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21 ABSTRACT
22 Rice is a vital crop for food security and human nutrition, yet its cultivation produces
23 ~11% of total global anthropogenic methane (CH,) emissions - the second most important
24 greenhouse gas (GHG). Modifications to rice management practice are necessary, both to
25 increase yield and mitigate GHG emissions. We investigated the effect of a methane-
26 derived microbial biogtimulant on grain yield and GHG emissions from rice fields.
27 Applications of microbial biostimulant resulted in significant enhancement of grain yield,
28 even under different nitrogen management, with consistent reduction in GHG emissions.
29 The study further outlines a potential mechanism for broad and diverse positive effects of
30 microbial biostimulant on the paddy crop including in photosynthesis, tillering and panicle
31 development. Observations from the study will help stakeholders and policy makers,
32 leverage biological solutions like methane-derived microbial biostimulant to improve crop
33 yield and address food security, while reducing anthropogenic CH4 emissions to meet
34 targets agreed at COP26.
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36 1. Introduction

37  Globa climate change poses a significant threat to food security, presenting potentially existential
38  economic, political, and social outcomes (Sova et al., 2019). Climate change negatively affects both
39 food production and its quality. By 2050, the global population is projected to reach 10 billion,
40  which will require a 70% increase in food production (van Dijk et al., 2021). For instance, by 2050,
41  annua demand for ceredls like maize, rice and wheat is projected to reach 3.3 hillion tons or 800
42  million tons more than 2014’ s combined harvest (FAO, 2016). For a food-secure future, global crop
43  production will have to increase substantially and be climate resilient, while simultaneously reducing
44  its environmental impact. Use of innovative technologies or approaches for achieving sustainable
45  agriculture have been a matter of debate in the recent past. By proposing an ambitious agenda
46  through the Paris Agreement and Sustainable Development Goals (SDGs), globa leaders have
47  acknowledged the urgent need to address climate change. New aggressive targets have been set in
48  the COP26 meeting to reduce CH, emissions and achieve net-zero by 2050 (Masood and Tollefson,
49  2021). However, even after several years of framing these policies, progress towards the targets is
50  sobering.

51

52  Riceisoneof the world’stop three staple crops and is closely connected with food security, economic
53  growth, employment, culture, and regional peace. About 90% of the world'srice is produced in Asia
54  (FAO, 2019) and rice exports have been a key economic tool for this region. Rice paddies are also
55  one of the most significant sources of CH, and N,O emissions (Linquist et al., 2012; Carlson 2017;
56 Timilsina et al., 2020; Qian et al., 2023). Globd average annua CH, emissions from rice fields is
57  2831kg/[_hectare (Qian et al., 2023), accounting for up to ~11% (~30 million metric tons) of total
58 global CH, emissions (Olivier and Peters, 2020), while N,O emissions from rice fields is
59  1.7kg/hectare account for 11% of global agricultural emissions (Islam et al., 2018; Win et al., 2020;
60 Qianetal., 2023). CH, sets the pace for warming in the near term as it traps very large quantities of
61 heat over a shorter period. Hence, curbing CH, emissions is one of the fastest and most effective
62  Strategies to reduce the rate of warming and limit temperature rise to 1.5°C. Several international
63  organizations advocate srategies to reduce CH, emissions from rice cultivation. Alternative
64  agronomic practices have all been evaluated for their effectiveness in reducing CH, emissions
65  (Yusuf et a., 2012; Bhatia et al., 2013; Xu et al., 2017; Oo et al., 2018; Liu et al., 2022; FAO 2023),
66  however, the levels of reduction achieved are low, often affecting rice yield and crop robustness.

67

68  Here, we report data from a multi season open field study in rice with a methane-derived microbial
69  biostimulant. There were three objectives with regards to the effect of methane-derived microbial

70  biogtimulant in paddy: (i) to assess the effect on grain yield improvement and reduction of CH,/N,O
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71  emissions; (ii) to understand the molecular mechanisms mediated by the microbial biostimulant in
72 paddy; and (iii) to investigate the effect of reduced nitrogen (N) levels on grain yield and CH,/N,O
73 flux, The study highlights a unique approach for achieving sustainable rice production and climate

74 resiliency.
75 2.Materialsand M ethods

76 2.1 Fiedd experimental design and cultivation practice

77  Thefield experiment to validate methane- derived microbial biostimulant was conducted at Vellore,
78  Tamil Nadu, India, between June and October 2021 (season 1) and February to June 2022 (season I1).
79  Field layout isshowninFig. Sla-b, supplementary materials.

80

81 2.2Microbial biostimulant application

82  The methane-derived microbial biostimulant (CleanRise™) is manufactured by String Bio, India,
83  using an IP-protected fermentation process. The active ingredient in microbial biostimulant are cells
84  of Methylococcus capsulatus derived by an innovative fermentation, downstream processing and
85  formulation process (PCT application No. W02021240472A1; Whole cell methanotroph based
86  biostimulant compositions, methods and applications thereof). Two different treatment protocols
87  werefollowed for season | study. With 100% NPK application, 20ml/L of microbial biostimulant was
88  applied and with 75% N as input, three different doses of microbial biostimulant, 5ml/L (condition
89 1), 10ml/L (condition 2) and 15ml/L (condition 3) were tested. For season Il, an optimal dose of
90 microbia biostimulant at 10ml/L was evaluated under 100% NPK level. Elaborate experimental
91 details are mentioned in Supplementary methods file. Grain yield in microbia biostimulant treated
92  plots were compared with the respective control treatments and harvest index (HI) was computed
93 following Du et al. (2022).

