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Rice paddies are a major source of methane emissions. To meet the food
demand of the growing population and to cope with global warming,
reducing greenhouse gases and enhancing yields are critical. Here we
demonstrate that a loss-of-functionrice allele, gs3, mitigates methane
emissions from methanogens by allocating more photosynthates to
the grainandless to the root and increases yield by enlarging grain size

and weight.

Atmospheric methane is a potent greenhouse gas and is second only
to carbon dioxide in contributing to global warming. Rice paddies
are the largest anthropogenic source of methane, accounting for
7-17% of the total atmospheric methane'* This is due to the warm,
waterlogged soil and soil nutrients, which facilitate the production
of methane through microbe-mediated methanogenesis®. Inaddition,
with increasing demand for food, sustainable rice production tech-
nologies are urgently needed. Currently, efforts to mitigate methane
emissions from rice paddies are focused largely on farming practices
and measures, which can be challenging to implement effectively®.
Beyond farming practices, many previous studies demonstrated that
photosynthate allocation modulation (grain versus root) can mitigate
methane emissions through genetic trait modulation*®, For example,
rice SUSIBA2, which harbours a transcription factor for sugar signalling
inbarley?, emits less methane by increasing starch content and spikelet
number*. In this line, removing spikelet has been reported to notably
increase methane emissions compared with wild type® . While the
development of new rice varieties with reduced methane emissions
is crucial, there is currently a lack of research on utilizing breeding
strategiesto harnessthe natural variationinrice that does notinvolve
additional laborious manpower and can get over numerous obstacles
from genetic modification. In this study, we developed anear-isogenic
riceline, Milany360, by introgressing the gs3mutantallele fromarice
variety Shindongjin toincrease grain yield and decrease methane flux

by shifting the allocation of photosynthates away from the root and
towards the grain by enlarging grain size.

Thegene GS3, which was obtained through quantitative trait locus
cloning as a gene on chromosome 3 controlling grain size, negatively
regulates organ size via its organ-size-regulation domain®". In this
study, we investigated the natural loss-of-function gs3 mutant allele,
which harbours an A-to-stop-codon mutation at the 165th nucleotide
position in the second exon in the organ-size-regulation domain®"
(Extended Data Fig. 1). Because introgression of gs3 in rice varieties
increases grain yield", we hypothesized that the gs3 variety would
show lower allocation of photosynthates to the root, resulting in low
methane production by methanogenic archaeaand higher allocation of
photosynthates to the sink organ contributing the enhanced grain size.

Two Koreanrice varieties, Saeilmi and Shindongjin, were crossed
in2012. Then anear-isogenicline (NIL) Milayang360 was selected from
BC,F, to BC,F, progeny using marker-assisted backcrosses. Subse-
quently, achip array revealed 99.9% genetic similarity between Milay-
ang360 and Saeilmi (Fig. 1a and Extended Data Figs.1, 2a).

To determine the effect of gs3 on methane emissions, we culti-
vated Milyang360 and Saeilmi for two years at two locations, Miryang
and JinJu field stations of Rural Development Administration, South
Korea, and measured the methane emission rate and the cumula-
tive methane emissions (Fig. 1b). The average seasonal cumulative
methane emissions of Milyang360 (130 kg ha™) were 16% lower than
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those of Saeilmi (156 kg ha™). Intriguingly, after the heading stage, the
cumulative methane emissions of Milyang360 were 50 kg ha™, a37.5%
reduction compared with Saeilmi (81 kg ha™) (Fig. 1b). Most previous
studies targeted the early growth stage for reducing methane emis-
sions because the methane emissions peak was detected right after
irrigation. However, recent emerging data also detected the peak
at the heading stages, when photosynthate allocation modulation
(grain versus root) may occur®.
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Tounderstand how gs3reduces methane emissions, we measured
the soluble sucrose content of different plant parts at different growth
stages, analysed the relative expression of starch synthesis genes in
grains and panicles, investigated root exudate contents and composi-
tionand their related gene expression and profiled microbial communi-
ties, including methanogens and fermentation-related microbes. After
the heading stage, Milyang360 exhibited a 56% reduction in soluble
sucrose contentinroots compared with Saeilmi. However, the soluble
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Fig.1|NIL Milyang360 harbouring the gs3 allele exhibits reduced methane
emissions. a, Phenotype of Milyang360 and Saeilmi plants in the rice paddy
field. b, Seasonal methane emission and methane flux rates measured in
triplicatein 2021 and 2022. Error bars represent standard error. Asterisks
indicate significant differences (*P < 0.05; **P < 0.01; one-way analysis of
variance (ANOVA)); P = 0.008 after heading stage of CH, emission rate; Pvalue
of cumulative methane flux was 0.035and 0.040 in 2021and 2022, respectively.
The dataare shown as mean + s.d.; n =12 for average CH, emissions and n = 6 for
cumulative CH, emissionsin 2021 and 2022. ¢, Soluble sucrose contents of the
different parts of two gs3alleles at different growth stages. The data are shown
asmean +s.d. and n =10. At the heading stage, P= 0.034 and 0.007 on panicle
androot, respectively. At the grain-filling stage, P= 0.008 and 0.007 on panicle
androot, respectively. d, Heatmap showing the abundances of methanogens and
fermentation-related microbes. At the tillering stage, P = 0.152; however, after
the heading stage, the relative abundance of microbes was significantly lower in

