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Salinity is a severe environmental stressor that reduces crop performance, alters soil microbial communities, and
influences greenhouse gas emissions such as methane (CHy4). Climate change is expected to further increase
salinity globally. Although plants have evolved physiological and molecular mechanisms to cope with salinity,
the role of plant-microbiome interactions in salinity tolerance and their link to CH4 emissions remain poorly
understood. Here, we investigated the interactions among plant salinity tolerance, rhizobiome, and CH4 emission
under salinity stress. We used salt-tolerant and salt-sensitive rice genotypes grown in nutrient-poor paddy field
soil and nutrient-rich commercial nursery soil under climate-controlled greenhouse conditions with salinity
stress until harvesting. Salt-sensitive genotypes exhibited decreases in early biomass and gas exchange due to
salinity stress under nutrient-rich nursery soil. However, salinity effects were mitigated by plant-microbiome
interactions, which improved plant growth performance. Rhizosphere microbiome analysis revealed that Rhi-
zobacteria, including Cyanobacteria, were associated with plant development and salinity tolerance. Salinity
altered methanogenic archaeal communities, especially Methanobacteria and Methanocellia, with salt-tolerant
genotypes releasing more CH4 during stress. Gas exchange and antioxidant enzyme activity were positively
correlated with CH4 emissions, suggesting an association between improved physiological performance under
salinity and microbial methanogenesis. Gene expression profiling revealed a significant upregulation of hor-
mone- and ion-transport-related genes in paddy soil, which may be associated with stress tolerance, microbial
activity, and CHy4 emissions. This study proposes a mechanistic framework that links plant salinity tolerance,
rhizosphere microbial dynamics, and methane production, illustrating how these interconnected processes shape
plant performance and the environmental outcomes. These findings emphasize the necessity of balancing agri-
cultural productivity with CH4 emissions and soil resilience under climate-induced stress.

1. Introduction

The growing global population and rising environmental stressors,
such as salinity, pose a threat to food sustainability. More than 20% of
the global irrigated land is currently affected by soil salinization, and it
is projected to be over 50% by 2050, particularly in coastal and arid
regions (Singh, 2021). Salinity stress reduces plant development by
causing ionic toxicity and osmotic imbalance, resulting in significant

yield reductions. At the same time, the world's food demand is projected
to increase by 70%, which means that grain production would need to
rise by 50% to feed an estimated 9.7 billion people by the middle of the
century (FAO, 2009). Therefore, it is crucial to develop methods that
enhance crop resistance to salinity.

Rice is one of the salt-sensitive crops cultivated in over 100 countries
and is a staple food for more than half of the global population,
particularly in Asia (Fukagawa and Ziska, 2019). Due to the increasing
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effect of natural disasters and climate change (earthquakes, tsunamis,
and sea-level rise-related salinity), more than 30% of paddy fields will be
unusable by the end of the century (Genua-Olmedo et al., 2022). Espe-
cially, sea-level rise increases soil salinization and damages the coastal
ecosystem, which is the main ecosystem for rice cultivation (Mazhar
et al.,, 2022). Developing salt-tolerant genotypes using genetic engi-
neering has made progress (Aycan et al., 2023; Rana et al., 2019).
However, emerging evidence suggests that the root-associated micro-
biome-plant interactions also play an essential role in modulating plant
responses to salt stress in rice (Ali et al., 2024).