94
95 2.3 CH, and N,O emission measurement

96  The static closed chamber method (Minamikawa et al., 2015) was used for gas sample collection in
97  this study. For season | study, gas samples were collected at three time points [40, 60 and 80 days
98  after transplanting (DAT) which respectively correspond to active tillering stage, panicle initiation
99  stage and grain filling stage] while samples were collected every 10 days after transplantation during
100  the season Il evaluation. Gas samples were analyzed using gas chromatography with a Hameionization
101  detedion (FID) ad Thermal Conductivity Detector (TCD). CH, and N,O flux were  calculated and
102  expressed as gram/hectare/hour (g/hal/h). The equivalent CO, (CO.€) emission for total CH, and N,O
103  wascalculated using the following Oo et al., 2018.
104

105 2.4 RNA extraction and transcript analysis
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106  Tota RNA extraction, cDNA synthesis and Reverse transcriptase- quantitative polymerase chain
107  reaction (RT-gPCR) were carried out as described earlier (Kumar et al., 2018).

108

109 2.5 Satigtical analysis

110  Average mean, standard error (SE) and number of replicates (n) used for each experiment were
111  employed for datistical analysis using the GraphPad QUICKCALC online software
112 (http://www.graphpad.com/quickcalcgttest1.cfm). The statistical significance of differences between
113 controlsand samples were tested according to the unpaired Student'st-test.

114

115  Additional details about the methodology used in the study that are not detailed here are mentioned
116  inthe Supplementary methodsfile.

117

118 3. Results

119 3.1 Methane-derived microbial biostimulant improve growth and grain yield in paddy

120  To evauate the effect of amethane- derived microbial biostimulant (CleanRise™) on rice grain yield,
121  open field experiments were conducted across two seasons. With the application of microbia
122 biogtimulant, a significant increase in number of grains per spikelet and test weight was observed
123 (Table 1). During the first season trid, the average grain yield improvement induced by microbial
124  biostimulant varied between 32-39% (8004 + 299 kg/ha to 8400 + 80 kg/ha in microbial biostimulant
125  treatment vs 6024 + 216 kg/ha in control plots under 100% NPK levels) (Fig. 1a and Fig. S2a,
126  supplementary materials). There was no significant difference between control and treatments with
127  respect to straw yield (Fig. 1b). An informative indicator of the sink-source balance is the harvest
128  index (HI). HI varies among rice varieties between 0.17- 0.53 and further depends on environmental
129  factors (Yang and Zhang, 2010). A HI of 0.39 was observed in response to microbial biostimulant
130  application, while the HI observed for controls was 0.30 (Fig. 1c). During second season validation,
131 microbial biostimulant application resulted in 39% improvement in grain yield (6997kg/ha in
132 microbial biostimulant treatment vs 5015kg/ha in control plots) (Fig. 1d). Validation of microbial
133 biostimulant in paddy in other testing locations also confirmed the positive impact of the methane-
134  derived biostimulant across different seasons/ecological regions (Fig. S2b-d, supplementary
135 materials).

136

137 3.2 Microbial biostimulant regulate photosynthess, tillering and panicle architecture in paddy
138  Phenotypic analysis in microbial biostimulant treated paddy leaves showed brilliant dark-green leaves
139  compared to control leaves (Fig. S3a, supplementary materials). We observed that microbial
140  biostimulant application resulted 18% increase in photosynthetic rate, 22% increase in stomatal

141  conductance and ~48% increase in transpiration rate (Fig. S3b-d, supplementary materials). To
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142  €ducidate the molecular mechanism affecting the phenotype, we carried out mRNA expression
143 analysisof genesencoding enzymes involved in photosynthesis, tillering and panicle architecture. The
144  transcript levels in microbial biostimulant treated leaves or panicles were compared with respect to
145  control samples. Most of the genes related to photosynthesis were upregulated between 1.4-fold to
146  ~20-fold in plants applied with microbia biostimulant. The up-regulated genes were related to all
147  major components of photosynthesis, including, chlorophyll biosynthesis pathway and chloroplast
148  development, Photosystem I, Photosystem Il and enzymes involved in the CBB cycle (Calvin-
149  Benson-Bassham) (Fig. 2a-b). This data suggests that microbial biostimulant application positively
150 influences photosynthesis through up-regulation of specific targeted pathways (Fig. 2a-b).

151

152 To further understand the molecular mechanism of enhanced photosynthetic capacity on axillary
153  meristem growth and panicle architecture, next we examined the transcript levels of critical genes
154  involved in regulation of shoot branching, panicle and grain development. There was an enhanced
155  expression of tillering related genes ranging from 1.9-fold to 5.2-fold by microbial biostimulant
156  application (Fig. 2c). As photosynthate partitioning from source (leaf) to the sink (grains) is critical
157  for panicle development and grain filling, mRNA expression of key genes involved in grain
158  development were further analyzed. A 2-fold to 5.7- fold upregulation of genes controlling panicle
159  architecture was observed indicating that improved photosynthetic capacity positively translated to
160 grain filling and development (Fig. 2d). Interestingly, microbial biostimulant application also
161  downregulated the expression of CKX11, a negative regulator of panicle architecture in paddy. The
162  above results provide evidence that microbial biostimulant acts as a major regulator of multiple
163  systemic pathways that improve photosynthesis, higher number of productive tillers and better
164  paniclesthus resulting in superior yield.

