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            Abstract
Atmospheric methane is the second most important greenhouse gas after carbon dioxide, and is responsible for about 20% of the global warming effect since pre-industrial times1,2. Rice paddies are the largest anthropogenic methane source and produce 7–17% of atmospheric methane2,3. Warm waterlogged soil and exuded nutrients from rice roots provide ideal conditions for methanogenesis in paddies with annual methane emissions of 25–100-million tonnes3,4. This scenario will be exacerbated by an expansion in rice cultivation needed to meet the escalating demand for food in the coming decades4. There is an urgent need to establish sustainable technologies for increasing rice production while reducing methane fluxes from rice paddies. However, ongoing efforts for methane mitigation in rice paddies are mainly based on farming practices and measures that are difficult to implement5. Despite proposed strategies to increase rice productivity and reduce methane emissions4,6, no high-starch low-methane-emission rice has been developed. Here we show that the addition of a single transcription factor gene, barley SUSIBA2 (refs 7, 8), conferred a shift of carbon flux to SUSIBA2 rice, favouring the allocation of photosynthates to aboveground biomass over allocation to roots. The altered allocation resulted in an increased biomass and starch content in the seeds and stems, and suppressed methanogenesis, possibly through a reduction in root exudates. Three-year field trials in China demonstrated that the cultivation of SUSIBA2 rice was associated with a significant reduction in methane emissions and a decrease in rhizospheric methanogen levels. SUSIBA2 rice offers a sustainable means of providing increased starch content for food production while reducing greenhouse gas emissions from rice cultivation. Approaches to increase rice productivity and reduce methane emissions as seen in SUSIBA2 rice may be particularly beneficial in a future climate with rising temperatures resulting in increased methane emissions from paddies9,10.
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                    Figure 1: SUSIBA2 rice reduces methane emissions from rice paddies.[image: ]


Figure 2: Phenotypic profiling of SUSIBA2 rice and Nipponbare (Nipp).[image: ]


Figure 3: Genotypic profiling of SUSIBA2 rice and Nipponbare (Nipp).[image: ]


Figure 4: Model depicting high-starch low-methane-emission SUSIBA2 rice.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Validation of an expression cassette containing barley SBEIIb promoter and barley SUSIBA2 (HvSBEIIb p:HvSUSIBA2) in a binary vector and rice genome.
a, Construction of an expression cassette containing HvSBEIIb p:HvSUSIBA2 in a binary vector was performed as described in the Methods. b, Validation of the construct in the rice genome was performed by PCR-based cloning using primers and HindIII-adaptor ligation, followed by sequencing. Two insertion sites were identified in rice chromosome 2, from nucleotides 57443 to 57444 and 57447 to 57448 (GenBank accession number AP006069), respectively.


Extended Data Figure 2 Methane emissions of SUSIBA2 rice compared with Nipponbare (Nipp) in phytotrons.
a, Methane emission of Nipp, SUSIBA2-77 and SUSIBA2-80 rice (15 daf). Six independent plants (n = 6) from each rice line were used for measurements. b, Methane emission of Nipp and SUSIBA2-77 (28 daf) at 30 min (left panel) or 60 min (right panel) after plants were covered. A linear relationship over time for the measured methane concentrations at 30 and 60 min was found, as presented by similar methane fluxes determined from the different time points. Three plants (n = 3) from each rice line were used for time point measurements. A statistically significant reduction of methane emission in SUSIBA2 rice is indicated (one-way ANOVA, **P ≤ 0.01 or *P ≤ 0.05, error bars show s.d.).

                          Source data
                        


Extended Data Figure 3 Diurnal and seasonal methane emissions from SUSIBA2-77 and SUSIBA-80 rice compared with Nipponbare (Nipp) in autumn 2014 at three sites in China.
Methane emissions of six independent plants (n = 6) from three time points during the day (morning 8.00 a.m., noon 12.00 p.m. and afternoon 4.00 p.m.) on different dates are presented. Key rice development stages for the corresponding dates are indicated. Time points for sampling soil and roots for methanogen analysis are indicated by red arrows. a, Methane emission from Fuzhou. b, Methane emission from Guangzhou. c, Methane emission from Nanning. Reported statistically significant reduction of methane emission in SUSIBA2 rice is indicated (one-way ANOVA, **P ≤ 0.01 or *P ≤ 0.05, error bars show s.d.).

                          Source data
                        


Extended Data Figure 4 qPCR quantification of rhizospheric methanogenic communities associated with SUSIBA2-77 rice and Nipp in phytotrons.
Soil and root samples from three independent positions, positions 1–3 (n = 3), in the underground vicinity close to the root tip and proximal regions of three independent plants (n = 3) for Nipp and SUSIBA2-77 rice were collected and analysed. Technical triplicates per position were applied. Six pairs of primers (Supplementary Table 1) were used to quantify total archaea (ARC) and methanogens (MET), and the orders Methanobacteriales (MBT), Methanomicrobiales (MMB) and Methanocellales and two families Methanosaetaceae (Mst) and Methanosarcinaceae (Msc) of the order Methanosarcinales, respectively. Results from soil and root samples are shown in a and b, respectively. Existing numbers of all methanogenic groups and total archaea were significantly reduced in the SUSIBA2 rhizosphere compared to that of Nipp (one-way ANOVA, **P ≤ 0.01 or *P ≤ 0.05, error bars show s.d.).