The majority of root-associated microbiome resides in the rhizo-
sphere soil, which plays a functional role in nutrient uptake, hormone
signaling, and ion homeostasis for plants (Xun et al., 2024). Addition-
ally, they support the promotion of plant growth and mitigate salinity
stress (H. Li et al., 2021; Y. Wang et al., 2022) by maintaining ionic and
osmotic balance and ensuring membrane stability (Gupta et al., 2023;
Sahu et al., 2021). Plant varieties and soil salinity influence the structure
of the microbial community in the rhizosphere. According to previous
research, the structure of the rhizosphere microbiome in salt-tolerant
plants differs from that in salt-sensitive plants (Lei et al., 2025; Zhang
et al., 2024). Salt-tolerant genotypes can have specific microbial taxa,
such as halotolerant plant growth—promoting rhizobacteria, including
Bacillus, Halomonas, Pseudomonas, and Paenibacillus species, which
may enhance crop adaptation under salt stress by improving physio-
logical and biochemical stress responses, including ion homeostasis,
antioxidant activity, and hormone regulation (AbuQamar et al., 2024;
Gupta et al., 2023; Radhakrishnan and Krishnasamy, 2024; Sarkar et al.,
2018). Also, rhizosphere microbial communities contribute to key soil
processes such as carbon cycling through the decomposition of organic
matter by heterotrophic bacteria and fungi (Henneron et al., 2020; Ling
et al., 2022), nitrogen cycling through microbial nitrogen fixation and
denitrification (Hao et al., 2022; Mosley et al., 2022; Zhao et al., 2023),
and the regulation of greenhouse gas emissions, particularly nitrous
oxide (N,0), carbon dioxide (CO5), and methane (CH4) fluxes (Maier
et al., 2022; Ortega et al., 2023).

CH4 emissions are the primary concern of greenhouse gas emissions
in paddy fields. Studies show that the global warming potential of CHy4
emissions is approximately 28 times greater than that of CO5 emissions
over a hundred years (IPCC, 2014; X. Wang et al., 2022). Flooded rice
paddies are a significant source of CH4 emissions worldwide, accounting
for approximately 11% of all anthropogenic methane emissions. This is
because fields remain flooded throughout the rice-growing season. (Lee
et al., 2023; Yan et al., 2009). Methane is generated in the anaerobic
microsites of soil by methanogenic archaea (e.g., Methanobacteria,
Methanocellia, and Methanosarcina) and emitted into the atmosphere
mostly via rice aerenchyma (Bao et al., 2014; Lee et al., 2014; Liesack,
2000). In the aerobic microsites of paddy fields, such as a part of
rhizosphere soils near the rice root zone and surface water zone,
methanotrophic bacteria (e.g., Methylobacter and Methylocystis) are
active and oxidize the generated CH,4 before emitting it to the atmo-
sphere. The structure and function of these methanogenic archaeal
communities, as well as their interactions with methane-oxidizing bac-
teria, are significantly influenced by soil conditions, plant characteris-
tics, and environmental stresses, including salinity (Fernandez-Baca
et al., 2021; Liu et al., 2022; Zhao et al., 2025). Soil salinity may alter
CH,4 emissions through altering microbial community structure and
metabolic activity. In non-vegetated aquatic systems, increasing salinity
often suppresses methanogenesis and stimulates alternative pathways,
such as sulfate reduction and aerobic respiration, which occur under
salinity conditions (Soued et al., 2024). However, in vegetated envi-
ronments such as paddy fields, the interactions between salinity,
rhizosphere microbiome composition, and CH4 emissions remain poorly
understood, particularly across rice genotypes with differing salinity
tolerance.

Here we aimed to determine (i) whether contrasting soil systems
differing in microbial composition and nutrient status (using paddy field
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soil with its natural microbiome and commercial high-temperature
sterilized granular nursery soil with its relatively nutrient-rich and
lower microbiome diversity) influence rice plant tolerance to salt, (ii) if
soil salinity affects methane production, and (iii) how rice plants' ability
to tolerate salt (using a salt-tolerant and -sensitive rice genotype) affects
methane production. Our results provide new insights into the impact of
interactions between plants and microbes on rice growth, microbiome
structure, and methane emissions under salinity stress, all of which are
crucial for environmental sustainability in high-salt environments.