Milyang360 rhizosphere than in Saeilmi rhizosphere. Relative abundance data
were transformed to centred-log ratio, which involves dividing each element
inthe count vector by the geometric mean of all elements and then taking the
natural logarithm of each ratio. This transformation enables the conversion of
data from the simplex space to real co-ordinate space, and n = 15. e, Microbial
community and beta-diversity analyses of the rhizospheres of five plantsin
2021 and ten plants in 2022 by metagenome sequencing. Arrows indicate
methanogenesis. PC1: methanogens. PC2: fermentation-related microbes.

f, Quantification of methanogens and methanogenesis-related enzymes based
on the number of mcrA gene copies in different gs3 alleles at different growth
stages. Asterisks indicate significant differences (*P < 0.05; **P < 0.01; one-
way ANOVA). At the heading stage, P=0.035and 0.0007 for DNA and RNA,
respectively. At the grain-filling stage, P= 0.027 and 0.006 for DNA and RNA,
respectively,and n=10.FW, fresh weight.

sucrose content was 61% higher in the panicle of Milyang360 than in
that of Saeilmi (Fig. 1c). However, there was no difference in photosyn-
thesisrate between the two varieties (Extended Data Table 1). This result
agrees with a previous study” that showed that photosynthates are
translocated more to above-ground than to underground organsin gs3
allelerice. The overall relative abundances of rhizosphere microbiota of
Milyang360 and Saeilmiwere not significantly different at the tillering
(vegetative) stage; however, after the heading (reproductive) stage,
the relative abundances of methanogens and fermentation-inducing
microbes were significantly lower in Milyang360. The number of mcrA
gene copies was significantly lower in Milyang360 than in Saeilmi
(Fig. 1f). In Milyang360 rhizosphere, Proteobacteria and Verrucomi-
crobia were relatively highly abundant, whereas Firmicutes and Act-
inobacteria (putative fermentation-related bacteria) had relatively
low abundances (Extended Data Fig. 3a). The relative abundances of
obligate methanogens (Methanobacteriaceae and Methanotrichaceae)
and putative fermentation-dependent microbes (Peptococcaceae,
Melioribacteriaceae and Micrococcaceae), which ferment root exu-
dates to produce organic acids and methane™, were significantly lower
onthebasis of their relative abundancesin the Milyang360 rhizosphere
after the heading stage. Beta-diversity analysis showed that rhizos-
phere microbial communities were clustered on the basis of genomic
differences (Fig.1d-f).

To validate the rhizosphere release of photosynthates, which
provide the food source for methanogens, the root exudate content
in the rhizosphere and the expression of exudate transporter genes
in rice root were measured. After the heading stage, the dissolved
organic carbon, carbohydrate and total organic acid contents of Mily-
ang360 were significantly lower than those of Saeilmiby 21%, 26% and
32%, respectively (Fig.2a).In addition, the expression of root exudate

transporter genes, including OSALMTI (which exports organic acids),
OsSWEETI11, OsSWEETI14 and OsMFSI (which export sugars such as
glucose and sucrose), were significantly lower in Milyang360 after the
heading stage (Fig. 2b).

The process of starch synthesis in grains requires sucroseimport
and transition™¢, To evaluate whether photosynthates allocated to
thessink contribute to starchaccumulationingrain, contributing yield
increase in Milyang360, the relative expression of nine genesrelated to
starch biosynthesis was quantified in different plant parts and under
different nitrogen levels. As expected, OsSUT1, OsSUT5 and OsDOFI11,
which regulate sucrose import into the cell and sucrose transport to
the grain, were highly expressed in Milyang360. In addition, sucrose
transition-related and starch synthesis-related genes were highly
expressed in the grains and panicles of Milyang360, regardless of the
nitrogen level (Fig. 2e).