165

166  To assess the impact of microbial biostimulant on nutrient uptake, we investigated the effect on
167  expression of key genes encoding macronutrient transporters. Our reverse transcription-quantitative
168  polymerase chain reaction (RT-qgPCR) analyses showed the upregulation of genes involved in
169  nitrogen uptake and transport by 2-fold to 12-fold in microbial biostimulant treated paddy roots (Fig.
170  S4a, supplementary materials). Further, gene expression analysis of high affinity potassum and
171  phosphate transporters also indicated a 2-fold to 10-fold increase in microbial biostimulant treated
172 roots (Fig. $4b, supplementary materials). The data indicates a direct influence of the microbial

173  biostimulant on nutrient uptake and utilization, particularly nitrogen, phosphate and potassium.

174 3.3 GHG mitigation potential of methane- derived microbial biostimulant
175 We next studied the effect of microbial biostimulant on flux of CH, and N,O from rice paddies

176  during three time points of crop growth (40, 60, 80 DAT) of season | study. The dynamic fluxes of
177 CH, and N,O over the rice growing period were strongly affected by the microbial biostimulant
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178  application. In our studies, CH, and N,O flux were high during the tillering stage, then gradually
179  decreased towards the flowering stage and end of the growing period across al the plots (Fig. 3).
180 CH, emission varied considerably among the treatments and the dynamics of CH, flux during the
181  cropping seasons is presented in Fig. 3a. Microbial biostimulant application resulted in a reduction
182  of approximately 70% in CH, emissions at 40 DAT (46+ 3.78 g/lhalh CH, in microbial biostimulant
183  treated plantsvs 176+ 9.65 g/ha’/h CH, in control plants). Approximately 50% reduction in emission
184  was recorded during subsequent sampling at 60 DAT (29.3+ 1.58 g/ha’lh CH, in microbial
185  biostimulant treated plants vs 59.2 + 1.3 g/ha/h in control plants) and 80 DAT (14+ 1.30 g/halh CH,
186  inmicrobial biogtimulant treated plantsvs 31.36 + 0.31 g/hah in control plants). Although the levels
187  of N,O emissions were much lower compared to CH4 flux, a similar emission pattern was observed.
188  Fluxesof N,O at the farms varied from 2.3 g/halh to 5.7 g/ha’h in microbial biostimulant treatment,
189  compared to 4.2 g/ha/h to 8.2 g/halh in control plots (Fig. 3b). Highest N,O flux was 8.26+ 0.23
190  g/ha’h during early crop growth in control plants. Here, microbial biostimulant application led to a
191  significant reduction in N,O emission upto 30% (5.76+ 0.29 g/hah). Microbial biostimulant-
192 mediated reduction in N,O flux was in the range of ~45% during the second and third sampling
193  periods. Cumulative CH, and N,O emissions from the rice field during the overall rice-growing
194  season showed significant differences between all treatments. Average CH, emission during first
195  season cropping recorded from the control plots was 244.10 kg/ha and microbial biostimulant
196  application reduced it to 80.2043kg/ha, leading to 67% reduction in CH, flux (Table 2). Similarly,
197  there was ~35% cumulative reduction in N,O flux with microbial biostimulant application, when
198  compared with N,O flux from the control plot (Table 2). During phase Il trials, although there was
199  no significant change in CH4 emission levels at 10 and 20 DAT, there was a peak reduction ranging
200 from 23%-50% during the subsequent sampling period (Fig. 3c). N,O reduction during season Il
201  varied between 30-70% during the crop growth (Fig. 3d). Taken together, from two season trials,
202 this gudy provides conclusive evidence that significant improvement in grain yield with concomitant
203  reduction in GHG emission from paddy cultivation can be enabled with methane derived microbial
204  biostimulant.

205

206 3.4 Microbial biogimulant improved paddy grain yield and lowered GHG emission under
207  reduced nitrogen inputs

208  The combination of high-yielding crop varieties and the widespread use of inorganic fertilizers has
209 markedly improved crop production. However, excessive Nitrogen (N) input can lead to severe
210  environmental pollution. As optimizing nitrogen management is among the promising avenues to
211  reduce GHG emissions from rice paddies and the fact that microbial biostimulant application
212 modulated genes of N uptake and transport (Fig. $4a, supplementary materials), we tested the
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213 effect of microbia biostimulant on yield and GHG emission by reducing the N fertilizer level. A
214 25% reduction in N fertilizer levels decreased grain yield in the control treatment (75% N control),
215  whereas reduced N application combined with microbial biostimulant treatment improved grain yield
216  significantly without altering straw yield (Fig. 4a-b). On average, grain yields under reduced N,
217  ranged between 28%- 38% with different doses of microbial biostimulant, The maximum  and
218  minimum rice grain yield under reduced N was 7714+399.14 kg/ha with microbial biostimulant
219  condition-3 and 7129 + 589.63 kg/ha with microbial biostimulant condition-1 respectively compared
220  to 5561 + 253.24 kg/hafor control (75%N) plants. It has been reported that N applications at basal and
221  tillering stages are important for improved tillering and increased panicle number to ensure high yield
222 (Kamiji et a., 2011). Microbial biostimulant application could partially reduce the need for the
223 exogenous supply of N by improving the plants’ NUE.. Moreover, reduced N application resulted in
224  improved root growth in microbial biostimulant treated plants compared to control plants (Fig. S5a,
225  supplementary materials). Microbial strains in biostimulant produced 1.83-3.61mg/L indole acetic
226 acid (IAA) in presence of tryptophan (Table S1, supplementary materials). With reduced N, the HI
227 was also significantly enhanced by microbial biostimulant application and among the three
228  conditions tested, the maximum HI of 0.39 was recorded with condition-2 (Fig. S6, supplementary
229  materials).