2. Materials and methods
2.1. Plant and soil material

The plant material Oryza sativa ssp. Japonica genotypes YNU31-2-4
and YNU31-2-4-SL were used as the salt-tolerant (ST) and salt-sensitive
(SS) rice genotypes, respectively. The ST and SS genotypes exhibit only
two single-nucleotide polymorphisms (SNPs) while remaining similar in
genome sequencing (Aycan et al., 2023; Aycan and Mitsui, 2026). The
nutrient-poor paddy field-derived soil (PS) samples were collected from
five different locations (0-20 cm depth) of a paddy field in Kashiwazaki,
Niigata, Japan (37°22'40.8" N 138°36'35.5" E). The collected soil sam-
ples were well mixed, and physicochemical characteristics were deter-
mined (27 mg/kg of N, 37 mg/kg of P, 74 mg/kg of K, 0.2-0.3 dS/m of
EC, and 5.68 pH). The nutrient-rich nursery culture soil (NS) was ob-
tained commercially, which is high-temperature-sterilized granular soil
(Honen Agri Co., Ltd., Honens soil No. 1) (460 mg/kg of N, 460 mg/kg of
P, 460 mg/kg of K, 0.03-0.05 dS/m of EC, and 4.5-5.5 pH).
High-temperature-sterilized soil was used as a low-microbial-diversity
control to establish a reproducible baseline for evaluating microbiome
effects under controlled conditions. Heat sterilization is widely applied
in plant-microbiome experiments because it effectively reduces micro-
bial load while maintaining soil structure and nutrient composition
within an acceptable range (Li et al., 2023). It should be noted that NS
and PS differ not only in microbial diversity but also in nutrient avail-
ability and other soil characteristics; therefore, this experimental design
does not allow complete separation of microbiome effects from soil
physicochemical influences and instead reflects their combined impact.
Although alternative sterilization methods exist, the objective here was
to establish a consistent low-diversity reference condition for evaluating
microbiome presence versus reduced-microbiome conditions; therefore,
the use of heat-sterilized soil followed by targeted microbial inoculation
provided a practical and controlled experimental framework. Accord-
ingly, plant responses observed in this study should be interpreted as
resulting from integrated soil-plant-microbiome interactions rather
than solely microbiome-associated effects.

2.2. Experimental design

The seeds of ST and SS genotypes were de-husked and soaked for 2
weeks at 4 °C under dark conditions. Soaked seeds were transferred to a
32-well seedling tray filled with rice nursery culture soil under a
controlled growth chamber with light-dark cycles of 26/23 °C, 12 h of
light (350 pmol m2sHand 12 h of darkness, and 70% relative hu-
midity for 10 days. After seven days, the seedlings were transferred to
ambient conditions in a greenhouse for an additional ten days for
climate adaptation. Healthy and uniform-looking seventeen-day-old
seedlings were transferred to 2-liter plastic pots (15.5 cm diameter x 12
cm depth x 20 cm height) filled with NS or PS and placed in a plastic
water pool (65 L: 615 mm length x 350 mm width x 300 mm height) to
simulate field conditions in a controlled greenhouse at 26/23 °C, 70%
humidity, and ambient light conditions. The ST and SS genotypes
cultivated in NS or PS soils were subjected to either 0 (control) or 75 mM
NaCl (salinity) from 27 days after germination (DAG27) until harvest-
ing, thereby capturing integrated physiological, microbiome, and
methane emissions responses across the full growth period under
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controlled conditions. A 75 mM NaCl concentration was used as a
moderate salinity level commonly used in rice physiological studies,
sufficient to induce measurable stress responses without causing severe
growth inhibition or plant mortality (Aycan et al., 2023; Aycan and
Mitsui, 2024; Koc et al., 2024; Nahar et al., 2023), while allowing mi-
crobial activity to be maintained. The experiment employed five bio-
logical replicates per treatment for growth and physiological
measurements. Among these, three plants with uniform phenotypes
were selected as biological replicates for biochemical, gene expression,
and microbiome analysis. Plants of the same genotype (SS or ST) and soil
type (NS and PS) were cultivated in the same pool in different pots to
minimize microbial contamination between genotypes, soils, and
treatments (Fig. S1). Plant leaf samples were collected 30 days after
exposure to salt stress, where apparent morphological differences were
observed (Aycan et al., 2024; Aycan and Mitsui, 2024), rapidly frozen in
liquid nitrogen, and stored at —80 °C until further biochemical and gene
expression-related experimental processing.

