotrophs ANME-2 [49, 50], but its role in methane
biogeochemistry remains unclear [51, 52]. Because ANME
clusters, including GOM Arc I, have not previously been
detected in rice field soils [53, 54], identification of the exact
role of this group of archaea in CH,4 emissions in rice fields
will be an interesting subject.

In this study, primers amplifying both amoA and pmoA
genes were used for monitoring CH,4 oxidation because am-
monia monooxygenase of NH;-oxidizing bacteria has also the
capacity to oxidize CH, to methanol [55]. In DNA-based
analysis, amoA sequences were more abundant than pmoA
sequences, but in RNA-based one, the situation was reversed
(Fig. 6b). This result suggests that the abundance of NHj3-
oxidizing bacteria was higher than that of CH4-oxidizing
bacteria, but that CH, oxidation was mediated mainly by
CHy-oxidizing bacteria. This is consistent with previous re-
ports showing that the contribution of nitrifying bacteria to
CH,4 oxidation was insignificant in soils [56, 57].

In previous studies, nitrite reductase genes (nirK/nirS) and
nosZ genes have been the primary marker genes for denitrifi-
cation [58] and norB genes have rarely been used, probably
because many nondenitrifiers such as pathogens [59], nitri-
fiers [60], and methanotrophs [61] also possess norB genes. It
has also been shown that the ratio of the abundance of nir and
nosZ genes might influence potential N,O emissions [62, 63].

However, our results suggest that norB genes may be better
descriptors of N,O emissions, at least in rice paddy soils. The
most active gnorB group was closely associated with the
gnorB gene from A. dehalogenans (group 10 in Fig. 6¢),
which does not possess nir genes [39]. In addition, groups 1
and 2 (other active gnorB groups) were clustered with gnorB
genes from “Candidatus Koribacter versatilis” and
“Candidatus Solibacter usitatus,” respectively, which also
lack denitrification genes [64]. In addition, the gene and
transcript abundance of gnorB genes was much higher than
that of cnorB and nosZ genes (Fig. S1), suggesting that N,O
emissions in rice fields might be mediated primarily by the
expression of gnorB genes. The importance of nondenitrifying
bacteria and their gnorB genes to N,O emissions from rice
fields requires further study.

The bacterial and archaeal 16S rRNA numbers were gen-
erally higher than the 16S rRNA gene numbers, while the
transcript numbers of all functional genes were lower than the
gene numbers. It is believed that mRNAs were more degraded
than were rRNAs during our experimental procedure because
rRNA is more stable than mRNA due to its complex second-
ary structure [65-67]. Therefore, it is thought that the copy
numbers obtained in our study must not be considered as
absolute values, but considered as relative values that are
meaningful only for comparison between different treatments.

It was shown that the bacterial activity peaked in August
and decreased thereafter (Fig. 2a), whereas the archaeal one
continuously increased during the rice-growing season
(Fig. 2b). Because methane emissions (Fig. 1a) and the abun-
dance of mcrA transcripts (Fig. 3a) peaked in August and
decreased thereafter, it is thought that the increased activity
of archaea after August was due to the other archaeal groups
except methanogens. Many predominant archaeal sequences
were clustered with ammonia-oxidizing archaea and environ-
mental sequences, but the ecological functions of which are
unknown (Fig. S3b). Investigation on the functions and activ-
ities of these archaeal groups will help to explain the seasonal
variation of total archaeal activity in rice paddy soils.

In this study, only bulk soils were investigated to identify
the effects of water-saving irrigation on soil prokaryotic com-
munities. However, the rice rhizosphere was reported to be the
main site for CH4 production and oxidation [56, 68, 69]. Ma
et al. showed that intermittent drainage resulted in distinct
effects on methanotrophic communities in bulk, rhizosphere,
and surface soils [70]. The rhizosphere was also found to be
the major site for coupled nitrification-denitrification in rice
field soils [71, 72]. Based on these findings, investigation of
the prokaryotic communities in rhizosphere soils will need to
be included in future work to fully explain the effects of
alternative irrigation practices on emissions of CH4 and N,O.

In conclusion, our results showed that WS irrigation could
effectively reduce the GWP of rice paddy soils without a
reduction in crop yield. The WS irrigation did not affect the
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size or structure of soil prokaryotic communities but did affect
the activity of some groups. This indicates that an RNA-based
approach can provide a more realistic picture of the microbial
ecology of rice paddy soils than a DNA-based approach, as
revealed by previous studies [18, 73, 74]. Our results provide
several new findings about the effects of alternative irrigation
practices on soil prokaryotic communities and are expected to
contribute to the development of more effective methods for
mitigating greenhouse gas emissions from rice fields.
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