230
231 A dose dependent change in CH, and N,O flux was observed with different microbial biostimulant

232 conditions under reduced N levels. Maximum CH, flux of 145+ 5.64 g/ha/h was recorded in the
233 controls whereas the lowest flux of 24.5+ 6.02 g/ha/lh was observed in microbial biostimulant
234  condition-3 at 40 DAT (Fig. 4c). CH, flux with microbial biostimulant condition-1 and condition-2
235  was observed at 62.21+ 1.69 g/halh and 39+ 2.64 g/halh respectively. Thereafter, the flux decreased
236  to 57.36+ 1.41 g/ha/h in control plants and 39.8 + 1.66 g/halh, 31.9 + 2.81 g/ha/h and 16.50 + 2.33
237  g/halh in microbial biostimulant treated plants during the second sampling stage. As maturity stage
238  approached, the CH, flux further declined to 32.46+ 0.69 g/ha/h in control plants and ranged
239  between 28.7+ 0.37 g/ha/lh, 16.96 + 1.03g/ha’h and 3.96+ 0.92 g/ha/h with microbial biostimulant
240  application. Overall, the CH, flux was considerably lower in microbial biostimulant treated plots
241  than in control plots. The N,O flux under reduced N application varied between 6.19g/ha/h-
242  3.18g/halh in control (Fig. 4d). With different treatments of the microbial biostimulant, lower N,O
243 flux was observed under all the three conditions. At 40 DAT, N,O flux from control was 6.19+ 0.44
244  g/halh while microbial biostimulant treatment resulted in 5.07+ 0.44 g/hal/h, 3.16+ 0.56g/ha/h and
245  2.91+ 0.30 g/ha’h. Subsequently, at 60DAT control plants recorded 3.18+ 0.42 g/halh and microbial
246 biostimulant treatment showed N,O flux ranging from 2.10 + _0.20 g/ha’ha, 1.22+ 0.09g/ha/h and
247  0.97+ 0.09 g/halh. Towards the maturity stages, N,O flux from control was 4.46+ 0.23 g/ha/h and
248  microbial biostimulant treatment recorded 3.16+ 0.16 g/ha/h, 2.37+ 0.13g/ha’lh and 2.34+
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249  0.32g/halh. Overall, the results clearly indicated that cumulative CH, and N,O emissions were
250  significantly lower when N input reduction was combined with microbial biostimulant application
251  (Table 2). This study demonstrates a powerful way to reduce GHG emissions from rice fields while
252  permitting savings on fertilizers and increased crop yields by the application of a methane- derived
253 microbial biostimulant.

254 3.5 Impact on yield-scaled CO, reduction mediated by methane- derived microbial biostimulant

255  The impact of GHG emission is quantitatively assessed by computing global warming potential
256  (GWP) that accounts for all sources (carbon and non-carbon) of CO.e (Robertson et al., 2000;
257 Moser et al., 2006). In the present study, the contribution of CH, to the total GWP ranged from
258  ~3777 kg CO2/ha to 20504 kg CO2/ha under the different treatments. Yield-scaled CO, equivalent
259  of CH, emission from controls were 3403 kg CO2-eg/t whereas there was significant reduction of
260 802 kg CO2-eg/t with microbial biostimulant application under 100% N fertilizer level (Table 2).
261 Similarly, N,O equivalent CO, emission from fields with microbial biogtimulant  application was
262  only 422 kg CO2-eg/t compared to 861 kg CO2-eqg/t from control fields (Table 2). High level of
263  N2O emission could be possibly due to gas sampling after 3-4 days of top dressing with N fertilizer.
264  Reduced N inputs combined with microbial biostimulant application also impacted CO,eq emissions.
265  Difference in the CH, equivalent CO,e emission under reduced N inputs ranged from 1542- 490- kg
266 CO2-eg/t anong different conditions of microbial biostimulant tested compared to ~3589 kg CO2-
267  eg/tin controls. While N,O equivalent CO, emission was as high as 750 kg CO2-eg/t in controlsthe
268 levels varied between ~240-432 kg CO2-eg/t with different  microbia biostimulant conditions.
269  Overal, microbia biostimulant application reduced the yield-scaled GWP by upto 77% and  50% of
270 CHse and NOe share respectively over control fields. Interestingly, microbial biostimulant
271  application along with reduced N inputs recorded significant reduction in CO2e emission between
272 ~60% to >80% for CH4eq and 41%-60% for N,Oeq (Table 2).

273 4.0 Discussion

274  The demand for increased agricultura production in the context of arable land scarcity and climate
275  change needs innovative solutions to overcome challenges and address inefficiencies. Global rice
276  consumption has increased markedly, growing from157 million tonnes in 1960 to 520 million tonnes
277  in 2022 (USDA, 2023). Global rice demand is further projected to increase by 28% in 2050, yet rice
278  yields have stagnated in 35% of al rice-growing regions (Ray et al., 2012). Here, through multi-
279  location and multi-season trials, we demonstrate a substantial increase in grain yield ranging from
280 15-39% (Fig. la and Fig. S2, supplementary materials) with methane- derived microbial
281  biostimulant . Methane- derived microbial biostimulant (CleanRise™) is a promising solution to
282  enhance the yield potential in rice to satisfactorily address global food security. A significant
283  additional effect of microbial biostimulant application is the improved NUE observed under reduced
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284 N application levels (Fig. 3a and Fig S7a-b, supplementary materials). Even with 25% reduced N

285  application, the yield per hectare was enhanced over the control (75%N) treatment. While the

286  optimal requirement of N may vary with soil condition and crop management, the study

287  demonstrates that a similar approach could be considered for exhaustive cereal crops like maize and

288  wheat.