2.3. Leaf gas exchange measurements

The net photosynthetic rate (A, CO5 m~2s™ 1), stomatal conductance
(gs, mol Hy0 m? s’l), transpiration rate (E, mmol Hy0 m? s’l),
intercellular CO; concentration (Cj, pmol CO, m~2s™1), and the ratio of
intercellular-to-ambient CO5 concentration (C;j/C,) were measured as
leaf gas exchange parameters by using a portable photosynthesis LI-
6400XL system (LI-6400-20, LI-COR Biosciences, Lincoln, NE, USA)
from flag leaves at the flowering stage. The instantaneous water use
efficiency (WUE;) was calculated as the ratio of the net photosynthetic
rate to the transpiration rate (A,/E). The measurements were recorded
from 9:00 to 15:00 h under clear sky (sunny) conditions with a photo-
synthetically active radiation (PAR) value above 1000 pmol m2s!to
ensure maximum values, and the CO, concentration was maintained at
400 pmol s! in the chamber. The relative humidity ranged between
45% and 55%, and the leaf temperature was maintained at 26 °C.

2.4. Methane emissions measurement

Methane (CHy) soil emissions from pot soil were quantified using the
closed chamber method after 30 days of salinity stress (Minamikawa
etal., 2015). A closed-top acrylic cylinder chamber with a volume of 6.8
L (16 cm diameter x 34 cm height) was placed over the pot to cover it
without disturbing the soil and rice plant. Those pots were placed in the
water pool (300 mm height), thus allowing the chambers to maintain the
seal during the flux measurement. As the chambers have brims on their
top and bottom, we stacked chambers when we found that the plant
height was higher than a single chamber. By inserting a ring-shaped
silicon rubber plate between two chambers, the sealing of the cham-
bers was maintained.

We conducted monitoring of CH4 concentration during the chamber
covering gas volume to the pot using a real-time gas analyzer (LI-7810,
Li-Cor, USA), following the protocol by Tokida (2021) and Kajiura and
Tokida (2021). Briefly, the real-time gas analyzer recorded CH4 con-
centrations (ppm) inside the chambers at a 1.0 s resolution for 10 min.
The chamber and the gas analyzer were connected with tubing. The air
inside the chamber was pumped and circulated between the chamber
and the analyzer at a rate of 0.25 L/min by a pump built into the
analyzer. In order to prevent the analyzer from potential condensation, a
silica-gel dehumidification unit (Tokida, 2021) was connected in be-
tween the chamber and the gas analyzer inlet.

The dehumidification unit consisted of a Teflon tube placed in a cold-
water bath that effectively condensed and removed moisture from the
sampled air before entering the analyzer, preventing water interference
in CH4 signal detection. The unit consisted of a sealed container filled
with moisture-absorbing silica gel through which the sampled air passed
before entering the analyzer. This setup ensured stable CH4 readings and
protected the optical system from water vapor accumulation.
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The LI-7810 measurements were performed first to observe real-time
CH4 concentration dynamics and evaluate emissions trends under
different soil and salinity conditions. These results were later com-
plemented by an independent gas chromatographic (GC) analysis for
precise quantification of CHy fluxes.

For GC analysis, gas samples inside the chambers were collected at 0,
5 and 10 min after chamber closure using a syringe through a Suba Seal
septum fixed in the chamber. 30 mL of gas were taken from each
chamber, stored at overpressure in pre-evacuated 20 mL glass vials, and
analyzed using a gas chromatograph (GC-2014, Shimadzu Corporation,
Kyoto, Japan) equipped with a stainless packed column (GC-2014-SUS-
3.0 x 2m-Active Carbon-60/80-JK, GL Sciences, Tokyo, Japan) and a
flame ionizer detector for CH4 detection; samples were injected utilizing
a headspace auto-sampler (2000H, HTA S.R.L., Brescia, Italy). Standards
of CH4 (0.62, 4.87, 8.12, and 9.74 ppm) were analyzed simultaneously
with the samples.

CH,4 emissions fluxes were calculated as the change in gas concen-
tration over 10 min. Fluxes were expressed as mg CH; m 2 h™!. The air
temperature in a greenhouse was used to convert gas volume to weight
in the gas equation of state. Here, the air pressure inside the chambers
was assumed to be equal to that of the ambient air. Cumulative emis-
sions during the evaluated period were estimated using the trapezoidal
rule of integration, as described by Minamikawa et al. (2015) and Lasar
et al. (2025). Chambers were removed after each gas sample was taken.