Decreasing nitrogen input is also known to reduce methane flux
inrice paddies''®. To investigate the additive effect of photosynthate
allocation and low nitrogeninput on methane emissions, we conducted
experiments onrice paddies that had been maintained for two decades
under low and normal nitrogen conditions. Our results showed that
reducing the nitrogen level and increasing the sink strength had an
additive effect on mitigating methane emissions. The nitrogen effect
involved in the mitigation of methane flux was approximately 10%
regardless of the variety, which was statistically significant (Extended
Data Table 2). Interestingly, compared with conventional fertilization
(nitrogen (N)-treated) Saeilmi (N-Saeilmi), low-fertilization (L-treated)
Milayng360 (L-Milyang360) plants exhibited 24% less methane emis-
sion during whole rice cultivation and 63% lower methane flux after
heading (Fig. 2c). Milyang360 showed 6% higher milling grain yield
following N treatment and 14% higher milling grain yield following

Fig.2|Root exudate analysis and additive effect of gs3 and low nitrogen
input on methane emissions. a, Analysis of root exudates, including dissolved
organic carbon, carbohydrates and total organic acids. One-way ANOVA was
used for statistical analysis. At the heading stage, the Pvalues for dissolved
organicacid, carbohydrate and total organic acid were 0.038,0.007 and 0.008,
respectively. And at the grain-filling stage, Pvalues were 0.041,0.008 and
0.008, respectively. Error bars represent standard error. The data are shown as
mean +s.d.and n=10.b, Relative expression of genes encoding root exudate
transporters in the root. Green, pink and yellow lines indicate tillering, heading
and grain-filling stages, respectively. One-way ANOVA was used for statistical
analysis (*P < 0.05;**P< 0.01). The dataare shown as mean + s.d. and n =10.
Atthe heading stage, the Pvalues of OSALMTI, OsSSWEET11, OsSWEETI4 and
OsMFS1were 0.008,0.042,0.035 and 0.037, respectively. At the grain-filling
stage, the Pvalues were 0.008,0.007,0.008 and 0.007, respectively. ¢, Seasonal
methane flux and methane emission rates of different gs3 alleles grown under
different nitrogen levels. One-way ANOVA was used for statistical analysis. The
data are shown as mean +s.d. and n =12. For the total methane flux, the Pvalue
was 0.026 between L-Milyang360 and L-Saeilmi, 0.035 between N-Milyang360
and N-Saeilmi, 0.045 between L-Milyang360 and N-Milyang360 and 0.007

between L-Milyang360 and N-Saeilmi. For the CH, emission rate, the Pvalue was
0.008 between L-Milyang360 and L-Saeilmi, 0.006 between N-Milyang360 and
N-Saeilmi, 0.042 between L-Milyang360 and N-Milyang360 and 0.005 between
L-Milyang360 and N-Saeilmi. d, Agronomic traits of different gs3 alleles under
different nitrogen levels were analysed using Kruskal-Wallis test (P < 0.05).
Letters represent significant differences between gs3alleles under different
nitrogen levels (P < 0.05; Tukey’s honest significant difference test). The data are
shownasmean *s.d.and n=10. The Pvalues of the milling rice yield, thousand-
grainweight and grain length were 0.042, 0.020 and 0.023, respectively. For the
thousand-grain weight, the Pvalue between L-Milyang360 and N-Saeilmi was
0.008 and for grain length was 0.007. e, Relative expression of starch synthesis
genesin the twogs3alleles under different nitrogen levels. Most genes were
highly expressed in Milyang360. The degree of statistically significant difference
inrelative gene expressionis indicated by the circle size. The dataare shown as
mean £s.d. and n =10.f, Schematic model depicting the reduction in methane
emissions through the introduction of the gs3 allele, which has an additive
effect with low nitrogen input. *P < 0.05; **P < 0.01. LN, low nitrogen; NN, normal
nitrogen; NS, non-significant.
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low nitrogen input compared with those of Saeilmi by enlarging grain
size (Fig. 2d).

In this study, we demonstrated that reducing nitrogen input and
introducing the gs3 allele have an additive effect on the reduction in
methane emissions. Root exudate secretion was affected by nitrogen
levelsaswellasby anincreaseinsink strength. The root exudate content
of L-Milyang360 plants was significantly lower than that of N-Saeilmi
plants. In addition, the dissolved organic carbon, carbohydrate and
organic acid contents of L-Milyang360 plants were approximately
30%, 46% and 47% lower than those of N-Saeilmi plants, respectively
(Extended Data Fig. 4). Moreover, compared with N-Saeilmi, the
soluble sucrose and starch contents of L-Milyang360 were higher in
above-ground parts and lower in underground parts (Extended Data
Table 1). The abundance of methanogens in L-Milyang360 was sig-
nificantly lower than that in L-Saeilmi and similar to that in L-Saeilmi
and N-Milayng360 (Extended Data Fig. 3b). Beta-diversity analysis
showed that the metagenome sequencing data were grouped by the
nitrogen level at the tillering stage but by both the nitrogen level and
thegs3allele at the heading stage (Extended Data Fig. 3a). Root exudate
release, microbial community formation and methane emissions were
affected by nitrogen input and photosynthate allocation.