289 It is interesting to note that methane-derived microbial biostimulant application resulted in
290  significantly improved root growth and enhanced photosynthetic capacity per unit leaf area, which
291  further translated into higher panicle number and test weight, and thus superior rice yield (Table 1,
292  Figs S3 & S8, supplementary materials and Fig. 1la & 1d). We established that M. capsulatus in
293  the microbial biostimulant formulation were able to symbiotically associate with root and leave
294  tissues of paddy (Fig. S9) and have a significant effect on host transcriptional regulation (Fig. 5).
295  Based on the phenotypic and genotypic observations, we propose three major routes for mode of
296  action of microbial biostimulant in rice. First, microbial biostimulant positively regulated multiple
297  pathways related to macronutrient availability, uptake and transport, resulting in better nutrient use
298  efficiency (Fig. S4a-b, Figs. 5 and 7). Secondly, microbial cells were able to produce and hence
299  supply IAA to plants thus accelerating auxin mediated root growth and crop establishment (Table
300 S1). Third, microbial biostimulant simultaneously regulated diverse pathways regulating
301 photosynthesis, axillary branching and panicle development (Figs. 2 and 5 & Table 1). Often, there
302  are several check points to regulate photosynthesis and carbon partitioning in plants (Paul and Foyer,
303 2001). We propose that microbial biostimulant mediated enhanced gene expression along with
304  superior photosynthetic activity translated to improved axillary bud initiation and carbon fixation.
305  Further, effective photosynthate partitioning to sink tissues, like flag leaves, panicles and developing
306 grains, possibly translated to better yield. Ambavaram et al. (2014) also reported efficient
307 translocation of carbohydrates from source to sink to improve grain yield in paddy. It has been
308  previously reported that even a minor increase in net photosynthetic activity translated to better yield
309 inwheat and rice (Parry et a., 2011; Li et al., 2020). It isinteresting to note that the methane-derived
310  microbial biostimulant enhanced the expression of positive regulators and downregulated negative
311 regulator in paddy to improve crop performance and yield (Figs. 2d and 5). Our finding
312  systematically highlights the in-depth molecular mechanisms mediated by biostimulant with
313  modulation of critical physiological events like photosynthesis, tillering and panicle formation in rice.

314

315 The field experiments also clearly demonstrate significantly reduced CH, and N,O emissions, both
316  with standard and reduced N levels with microbial biostimulant treatment (Figs. 3 and 4). Primarily,
317  rice plants serve as the major conduits for the transfer of CH,4 from the soil to the atmosphere. A well-
318  developed aerenchyma cells in leaf blade, sheath, culm and roots of rice plants makes a good passage
319 for the gas exchange between the atmosphere and the soil (Nouchi et al., 1990; Nouchi and Mariko
320 1993; Friedl et al., 2010; Li et al., 2013). A mgjority of CH4 (~90%) formed in rice soil and is emitted
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321  through aerenchyma in rice plants by the process of diffusion (Bhattacharyya et al., 2019). Also, rice
322 paddy utilizes one-seventh of N fertilizer, making a more potent zone of N,O formation and
323  emissions. With the observed symbiotic association in plants (Fig. S9, supplementary materials), it
324  ishighly plausible that the methane-derived microbial biostimulant carries out methane oxidation and
325  thus utilize the methane for their growth. Similarly, the observed reduction in N,O emission from rice
326  could be attributed to improved NUE mediated by microbial biostimulant (Fig. S7, supplementary
327 materials).

328

329  Although rice is the main staple food for nearly half the world's population, rice cultivation
330  contributes to 283kg/1ha and 1.7 _1kg/ha respective to CH, and N,O emissions annually (Qian et al.,
331  2023). Rice growing economies are aso among the leading methane emitters globally. For instance,
332  countries like China, India and Indonesia have the largest rice cultivation area and contribute to 22-
333  38%, 11-19% and 7-9% of the 24-3771Tg per year global total, respectively (FAO, 2022; EDGAR
334  v7.0. Global Greenhouse Gas Emissions, 2022). To meet the net zero targets, an ideal goal for
335  different nations now is to reduce short- and long-term emissions without compromising crop yield.
336 Currently, only 1/5" of countries(25/148) mention rice mitigation measures in nationally determined
337  contributions to the Paris Agreement (Rose et al., 2021). Here, we provide science-based solutions to
338  prioritize actions to reduce agricultural CH, emissions. At the COP26 meeting, countries aligned to a
339 2% reduction target in CH,4 annually and the data outlined here highlights a powerful path to help
340  achieve these targets. For instance, microbial biostimulant application to just 10% of the global
341  paddy-cultivation area (16.2 million hectares) could deliver up to 24% of the global CH, reduction
342  target. Usein 30% of paddy cultivation area (48.6 million hectare) could help to achieve 72% of the
343  global CH,4 emission target. More ambitiously, enabling use in 50% of the worlds' paddy cultivated
344  area (81 million hectares) could deliver 120% of the reduction target (Graphical abstract & Table
345  S2). Use of single disruptive solution like methane derived microbia biostimulant (CleanRise) thus
346  could form a promising strategy to curb global CH, emissions from farmed rice while meeting the
347  COP26 target.