2.5. Plant growth, physiological, and harvesting determination

To observe plant salinity tolerance differences between soil types (NS
and PS) during the growth period, plant height, chlorophyll content
(SPAD), and normalized vegetation index (NDVI) values were collected
weekly from 0 weeks (DAG27, salt stress application day) to 8 weeks
(DAGS83, flowering). The plant heights were measured using a ruler. The
chlorophyll content was recorded using an SPAD-502Plus meter (Konica
Minolta, Tokyo, Japan). The NDVI values were collected using a
GreenSeeker sensor (Trimble Agriculture, Trimble Inc., Westminster,
CO, USA).

After harvesting, the main agronomic traits, such as plant height
(PH), root length (RL), plant biomass (PB), root biomass (RB), tiller
number (TN), panicle number (PN), panicle length (PL), spikelet number
(SN), 1000-grain weight (TGW), grain number per panicle (GNPP), and
yield per plant (YPP), were determined.

2.6. Biochemical analysis

The malondialdehyde (MDA) measurement was performed utilizing
a revised method established by Dhindsa and Matowe (1981). The 0.5 g
leaf sample was homogenized with 5 ml of a 0.1% trichloroacetic acid
solution. The mixture was subsequently centrifuged at 12500xg and
25 °C for 20 min. A volume of 2 ml of the supernatant was mixed with 2
ml of thiobarbituric acid-trichloroacetic acid (TCA) solution. The
mixture was incubated for 30 min at 90 °C, after which the reaction was
terminated by placing the tube in a cold bath for 10 min. The chromogen
generated was quantified at wavelengths of 520 and 600 nm using a
double-beam spectrophotometer (U-2900, Hitachi, Tokyo, Japan).

The hydrogen peroxide (H203) concentration was recorded by the
Loreto and Velikova (2001) method with slight modifications. A frozen
leaf sample weighing 0.3 g underwent homogenization with 3 mL of a
1% (w/v) trichloroacetic acid (TCA) solution. The homogenate was
subjected to centrifugation at 10,000xg and 4 °C for 10 min. The liquid
component was subsequently mixed with 0.75 ml of a 10 mM K-phos-
phate buffer solution at pH 7.0 and 1.5 ml of a 1 M KI solution. The
concentration of HyO, was determined by comparing the absorbance of
the supernatant at 390 nm with a standard calibration curve. The con-
centration of HyO, was ascertained using a standard curve established
within the range of 10-1000 pmol ml~!. Hydrogen peroxide (H,05) was
measured in micromoles per gram of fresh weight (umol g~* FW).
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The osmoprotectant, free proline (PRO) concentration, was deter-
mined using the methodology of Bates et al. (1973) with minor adjust-
ments. The snap-frozen leaf sample (0.5 g) was homogenized using 3%
sulfosalicylic acid solution (10 mL). The homogenate was incubated for
24 h at 4 °C under dark conditions. The incubated homogenate was
centrifuged at 10,000xg for 5 min at 25 °C. The supernatant (1 mL)
obtained was combined with ninhydrin (1 mL) and glacial acetic acid (1
mL) in a glass test tube. The mixture was subjected to a high temperature
(100 °C) for 1 h in a hot bath. After heat treatment, the tubes were
immersed in an ice bath for 20 min. Toluene (2 mL) was added to the
tube and incubated for 30 min to extract proline. The toluene phase was
extracted from the tube, and the absorbance was measured at a wave-
length of 520 nm using a double-beam spectrophotometer U-2900
(Hitachi, Tokyo, Japan).

One gram of frozen leaf powder samples was homogenized with 4 mL
of 1 M phosphate buffer (pH 7.0) and 0.1 mM Na-EDTA (10 mL). The
homogenate was subjected to centrifugation at 15,000xg for 15 min at
4 °C. The liquid above the sediment, referred to as the supernatant, was
used to evaluate antioxidant enzyme activity, as described by Tejera
Garcia et al. (2004).