In conclusion, the introduction of the gs3 mutant allele in rice
decreased methane emissions and showed an additive effect with low
nitrogeninput. The nullgs3alleleincreased sink strength by enhancing
the allocation of photosynthates to above-ground (grain) rather than
to below-ground (root), contributing to a decrease in root exudate
release. Collectively, our results suggest that Milyang360 harbouring
thegs3allele could serve as amodel plant for managing methane emis-
sions through conventional breeding programmes. In 2020, rice pad-
diesemitted 29.8 Tg of methane for Food and Agriculture Organization
Tier1(http://www.fao.org/faostat) around the world. We suggest that
ifthe gs3allele effect is applied on scale factor for rice cultivar (SF,) of
methane emissions calculating formula, it can reduce global methane
by 4.8 Tg(29.8 Tg x 0.16 = 4.8 Tg). Taken together, introgression of the
gs3alleleinrice germ plasm can serve to not only reduce greenhouse
gasemissions and nitrogen fertilizer input but also meet the escalating
global food demand.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
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Methods

Breeding of the NIL Milyang360

In 2019, following the method outlined by ref. 19, Milyang360 was
generated through amarker-assisted backcrossing process using the
gs3KASP marker. The NIL Milyang360 was created using foreground
selectionon BC,F, BC,F,and BC,F,. The generation process was accel-
erated in the greenhouse during the winter season. To determine
the introgression ratio and select the NIL, background selection
was performed on BC,F; plants. The selected line was then tested
throughyield trialsin 2017, replicated yield trialsin 2018 and regional
adaptability yield trials in 15 regions of South Korea over a period of
3years. Theintrogressionratio of Milyang360 was determined using
the KNU Affymetrix Axiom Oryza 580K Genotyping Array (Thermo
Fisher Scientific). Milyang360 and Saeilmi seeds were deposited
in the gene bank of the National Institute of Agricultural Science,
Rural Development Administration (accession numbers: K278471
and IT318798, respectively).

Field experimental design and cultivation management

The experimental fields were located in Miryang, South Korea
(35°29732.2872” N, 128° 44’ 32.1972” E) and Jinju, South Korea
(35°9712.14268” N, 128° 6’ 3.73284” E) during the period 2021-2022.
Before transplanting, conventional tillage was performed, and no straw
ororganic matter was applied. Therice varieties used were Milyang360
and Saeilmi, which were transplanted after 30 days of sowing. The
seedlings were transplanted simultaneously in both experimental fields
(Miryangand]Jinju) on5Jun, withaspacing of 30 cm x 15 cm. Each field
(8 m x 70 m) had threereplicate plots. Chemical fertilizer (N-P,05-K,0:
21-17-17) was applied at a total rate of 90 kg ha™ N during rice cultiva-
tion. This fertilizer was split into three applications: 54 kg ha™ N as
basal application before transplanting, 18 kg ha™ N at 20 days after
transplanting (DAT) and another 18 kg ha™ N at 65 DAT under normal
nitrogen conditions. In the low-nitrogen plots, only half the amount
of nitrogen used in normal plots was applied. The normal-nitrogen
and low-nitrogen fields have been maintained for 20 years. Both sites
were continuously flooded until 110 DAT as part of field management
practices. During the rice growing season, continuous flooding was
applied so that a water level of 5-7 cm above the soil surface was con-
sistently maintained.

Measurement of methane emissions and soil redox potential
onrice paddy

A closed-chamber experiment*** was performed to analyse methane
emissions from the seasonal rice crops cultivated in Miryang. Another
closed-chamber experiment was performed in Jinju for two years
under low and normal nitrogenlevels. Gas samples were collected from
eachtreatmentandreplicated every 15 min for atotal of 30 min using
50 mlplastic syringes witha three-way stopcock ineach of three glass
chambers (62 cm diameter, 112 cm height) in each plot. The chambers
were placed on flooded soil, covering eight rice hills each, and had
four holes at the bottom to maintain awater level of 5-7 cm above the
soil-water interface. Gas samples were collected three times a day
(between 8:00 and 12:00 LT) to calculate the daily methane flux twice a
week during therice cultivation period. The chambers were equipped
with afan for air circulation and athermometer for monitoring the air
temperature during sampling. The chambers were kept open except
during sampling, and gas samples were immediately transferred to
air-evacuated glass vials for analysis in the laboratory. Methane con-
centration was measured using Agilent 7890A gas chromatograph
equipped with a stainless steel Porapak NQ column (Q80-100 mesh,
cat. no. 1002-11105) and a flame ionization detector. The tempera-
tures of the column, injector and detector were set at 80 °C, 100 °C
and 110 °C, respectively, and helium and hydrogen were used as the
carrier and burning gases, respectively. To calculate methane flux,
the rate of change in methane concentration per unit surface area of

the chamber within aspecified timeinterval was calculated using the
following equation:

F = (V/IA) x (A/At) x (273/T)

The equation considers factors such as methane flux
(F, mg m2h™ CH,), chamber volume (V), chamber area (A), rate of
methane accumulation (A/At) and absolute temperature during gas
sampling (7). Linear regression was applied to concentration versus
time data (collected at 0,15 and 30 min) to calculate the slope. If asam-
ple deviated from the regression line, or if the correlation coefficient
of the regression was not significant at the 95% confidence limit, the
sample was either recalculated without the outlier or rejected. Finally,
the total methane flux for the entire cropping period was calculated
using the following equation:

n
Total methane flux = ) (Ri x Di)
7

where Ri indicates the methane emission rate and was expressed as
grams of methane per square metre per day for each sampling interval
represented by the index /, Di represents the number of days within
eachsamplingintervaland nisthe totalnumber of sampling intervals
and was calculated to determine the overall methane emission rate.
Continuous monitoring of the soil redox potential (Eh) was conducted
atadepth of 20 cm concurrently with methane sampling.

Analysis of the soluble sucrose and nitrogen contents of rice
plants

Todetermine the levels of soluble sucrose and nitrogeninrice plants,
ten plants were selected on the basis of their parts, growth stage and
nitrogen levels. The plants were collected and analysed on the basis
of their fresh weight.

The determination of the soluble sugar and nitrogen content was
conducted using the phenol and salicylic acid methods, as described
previously®. The starch content of rice plant samples was determined
by first extracting the soluble sucrose by heating the samples in per-
chloricacid to convertstarchintosoluble sucrose. The soluble sucrose
content was determined, which was thenmultiplied by 0.9 to calculate
the starch content. To determine the leaf chlorophyll and carotenoid
contents, pigments were extracted using 95% ethanol and measured
using aspectrophotometer (Agilent Carry 7000 UMS).

Analysis of the rhizosphere and endosphere microbiota of
Milyang360 and Saeilmi by metagenome sequencing
Rhizosphere soil and root samples (1 g) were collected from each of
five plants in 2021 and ten plants in 2022 belonging to 24 treatments
attillering, heading and grain-filling stages. Soil and endophytic DNA
were extracted from each sample using the FastDNA Spin Kit (MP Bio)
following the manufacturer’s protocol. The DNA was then polymerase
chain reaction (PCR) amplified using universal primers (Bioneer) for
16S ribosomal RNA genes, which target the bacterial 16S sequence
(V3-V4 region, V3-F: TCGTCGGCAGCGTCAGATGTGTATAAGAGACA-
GCCTACGGGNGGCWGCAG; V4-R: GTCTCGTGGGCTCGGAGATGT-
GTATAAGAGACAGGACTACHVGGGTATCTAATCC)?. The amplified
DNA was purified, quantified, pooled and subjected to emulsion PCR
using the Herculase Il Fusion DNA Polymerase Nextera XT Index Kit
V2 from the lllumina MiSeq (Macrogen). The libraries were purified,
quantified and then loaded onto the lllumina sequencer. Raw reads
were processed using the CD-HIT-OTU software to filter errors and
remove noise and were sorted on the basis of barcode sequences. The
raw signals of sequences were obtained using a PicoTiter plate. The
sequence reads were validated for both nucleotide quality (average
Phred score>20) and read length (>300 bp). The data were visualized
using Mothur (version 1.33.0), and a phylogenetic tree was generated
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using similarity thresholds of >75%, >80%, >85%, >90%, >94% and
>97% at the phylum, class, order, family, genus and species levels.
The rhizo- and endomicrobiome sequence data have been deposited
in the NCBI Sequence Read Archive database under the NCBI Bio-
Projects PRJINA917217 in 2021 (accession numbers SAMN32529381~
SAMN32529506) and PRJNA917456 in 2022 (accession numbers
SAMN32538821-SAMN32539090).

Quantification of methanogens and methanotrophsinthe
rhizosphere and endosphere of Milyang360 and Saeilmi by
qPCR

Soil DNA/RNA and endophytic DNA/RNA were extracted from soil and
root samples (0.5 g), respectively, using the FastDNA Spin Kit for Soil
(MP Bio) and RNeasy Kit (Qiagen). The copy number of genes related to
methanogens (mcrA) and methanotrophs (pmoA), and typeland type
Ilmethanotrophs were quantified by real-time PCR with Quantstudio5
(Thermo Fisher Scientific). Absolute quantification for soil and root
DNA/RNA samples was performed by quantitative PCR (qPCR).A1/10
serial dilution of the initial standard mass particle solution was used to
generate astandard template, which was then amplified to determine
the threshold cycle (Ct) for a known concentration. The obtained R?
values were greater than 0.99. The primers used for the analysis are
listed in Extended Data Table 3.