348

349  5.Conclusion

350 Reconciling rapidly increasing food demand with the need to address climate change by reducing
351  emissions from agriculture is a complex problem requiring novel policy measures to incentivize best
352  practices. Our study shows that use of methane derived microbial biostimulant is a win-win solution
353  toimprove yield, optimize NUE and reduce GHG emissions from rice fields. It provides the means to
354  achieve the intensification necessary to address the food security for a growing world population,
355  without compromising environmental and climate mitigation strategies. The mitigation pathways and
356  optionality highlighted in this study can be accelerated with targeted policies and catalyze sustainable
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357  rice cultivation across the globe to address food security.
358
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509  Figure 1- Methane- derived microbial biostimulant increases grain yield and harvest index in rice.
510 (&) Effect of microbial biostimulant on grain yield improvement in paddy from season | validation-
511  Methane derived microbial biostimulant application resulted in 39% improvement in grain yield
512  compared to control. (b) Impact of methane derived microbial biostimulant on straw yield- There

513  was no significant change in levels of straw yield between the treatments. (c) Impact of methane
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derived microbial biostimulant on harvest index in rice- A significant increase in harvest index of

0.39 was observed in microbial biostimulant treated plants compared to controls (0.30). (d) Influence

of methane derived microbial biostimulant on grain improvement in paddy from season Il validation-

Grain yield improvement of~ 39% was observed during second season validation. Control (season-1)

and control (season-I1) represents the yield observed in control plots from season | and season |l

validation respectively. As the second season trial was a demondtration trial in an area of ~810
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Figure 2- Microbial biostimulant acts as a master regulator of photosynthesis, tillering and panicle

architecture. Reverse transcriptase- quantitative polymerase chain reaction (RT-gPCR) analysis
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543  showing the relative expression of in genes related to photosynthesis (a & b), tillering (c) and panicle
544  architecture (d) in rice with or without microbial biostimulant application. Expression levels of genes
545  were normalized to the endogenous reference gene actin and are represented relative to respective
546  controls, which was set to 1. Pooled leaves or panicles from three to five plants were used for RNA
547  extraction. The results shown are from three independent experiments. Abbreviations: Photosystem
548 | reaction center subunit VI (PsaH); Ferredoxin 1(FD1); Photosystem Il D2 protein (PsbD);
549  photosystem |1 subunit P (PsbP); photosystem Il subunit PsbR3 (PsbR3); Photosystem Il 22 kDa
550  protein 1 (PsbSL); Chlorophyll a-b binding protein 1 (CAB1R); Chlorophyll a-b binding protein 2
551  (CAB2R); Chlorophyll Protein 24 (CP24); Oxygen-evolving enhancer protein-3 (OEP3); Thylakoid
552 luminal protein (TLP); Chlorophyll a-b binding protein 2.1/Light Harvesting Complex Protein 2.1
553  (LHC2.1); Magnesium-chelatase subunit Chll (Chll); Magnesium-chelatase subunit ChlH (ChlH);
554  Magnesium-chelatase subunit Child (ChID); porphobilinogen deaminase/ hydroxymethylbilane
555  synthase (HemC); yellow-green leaf 13 (YGL13); yellow-green leaf 8 (YGLS8); Rubisco activase
556  (RCA); Ribulose bisphosphate carboxylase small subunit (RbcS2,3,4,5); monoculm 1 (MOCL);
557  Slender Rice-l (SLR-1); LAX PANICLE2 (LAX2); HIGHER YIELD RICE (HYR); MADS-box
558  transcription factor (MADSG7); Heat Stress Transcription Factor 2D (HSF2AD); Cytokinin
559  oxidase/dehydrogenase (CKX11); Regulator of Grain Number-1 (RGN1); Number of Grains-1
560 (NOGL1), SQUAMOSA Promoter Binding Protein-Like (SPL9 and SPL14), Ideal Plant Architecture-
561 1 (IPAL); Leaf Inclination 2/VINS (vernalization insensitive 3-like protein)- (LC2); VIN3-LIKE 2
562  (VIL2); Growth Regulating Factor 4 (GRF4); Differences were evaluated using the two-tailed
563  Student’st test and significant differences at P < 0.05, P < 0.01, and P < 0.001 are represented by
564  “x”"xx" and “xxx", respectively.

565
566
567
568
569
570
571
572
573

574


https://doi.org/10.1101/2024.03.13.584920

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.13.584920; this version posted March 14, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

575
576
577
578
579
580
581
582
583
584
585

586 (@) (b)

- Conlrol {season-I) "

o Mothane derived
microbial biostimulant

-+ Control (season-)
Methane derived
microblal blostimulant

587

588

[ I T B )

589 Days Days

590 (c) (d)

== Control (season- )

Mathane derived
microblal blostimulant

591

—a=Control (season- 1)

Methane derived
microbial biostimulant

w

592

CH, flux rate (g'ha'h)

593 VS

0

0 %0, 57 90 %0 S0 00 70 B S "0 10 20 30 40 50 60 70 80 %0
Days Days

594

595  Figure 3- Greenhouse gas mitigation mediated by methane-derived microbial biostimulant-
596 Influence of microbia biostimulant on CH4 and N,O emission from rice field- Gas samples were
597  collected in triplicate from each plot for every time point and were anadyzed using gas
598  chromatography with a thermal conductivity detector (TCD). While gas samples were collected at
599  threetime pointsfor season | trials, gases were collected at every 10 days during season Il trial. CH,
600 and N,O flux were caculated and expressed as gram/hectare/hour (g/ha/h). Microbial biostimulant
601  application resulted in ~50- >70% reduction in CH, (a) emission from rice fields whereas it was
602  between 30-45% reduction in N,O (b) during the course of plant growth during season | study.