The evaluation of superoxide dismutase (SOD) activity was per-
formed by measuring its capacity to inhibit the photochemical reduction
of nitro blue tetrazolium (NBT), utilizing the methodology established
by Cakmak and Marschner (1992). The unit of superoxide dismutase
(SOD) is defined as the amount of enzyme required to achieve a 50%
decrease in the activity of nitroblue tetrazolium (NBT) at 25 °C. The SOD
was measured and expressed as units per minute per gram of fresh
weight. The absorbance measurement was performed at a wavelength of
650 nm using a double-beam spectrophotometer (U-2900, Hitachi,
Tokyo, Japan).

The assessment of catalase (CAT) activity involved observing the rate
of decline in absorbance at a wavelength of 240 nm over 3 min following
the degradation of hydrogen peroxide (H202) (Aebi, 1984). The exper-
imental configuration involved the combination of 0.8 mL of a phos-
phate buffer solution with a concentration of 50 mM and a pH of 7.6,
which also contained 0.1 mM Na-EDTA. Furthermore, 0.1 mL of a 100
mM H50; solution and 0.1 mL of enzyme extract were combined to
obtain a total volume of 2 mL.

The activity of ascorbate peroxidase (APX) was assessed by
measuring the reduction in absorbance at 290 nm over 1 min, in
accordance with the methodology outlined by Amako et al. (1994). The
assay solution comprised 100 pL of extract sample, 50 mM potassium
phosphate buffer at pH 7.6, 0.5 mM H50, and 0.1 mM ascorbate. The
reaction commenced with the addition of the enzyme extract, and the
reduction in absorbance was documented.

2.7. Na™ and K" ion measurements

The sodium (Na') and potassium (K¥) ion concentrations in the
leaves and roots of rice plants were measured after harvesting using a
wet digestion method described by Pequerul et al. (1993) and analyzed
by “Polarized Zeeman atomic absorption spectrophotometry” (Z-6100,
Hitachi, Tokyo, Japan).

2.8. Real-time quantitative PCR analysis

Total RNA was extracted from 30-day-old salt-exposed plant leaves
using the TRIzol method (Simms et al., 1993). RNA integrity was
determined using gel electrophoresis, while RNA concentration was
quantified using a NanoDrop™ One® spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). The total RNA samples were reverse
transcribed into cDNA using the ReverTra Ace qPCR RT Mix with gDNA
Remover kit (Toyobo, Osaka, Japan). RT-PCR amplification was con-
ducted in a 10 pl reaction mixture, which included 1 pl of cDNA, 3.6 pl of
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ddH50, 0.2 pl each of 10 pmol sense (forward) and antisense (reverse)
primers, and 5 pl of SsoFast.

EvaGreen Supermix (Bio-Rad Laboratories). PCR was conducted in
triplicate for each gene: 98 °C for 2 min, 98 °C for 2 s, 60 °C for 5 s, and
75 to 95 °C for 10 s for the melting curve (39 cycles). Real-time PCR was
performed using the CFX96 Real-time PCR Detection System (Bio-Rad
Laboratories, Hercules, CA, USA). The mean of three separate plant
samples was used for all real-time PCR assays. The normalization of gene
expression for the target gene (Table S1) was calculated using the 2™
AACT method as described by Livak and Schmittgen (2001) employing
reference gene OsACTIN1 (0s03g0718100).

2.9. Microbial and bioinformatics analysis

Soil samples were collected from the rhizosphere of three pots with
three biological replicates per genotype (ST and SS) grown under control
and salinity treatments in both soil types (NS and PS). Each pot con-
tained a single plant, and the rhizosphere soil was carefully collected 30
days after salt stress exposure. According to the manufacturer's in-
structions, total microbiome DNA was extracted from 0.5 g of the
rhizosphere soil sample using ISOIL for Bead Beating (Nippon Gene,
Tokyo, Japan). The V4 region of the 16S rRNA gene in the extracted
DNA was amplified using the 515F/806R universal primers
(Abellan-Schneyder et al., 2021; Amaral-Zettler et al., 2009), tailed with
[lumina barcoded adapters (San Diego, CA, USA) (Caporaso et al.,
2012). Primary polymerase chain reaction (PCR), purification, index
PCR (Nextera XT Index Kit v2 SetA, [llumina Inc., San Diego, CA, USA),
and Illumina MiSeq sequencing (MiSeq Kit V2 300 cycles, 2 x 300
paired-end reads on an Illumina MiSeq sequencing platform, Illumina
Inc., San Diego, CA, USA) were performed, as described previously
(Asiloglu et al., 2024). All of the raw sequence data obtained in this
study have been deposited in the NCBI database under the BioProject ID
PRJNA1446220.