Root exudate analysis

Root exudates were collected as described previously** and filtered
througha 0.45 umfilter paper. The filtered samples were lyophilized to
concentrate the exudates and analysed for organic carbon using a total
organiccarbon analyser (Analytik Jena). The contents of total organic
carbon, carbohydrates and total organic acids were analysed using kits
from Cominbio, while the identity of organic acids was determined by
high-performance liquid chromatography (Agilent). Ten plants were
used for this analysis.

Gene expression analysis

Total RNA was extracted from various plant parts using the RNeasy Kit
(Qiagen), according to the manufacturer’s instructions. Then com-
plementary DNA was synthesized using the ProtoScript Il First Strand
cDNA Synthesis Kit (NEB). Subsequently, qPCR reactions were per-
formed using the amfiSure qGreen qPCR Master Mix (2X) with low ROX
(GenDEPOT). Gene expression was analysed by real-time PCR on the
Quantstudio5 instrument (Thermo Fisher Scientific), with 40 cycles.
Transcript levels of genes were normalized relative to the level of rice
Actinl gene. The primer sequences used to performreal-time PCR are
listed in Extended Data Table 3.

Assessment of soil physiochemical characteristics and
measurement of plant agronomic traits

Experimental plots maintained for two decades under normal (9 kg
per 10 acres) and low (4.5 kg per 10 acres) nitrogen levels in the
Department of Southern Area Crop Science, National Institute of
Crop Science, Rural Development Administration (35° 29’ 32.2872” N,
128° 44’ 32.1972” E) were used for the assessment of soil physiochemi-
cal properties: soil pH, electrical conductivity, total nitrogen (N)
and extractable phosphorous (P) and potassium (K) as described
previously?. Soil pH was measured using a 1/2.5 soil to deionized
water suspension. Electrical conductivity was measuredinal/5soil to
deionized water suspension. Total N was analysed using the Kjeldahl
method, and total oxidizable organic carbon was determined using
the Walkley and Black wet-oxidation method?®. The total oxidizable
organic carbon content was multiplied by afactor of 1.72 to calculate
organic matter content. Extractable Pand K were determined accord-
ingto the Egner-Riehm extraction procedure using asolution contain-
ing 0.1 M ammonium lactate and 0.4 M acetic acid (pH = 3.65-3.75),
whichis suitable for use in acidic soils.

Plant agronomic traits, including photosynthetic rate, tiller num-
ber per plant, spikelet number per panicle, plant height, panicle length,
heading date and milled grain yield, were examined. All agronomic
traits were measured in triplicate from ten randomly selected plants
ineach experimental plot; grain yield was measured in triplicate using
100 plants.

Plant photosynthetic rate was quantified using the LI-6800 instru-
ment (LI-COR). Measurements were conducted on different parts
of ten plants between 10:00 LT and 13:00 LT under varying levels of
nitrogen” 2,

Methane emissions calculation formula from2006 IPCC
guideline

The formula for calculating methane emissions from every country
paddy type and cultivation management is as follows.

Methane emission (Ggyr™) = ) (EFijk X tijk X Ak X 10_6)
ik

where EF; = EF x SF,, x SF, x SF, x SF, , EF; is the emission factor for
rice paddy fields in each category (kgha™ d™ CH,), Ty, is the number
of rice cultivation days in rice paddy fields of each category (day), A
is the harvest area of rice paddy fields in each category (ha yr™), EF. is
the baseline emission factor (kg ha™ d™ CH,), SF,, is the scale factor
used for rice paddy type and water management during the growing
season, SF, is the scale factor used for water management before the
growing season, SF, is the scale factor used for application of organic
amendments and SF;, is the scale factor used for soil type and rice
cultivar (only when applicable).

Reporting summary
Furtherinformation onresearch designisavailable in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The rhizo- and endomicrobiome sequence data have been deposited
in the NCBI Sequence Read Archive database under the NCBI Bio-
Projects PRJNA917217 in 2021 (accession numbers SAMN32529381-
SAMN32529506) and PRJNA917456 in 2022 (accession numbers:
SAMN32538821-SAMN32539090).
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Extended Data Fig. 1| Breeding strategy of near isogenic line; Milyang360. Saeilmi and Shindongjin are 96% genetically similar. Chip array analysis revealed that
Milyang360 is 99.9% genetically similar to Saeilmi. MABC indicates the marker-assisted backcross.
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Extended Data Fig. 2| Plant agronomic traits of Milyang360 and Saeilmi.
a, Marker-assisted backcross of Milyang360 using the KASP marker for the
identification of plants harboring the gs3allele. b, Plant phenotypes under
different nitrogen levels. ¢, Agronomic traits of Milyang360 and Saeilmi plants
under different nitrogen levels. Ten plants were used for the investigation of