603  Methane-derived microbial biostimulant use resulted in~35% reduction in CH4 (c) emission from
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604  rice fields whereas it was between ~50% reduction in N,O (d) during season |l validation. Control
605  (season-l) and control (season-11) represent the emission observed in control plots from season | and
606  season Il validation respectively. Differences were evaluated using the two-tailed Student’st test and
607 P <0.05 P<0.01,and P <0.001 are represented by “ ", “+*", and “++x", respectively.
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630  Figure 4- Microbial biostimulant mediated grain yield improvement and greenhouse gas (GHG)

631  emission reduction in rice under reduced nitrogen (N) level. (a) Effect of microbial biostimulant on
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632  grain yield improvement in paddy with 75% N fertilizer- Methane-derived microbial biostimulant
633  application resulted in 28-39% improvement in grain yield with different doses (condition 1- 5mi/L,
634  condition 2- 10ml/L and condition 3- 15ml/L) of microbial biogtimulants compared to 75% N
635  control. (b) Impact of methane derived microbial biogtimulant on straw yield- There was no
636  significant change in levels of straw yield between the treatments. (c) and (d) Impact of microbial on

637  CH,and N,O emission from rice- Gas samples were collected in triplicate during three critical phase
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638  of plant growth and were analyzed using gas chromatography with a thermal conductivity detector
639 (TCD). CH, and N,O flux were calculated and expressed as granvhectare/hour (g/ha/h). Methane
640  derived microbial biogtimulant application resulted in 45->70% reduction in CH, flux and 26->40%
641  reduction N20 emission during the course of rice growth. g/ha/h- gram/hectare/hour. Significant
642  differences a P < 0.05, P < 0.01, and P < 0.001 are represented by “x", “s«"  and “sxx",
643  respectively.

644  Figure 5- Representative image showing overview of phenotypic and genotypic traits modulated by
645  microbial biogtimulant application in rice (Oryza sativa). Microbial cells in the biostimulant
646  formulation improve macronutrient availability and transport. Microbial biostimulant application

647  modulates expression of gene involved in axillary bud formation resulting in more productive tillers.
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648  Targeted activation of genes related to chlorophyll biosynthesis pathway and chloroplast
649  development, Photosystem I, Photosystem Il and CBB cycle (Calvin-Benson-Bassham) results in
650  improved carbon fixation. Active photosynthate translocation to developing grain and biostimulant
651  mediated activation of genesinvolved in panicle architecture resultsin a greater number of grains per
652  panicle translating to superior yield. Abbreviations: Oryza sativa (Os); Nitrate transporter (NRT);
653  Ammonium transporter (AMT); Nitrate reductase (NIA); Phosphate transporter (PT); High affinity
654  potassium transporter (KKT); Photosystem | reaction center subunit V1 (PsaH); Ferredoxin 1(FD1);
655  Photosystem Il D2 protein (PsbD); photosystem Il subunit P (PsbP); photosystem Il subunit PsbR3
656  (PsbR3); Photosystem Il 22 kDa protein 1 (PsbSl1); Chlorophyll a-b binding protein 1 (CAB1R);
657  Chlorophyll a-b binding protein 2 (CAB2R); Chlorophyll Protein 24 (CP24); Oxygen-evolving
658  enhancer protein-3 (OEP3); Thylakoid luminal protein (TLP); Chlorophyll a-b binding protein
659  2.1/Light Harvesting Complex Protein 2.1 (LHC2.1); Magnesium-chelatase subunit Chil (Chll);
660  Magnesium-chelatase subunit ChlH (ChlH); Magnesium-chelatase subunit Child (ChID);
661  porphobilinogen deaminase/ hydroxymethylbilane synthase (HemC); yellow-green leaf 13 (YGL13);
662  yellow-green leaf 8 (YGLS8); Rubisco activase (RCA); Ribulose bisphosphate carboxylase small
663  subunit (RbcS); monoculm 1 (MOCL); Slender Rice-1 (SLR-1); LAX PANICLEZ2 (LAX2); HIGHER
664  YIELD RICE (HYR); MADS-box transcription factor (MADSG7); Heat Stress Transcription Factor
665 2D (HSF2AD); Cytokinin oxidase/dehydrogenase (CKX11); Regulator of Grain Number-1 (RGN1);
666  Number of Grains-1 (NOG1), SQUAMOSA Promoter Binding Protein-Like (SPL9 and SPL14),
667  ldeal Plant Architecture-1 (IPAL); Leaf Inclination 2/VINS (vernalization insensitive 3-like protein)-
668  (LC2); VIN3-LIKE 2 (VIL2); Growth Regulating Factor 4 (GRF4). Upward arrow (A) indicates
669  gene upregulation more than 1.5 fold and downward arrow (V) indicates more than 50%

670  downregulation of genes.
671
672
673
674
675
676
677
678
679

680
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681
682
683
684
685
686
687
688
689
690
Yield
Treatment Graing/spikelets Test weight (g) Grainyield (kg/ha) imprg\/fsment
Contral
(season-1) 128+6.7 22+0.86 6024+216 0
100% N
ool 166476 284112 8400460 o
100% N

691 Table 1- Grain yield component traits in methane derived microbial biostimulant treated
692 paddy. Yied related traits mentioned are average data collected from 5 independent plants.
693  Differences were evaluated using the two-tailed Student’st test and P < 0.05and P < 0.01, and P <
694  0.001 are represented by “+" and “ «+".