Raw data (FastQ) were analyzed using the QIIME2 pipeline (version
2023.9, available at https://qiime2.org/). Error correction, quality
filtering, adaptor, doubleton, and chimera removal were performed
using DADA2 (Callahan et al., 2016) with reads truncated at 200 bp for
each paired-end read, corresponding to a quality score >30, and
allowing forward and reverse sequences to overlap >50 bp. QIIME2's
q2-feature-classifier plugin was used against the most recent bacterial
SILVA Ribosomal RNA database (138.2) (Quast et al., 2012) for the
taxonomy assignment of the bacteria (Burki et al., 2020; Yilmaz et al.,
2014). Prior to denoising, sequence quality was assessed using the
demux summarize function in QIIME2 to determine trimming and
truncation parameters (Bolyen et al., 2019). Microbial community
composition was visualized using taxa bar plots. Specific taxa, including
methanogenic groups such as Methanobacteria, were filtered and
analyzed to assess their contribution to methane (CH4) emissions.
Pearson correlation analysis was performed to evaluate the relationships
between selected microbial taxa, gene expression levels, and CHy
emissions. Correlation coefficients (r) and significance levels (p-values)
were calculated using R software, with statistical significance set at P <
0.05.

2.10. Statistical analysis

The plant data were evaluated by using analysis of variance
(ANOVA) to determine the impact of genotype (G), soil (S), treatment
(T), GxS, GxT, and GxSxT interactions. The differences were determined
using Tukey's honestly significant difference (HSD) test at a significance
threshold of P < 0.05. This analysis was conducted using RStudio soft-
ware employing the 'glht' function inside the 'multcomp' package
(Hothorn et al., 2008; Kassambara and Mundt, 2016). Principal
component analysis (PCA) was conducted using the 'factoextra' and
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'FactoMineR' packages to elucidate the differentiation across genotypes
and soil based on physiological, biochemical, post-harvesting, and
yield-related data under control and salinity stress conditions
(Kassambara and Mundt, 2016; Le et al., 2008). Euclidean distance
matrices were calculated to evaluate similarities, and the findings were
shown alongside the PCA graph. The data was subjected to hierarchical
clustering using the heatmap function in the 'pheatmap' package in the
RStudio program (Kolde, 2010). The random forest classification and
variable importance analysis were conducted using the randomForest'
package in the RStudio program (Breiman, 2001) to evaluate the relative
contribution of the rhizosphere microorganisms in differentiating plant
growth and salinity tolerance and methane emissions under salt stress
conditions. Pearson correlation analysis was performed to evaluate the
relationships between CH4 emissions, gene expression levels, and
selected microbial taxa. Correlation coefficients (r) and significance
levels (P-values) were calculated using R software. As the analysis
focused on a limited number of selected variables, multiple comparison
correction was not applied due to the hypothesis-driven selection of a
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limited number of variables, and statistical significance was set at P <
0.05.