agronomic traits. The agronomic traits were analyzed using Kruskal-Wallis test
(p <0.05). Letters represent significant differences between gs3 alleles under
different nitrogen levels (p < 0.05; Tukey’s HSD test. The data are shown as
means = SDandn=10.
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methanotroph on different growth stages. Relative abundance data were
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transformed to centered-log ratio (CLR), which involves dividing each element
inthe count vector by the geometric mean of all elements and then taking the
natural logarithm of each ratio. This transformation enables the conversion

of data from the simplex space to real co-ordinate space. d, Quantification of
methanotrophsin the rhizosphere and endosphere, based on pmoA gene copy
number. The relative abundance of endosphere microbiota was analyzed.
Significant differences in pmoA gene copy number were analyzed using Kruskal-
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under different nitrogen levels (p < 0.05; Tukey’s HSD test. The data are shown
minimai s the lowest data point, maxima is the highest data point, medianis

the middle value in the data set, first quartile is median of the lower half of the
dataset, third quartile is the median of the upper half of the dataset and n = 10.
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Extended Data Fig. 4 | Root exudate contents of Milyang360 and Saeilmi.
Root exudates of Milyang360 and Saeilmi plants at different growth stages

and under different nitrogen levels. Significant differences in root exudates
were analyzed using Kruskal-Wallis test (p < 0.05). Letters represent significant
differences between gs3 alleles under different nitrogen levels (p < 0.05;
Tukey’s HSD test). At the tillering stage, p-value of dissolved organic carbon,

carbohydrate, total organic acid, acetic acid, oxalic acid and maleic acid were
0.045,0.041,0.038,0.045,0.039 and 0.040 respectively. At the heading stage,
p-value were 0.041,0.032, 0.035, 0.035,0.030 and 0.027. At the grain filling stage,
p-value were 0.038, 0.032,0.025,0.034, 0.033 and 0.027. The data are shown as
means + SDand n=10.
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Extended Data Table 1| Photosynthesis rates of Milyang360 and Saeilmi plants at different growth stages and under
different nitrogen levels

Photosynthesis rate (mol CO, m™s™)

Plant growth

stage Low nitrogen Normal nitrogen
Saeilmi Milyang36o Saeilmi Milyang36o
Tillering 5.8 +0.08"° 5.5+0.10" 7.3+0.36"" 8.1+0.42"°
Heading 11.5+ 0.35NS 12.8 +0.66"° 13.6 + 0.57NS 13.2 % 0.72"°
Grain filling 23.4 +1.25"" 22.1+1.31"° 25.6+1.24" 26.0 +1.62"°

Statistical analysis was conducted using one-way ANOVA. NS: not significant. n = 10

Statistical analysis was conducted using one-way ANOVA. NS: not significant and n=10.
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Extended Data Table 2 | The statistical values were analyzed to examine the relationships between independent and
dependent variables

Factors CH, emission  Milled rice yield Thousand grain Spikelet
(p-value) (kg/ha) (ton/ha) weight (g) number per
P panicle
Variety (V) 0.0117 0.0075 0.0062 0.5003
Fertilizer (F) 0.0247 0.0268 0.4862 0.0341
VXF 0.0452 0.0384 0.3575 0.0180

The statistical values were analyzed using SAS for two-way ANOVA.

The statistical values were analyzed using SAS for two-way ANOVA.
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Extended Data Table 3 | Details of primers used in this study