695
696
697
698
699
700
701

702
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703
M ethane emission Nitrous oxide emission
Yield-scaled Cumulative | CO_-eq Yield-scaled
. CO . -eq o 2
Treatments | Cumulative 2 CO,-eq emission emissions CO,-eq
emission ((3:" Sg'(())n/ia) emission (kg/ha) (kg CO,/ha) emission
(kg/ha) 9&5; (kg CO -eqt) (kg CO,-eqlt)
Control
(100% N) 244.10 20504.40 3403.78 18.50 5513.00 861.40
Microbial
Biostimulant 80.20 10432.80 802.00 11.90 3546.20 422.16
704
705
706
707
708
709
710

711
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Control
(75% N) 235.00 19740.00 3589.09 13.84 4123.33 749.70
Microbial
Biostimulant
condition-1  [130.71 10980.20 1542.16 10.34 3081.32 432.77
Microbial
Biostimulant
condition-2  |87.86 7380.80 097.41 6.76 2015.47 270.90
Microbial
Biostimulant
condition-3  |44.97 3777.76 490.62 6.23 1855.46 240.97

712

713  Table 2- Effect of methane-derived microbial biosimulant on yield-scaled CO2-eq emission in
714  rice Yield-scaled CO2e-emission of CH4 and N20 were found to be significantly lower in methane-

715  derived microbial biostimulant treatment compared to controls.
716

717

718

719

720

721

722

723

724

725

726

727  Supplementary Figures

728  Supplementary Fig la- Experimental field layout for season | testing- Treatment details are below:
729  T1- Control (100% NPK); T3 & T4- 10 ml/L dose of methane derived microbial biostimulant (100%
730  NPK); T5- Control (75%N); T6- 75%N-+microbial biostimulant 5ml/L (condition 1); T7- 75%N+
731  microbial biostimulant 20ml/L (condition 2); T8- 75%N+ microbial biostimulant 15ml/L (condition
732 3); T2, T9 and T10 are outside purview of this manuscript and hence are not discussed/explained.
733  R1, R2 and R3 respectively corresponds to replication 1, 2 and 3. Small green box indicate position

734  of gascollection base & chambers.
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735  Supplementary Fig 1b- Experimental field layout for season |l testing - Treatment details are
736  below: T1- Control (100% NPK); T2- Microbial biostimulant- 10ml/L (100%NPK). Small square

737  box indicate position of gas collection base & chambers.

738  Supplementary Figure 2a- Influence of methane derived microbial biostimulant on grain yield

739  where second application was given asfoliar spray instead of soil spray.

740  Supplementary Figure 2b-d- Multilocation microbial biostimulant validation data- Grain yield
741  improvement mediated by methane derived microbial biostimulant under different agro ecological
742  locations in India. Differences were evaluated using the two-tailed Student’st test and significant
743  differencesat P < 0.05 and P < 0.01 are represented by * and ** respectively.

744  Supplementary Fig 3(a)- Phenotypic feature of microbial biostimulant treated paddy leaves
745  Influence of methane derived microbial biostimulant on greenness in paddy leaf : Control leaf (C)
746 and methane derived microbial biostimulant treated leaf (M B).

747  Supplementary 3(b-d)- Effect of methane derived microbial biostimulant on physological
748  traitsin paddy leaves Photosynthetic efficiency, somatal conductance and transpiration rate are
749  represented as % relative to control plants. Student's t-test: significant differences at P < 0.05 and P
750 < 0.01 arerepresented by * and ** respectively

751  Supplementary Fig 4- Influence of methane derived micraobial biostimulant on expression of

752 root nutrient uptakeand transporter genes.

753 RT-gPCR analysis showing the expression of genes related to macronutrinet transport and
754  metabolism in roots of microbial biostimulant treated plants. Expression levels of genes were
755  normalized to the endogenous reference gene actin and are represented relative to respective control
756  roots, which was set to 1. Pooled root samples from control and microbial biostimulant treated roots
757  used for RNA extraction. The results shown are from three independent experiments. Error bars
758 indicate mean = SE. Student's t-test: significant differences at P < 0.05, P < 0.01 and P < 0.001 are
759  represented by *, ** and ***, respectively. Nitrate transporter (NRT); Ammonium transporter
760  (AMT); nitrate reductase (NIA); Glutamine synthetase (GS); glutamate synthase (GOGAT);
761  Phosphate transporter (PT); High affinity potassium transporter (HAK); Zinc transporter (ZIP).

762  Supplementary Fig 5- Effect of microbial biostimulant on root length- Seedling root dipping was
763  performed in paddy roots with microbial biostimulant and twenty days after transplanting seedlings
764  were uprooted and root length was measured. Student'st-test: significant differences at P <0.01 is
765  represented by “**”.

766  Supplementary Fig 6- Impact of methane derived microbial biostimulant on harvest index in
767  riceunder 75% N- A significant increase in harvest index of 0.38-0.39 was observed in microbial

768  biostimulant conditions 1-3 and HI in control was 0.30. Student's t-test: significant differencesat P <
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769 0.05and P<0.01 arerepresented by ** and ***, respectively.

770  Supplementary Fig 7- Soil and plant nutrient analysis- Influence of microbial biostimulant on soil
771 NPK levels (a) and plant NPK levels (b). Student's t-test: significant differencesat P < 0.05 and P <
772 0.01 arerepresented by * and ** respectively.

773  Supplementary Fig 8- Effect of methane derived microbial biostimulant on paddy growth
774  under greenhouse conditions. Seedlings on the left side represent control and the one on the right
775  sideisplantstreated with microbial biostimulant. Seedlings 7 days after transplantation

776  Supplementary Fig 9- RT-gPCR based derivative melt curve analysis showing the presence of M.

777  capsulatusin paddy roots and leaves.

778  Supplementary Table 1- Indole acetic acid levels observed in microbial biostimulant grown in

779  presence or absence of Tryptophan.

780  Supplementary Table 2- Methane emission reduction from paddy field using methane-derived
781  microbial biostimulant to meet COP26 target for methane reduction by 2030.

782  Supplementary Table 3- List of oligonucleotide primers used in this study.
783
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