                          Source data
                        


Extended Data Figure 5 qPCR quantification of rhizospheric methanogens associated with SUSIBA2 rice and Nipponbare (Nipp) from rice paddies.
Soil and root samples (a mixture) from three positions (n = 3) close to the root tip and proximal regions of three independent plants (n = 3) for Nipp, SUSIBA2-77 and SUSIBA2-80 rice, respectively, were collected. The sampling time and sites are indicated in Extended Data Fig. 3. Technical triplicates per position were applied. Six pairs of primers (Supplementary Table 1) were used to quantify total archaea (ARC) and methanogens (MET), and the orders Methanobacteriales (MBT), Methanomicrobiales (MMB) and Methanocellales and two families Methanosaetaceae (Mst) and Methanosarcinaceae (Msc) of the order Methanosarcinales, respectively. Primers (Supplementary Table 1) specific to Methanocella were also used for quantification. a, Methanogenic communities in samples from Fuzhou. b, Methanogenic communities in samples from Nanning. c, Methanocella in samples from Nanning. All methanogenic groups and total archaea were significantly reduced in the SUSIBA2 rice rhizosphere compared with Nipp (one-way ANOVA, **P ≤ 0.01 or *P ≤ 0.05, error bars show s.d.).

                          Source data
                        


Extended Data Figure 6 Binding activity of HvSUSIBA2 to SURE sequences in the rice ISA1 promoter.
a, Three SURE sequences in the rice ISA1 promoter (GenBank accession number AB093426) were used and a negative (‘A stretch’) control was included. b, Barley SUSIBA2 protein (HvSUSIBA2) was overexpressed from E. coli and used for electrophoretic mobility shift assay (EMSA).


Extended Data Figure 7 HvSBEIIb promoter activity analysis in rice seedlings.
a, HvSBEIIb p:GUS was introduced in Nipponbare (Nipp). GUS activity was stained in different tissues of transformant and Nipp lines. The GUS activity was found in transformant stems and induced by sucrose (Suc) in leaves. a, Nipp leaf. b, Transformant leaf. c, Nipp stem. d, Transformant stem. e, Nipp root. f, Transformant root. g, Nipp leaf induced by 100 mM sucrose. h, Transformant leaf induced by 100 mM sucrose. Scale bars, 2 mm.


Extended Data Figure 8 Transcriptomic analysis of genes related to sugar metabolism in late tillering plants of SUSIBA2 rice and Nipponbare (Nipp).
Relative expression levels of 23 genes together with a housekeeping gene, TIP41-like, were analysed by qPCR and compared between Nipp and SUSIBA2-77 and SUSIBA2-80 rice in leaves, stems and roots at late tillering stage and in seeds at 7 daf. Three plants were used (n = 3) and technical triplicates were performed for each rice line. SUT3 and SUS5/7 transcripts were not detected in all samples (not shown) and HvSUSIBA2 expression was similar in SUSIBA2-77 and SUSIBA2-80 rice, as presented in Fig. 3b. One-way ANOVA was used for statistical analysis (*P ≤ 0.05 or **P ≤ 0.01, error bars show s.d.). ND, not detected.

                          Source data
                        


Extended Data Figure 9 Transcriptomic analysis of 23 genes related to sugar metabolism in developing rice seeds of SUSIBA2 rice and Nipponbare (Nipp).
Relative expression levels of 23 genes together with a housekeeping gene, TIP41-like, were analysed by qPCR and compared between SUSIBA2-77 rice and Nipp at 5, 7, 9, 11 and 14 daf. Seeds from three independent plants were used (n = 3) and technical triplicates were performed. SUT3 and SUS5/7 transcripts were not detected in all samples (not shown) and HvSUSIBA2 expression is presented in Fig. 3b. One-way ANOVA was used for statistical analysis (*P ≤ 0.05 or **P ≤ 0.01, error bars show s.d.).

                          Source data
                        


Extended Data Figure 10 Sugar-induction in Nipponbare (Nipp) and SUSIBA2 rice.
Rice leaves of Nipp and SUSIBA2-77 were depleted for sucrose in the dark before induction with 100 mM sucrose. Sugar induction was carried out in the dark for 24 h. An enhanced expression of HvSUSIBA2-regulated genes (9 of the 12 genes except SUT5, SUS1 and GBSSI that were not detected in either rice cultivar under dark conditions) in SUSIBA2-77 was observed compared with Nipp. One-way ANOVA was used for statistical analysis (*P ≤ 0.05 or **P ≤ 0.01, error bars show s.d.). The experiment was repeated at least three times (n = 3).

                          Source data
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        Editorial Summary
A rice cultivar for a warming world
Rice paddies produce 7–17% of global emissions of the potent greenhouse gas methane, a figure likely to increase as rice cultivation expands to meet growing demand. This paper reports the development of a rice that produces seeds and stems with increased biomass and starch content, combined with reduced methane emission and rhizospheric methanogen levels. This new rice strain was created by the addition of a single gene, encoding the barley transcription factor SUSIBA2 to a conventional rice cultivar. SUSIBA2 confers a shift of carbon flux that favours the allocation of the products of photosynthesis to aboveground biomass over their allocation to roots. In a warming climate, 'high-starch low-methane' rice could offer a sustainable means for providing high-quality biomass while reducing the negative effect of rice agriculture on atmospheric greenhouse gas emissions.
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