Primer names Target genes | Primer sequence (5'—3") References
OsSUT1-F 0sSUTA CCAAAGGGAACTGATCCTCA
OsSUT1-R AAGAAACGCAAAGAGGACGA
OsSUT5-F 0sSUT5 CGTCGCTTCTGAGGTTACTGCT
OsSUT5-R CGGGTGGTGCCTTTGATG
OsSUS1-F OsSUST AGGGACATCATGCAATCAGCGT
OsSUS1-R ACCAGCAGCATCCTCTGCAAAT
OsUGP2-F OsUGP?2 TGAAGCAGCGGCAAGAACACAA
OsUGP2-R TTTGCCCATTCCACATGCTCCT 4
OsSSI-F 0sSS] CTGATACCACGCAAGCAACC
OsSSI-R AGAACAGCACAGGCGACAAA
OsGBSSII-F 0sGBSSII TGGCATCCTTCGCACAAA
OsGBSSII-R CCACAGGCAACCCAACTTCA
OsISAI-F OsISA/ AGGTGGGATAAGAAACTGTGG C
OsISAI-R CCCTCGGCTGTATGATTGAAG A
OsAGPS2-F OsAGPS2 CTGCCAATGGATGAGAAACG
OsAGPS2-R CGTCGTCAAGGCCAAGTATG
OsDOF11-F OsDOF11 CAATGCCCATCATGCCAGCA
OsDOF11-R GCTCTGCAGCCTTGGACTAT
OSSWEET1-F |  oyveprsy LIGGTTCTGCTACGGCCTCTT 15
OsSWEET11-R GGTACCAGAAGTAGAGCCCCATCT
OsSWEET14-F OsSWEET14 ATCTACTACGCGCTGCTCAAGTC
OsSWEET14-R TAGACGAGGTAGACGGCGATGT
OsALMT1-F OSALMT1 AGTACGAACAGCATGCAGTGAGAT
OsALMT1-R TGAGTGTTTTGGCAGCTTTGATGG This study
OsMFS1-F OSMFS1 CCAGCAGCACTAGAGGCAAT
OsMFS1-R GTCGAACACCACTGTTGCAG
Actin11-F Actini] GCATCTCTCAGCACATTCCA 4
Actin11-R GCGATAACAGCTCCTCTTGG
Primers used to quantify methanogenic and methanotrophic groups
MET630F merA GGATTAGATACCCSGGTAGT 4
MET803R GTTGARTCCAATTAAACCG
A189F GGNGACTGGGACTTCTGG 28
mb661R pmoA CCGGMGCAACGTCYTTACC 29
KASP markers
Allele X : ACGCTGCCTCCAGATGCTGC
gs3 Allele Y: ACGCTGCCTCCAGATGCTGA This study

Common : AAACAGCAGGCTGGCTTACTCTC
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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Data collection  Chip array : KNU Affymetrix Axiom Oryza 580K Genotyping Array (Thermo Fisher Scientific, USA), Methane measurement : Agilent 7890A with
FID, Spectrophotometer : Synergy H1 Agilent, USA, Metagenome sequencing : lllumina miseq, gPCR : Quantstudio5 (Thermo Fisher Scientific,
USA), TOC analyzer : Analytik Jena, Germany, root exudates quanfication : liquid chromatography (Agilent, USA), Photosynthesis rate : LI-6800
instrument (LI-COR, USA)

Data analysis Metagenome data analysis : Mothur (version 1.33.0), statistical analysis : SAS enterprise 7.1, Metaboilc microbial profiling : FAPROTAX_1.2.4.
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Metagenome data have been uploaded to SRA as BioProject PRINA917217 and PRINA917456
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description A closed chamber experiment for quantifying meathane were triplicated in Miryang, South Korea (35° 29'32.2872" N, 128° 44'
32.1972" E) and Jinju, South Korea (35°9' 12.14268" N, 128° 6' 3.73284" E) for 2 years (2021, 2022), Microbial DNA was collected 5
replicates in 2021 and 10 replicates in 2022. Rice yield was investigated triplicated by harvesting 100 plants each replicate for 2 years.
Agronomic traits such as grain weight, the number of tiller number were investigated for 10 replicates

Research sample Microbial DNA including rhizosphere and endosphere were collected under growth stages and nitrogen levels. 396 samples were
segeunced (including bulk soil) and deposited in NCBI SRA

Sampling strategy Microbial DNA were collected attached root soil and root sap. Methane measurement were performed using closed chamber
method that widely use

Data collection Methane were collected using closed chamber method twice a week. icrobial DNA were collected on Tillering stage, Heading stage ,
Grain filling stage on paddy field

Timing and spatial scale  Methane were collected from 5th June to 1st November for 2 years twice a week. Microbial DNA were collected on Tillering stage
(05.07.21, 07.07.22), Heading stage (15.08.22, 16.08.22), Grain filling stage (11.09.21, 13.09.22) on paddy field

Data exclusions Regional yield trial data were excluded on this manuscript. This data will be use to make new cultivar on national cultivar council. On
this manuscript regional yield trial on 16 place in South Korea is not important

Reproducibility To make successful data, we performed many replicates such as metagenome sequencing and agronomic traits
Randomization All samples were investigated randomized designed
Blinding Investigators were not blinded to experimental outcomes

Did the study involve field work? Yes []no

Field work, collection and transport

Field conditions The fields what we used have been maintained as rice paddy and same nitrogen levels (Normal nitrogen and low nitrogen) for 2
decades

Location Miryang, South Korea (35° 29' 32.2872" N, 128° 44' 32.1972" E) and Jinju, South Korea (35° 9' 12.14268" N, 128° 6' 3.73284" E)




Access & import/export  National Institute of Crop Science, Rural Development Administration, South Korea.

Disturbance There is no disturbance
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