3. Results
3.1. Paddy soil improves plant growth and photosynthesis

To investigate the effect of the rhizosphere microbiome (including
bacterial and archaeal communities) on salinity tolerance, ST and SS
genotypes, which are grown in NS and PS, were exposed to salt stress
from DAG 27 until harvesting. Salinity significantly reduced plant
growth from week 1 (W1) in the SS genotype, but it was reduced from
W6 in NS (Fig. 1A and B). Interestingly, salinity did not significantly
reduce plant growth in either ST and SS genotypes grown in PS, although
PS contains significantly lower nutrients compared to NS (Fig. 1C and
D). At the same time, we observed higher SPAD values in ST and SS
genotypes grown in NS and PS under salinity conditions. However, after
two months of salinity, most of the ST and SS plants showed similar
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Fig. 1. Phenotypic responses of salt-tolerant (ST) and salt-sensitive (SS) rice genotypes to salinity under nursery soil (NS) and paddy soil (PS) conditions. (A) Plant
growth performance of NS-ST, (B) NS-SS, (C) PS-ST, and (D) PS-SS plants under control (yellow color) and salinity (blue color) treatments for 8 weeks. (E) Logio-
transformed response ratios (salinity/control) for physiological and agronomic traits in ST and (F) SS rice genotypes grown under NS (green circle) and PS (red
triangle) conditions. Data represent mean + SD (n = 3-5). Asterisks indicate statistically significant differences between salt and control conditions at each time point
and NS and PS for each genotype (*P< 0.05, **P< 0.01, ***P < 0.001; Student's t-test). Abbreviations: A,, net photosynthetic rate; APX, ascorbate peroxidase; CAT,
catalase; CH,4, methane C;, intercellular CO, concentration; C;/C,, intercellular to ambient CO, concentration ratio; E, transpiration rate; GNPP, grain number per
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SPAD values under both control and salinity conditions, except for the
NS-ST treatment (Fig. S2A-S2D). During the same period, salinity did
not significantly reduce NDVI values in the ST genotype until W8, but it
significantly reduced NDVI in the SS genotype grown in NS from W5
(Fig. S2E and S2F). A similar pattern was observed in PS-ST and PS-SS
(Fig. S2G and S2H).

Salinity significantly reduced the net photosynthesis rate (An) by
—65% and —35% in SS genotypes grown in NS and PS, respectively.
Salinity did not significantly affect the An in the NS-ST; however, it is
reduced by —30% in the PS-ST (Fig. S2I). Interestingly, the An was
significantly higher in ST (30%) and SS (430%) genotypes that grown in
PS compared to NS. Also, the log; (salinity/control) ratio was found to
be considerably higher in the NS-SS (Fig. 1E and F, and S2I). The salinity
significantly lowered stomatal conductance (g) and transpiration rate
(E) in ST and SS genotypes grown in NS and PS. However, g; and E were
observed to be significantly higher in PS-ST and PS-SS, a similar pattern
to that of An (Fig. S2J and S2K). Upon examining the logi( (salinity/
control) ratio, g; revealed a higher ratio in the SS-PS, but it was higher in
the NS-ST. In the case of E, a significantly higher ratio of the NS-ST
(Fig. 1E and F, Table 1).

The intercellular CO, concentration (C;) and intercellular to ambient
CO4 concentration ratio (Cj/C;) showed a similar pattern. Salinity

Table 1

ANOVA analysis of genotype (G), soil (S), treatment (T), and interaction effects
on measured traits. Asterisks indicate significant differences (***P< 0.001,
**P< 0.01, *P < 0.05, ns = non-significant).

Traits G S T GxS GxT SxT GxSxT
Aq

8s ns

E dedkk

G;

Ci/C, ns

WUE; e

PH ek

RL wx

PB e

RB

TNPP o

PN ns

PL ns

SNPP ns

TGW wx

GNPP i

YPP

MDA

H30,

PRO x4

SOD

CAT e el

APX dedkek ek Fedkk ek Fedkek ek ek
Na * sk *

K o o * o

Na/K ek Kk Fedkk ek dedkek ek ek
CH,4 i ns ns
OsbHLH056 * ns el ns
OsGRAS23 o ek stk o sedeke ek wk
OSCKXZ ns Kk *k * ¥k Fedkek dedkk
OsABA1 ns e ns bl

OsIAA1 * ek e sk ns ek

OSHKTI * ns *k Kk dekk ek ns
0OsACO1 * Frk
OsAKT1 HrE ns el ns el ns ns

Abbreviations: An, net photosynthetic rate; Gs, stomatal conductance; Ci,
intercellular CO, concentration; E, transpiration rate; Ci/Ca, ratio of intercel-
lular to ambient CO, concentration; WUEI, intrinsic water use efficiency; PH,
plant height; RL, root length; PB, plant biomass; RB, root biomass; TNPP, tiller
number per plant; PN, panicle number; PL, panicle length; SNPP, spikelet
number per panicle; TGW, thousand-grain weight; GNPP, grain number per
panicle; YPP, yield per plant; MDA, malondialdehyde; H,O,, hydrogen peroxide;
PRO, proline; SOD, superoxide dismutase; CAT, catalase; APX, ascorbate
peroxidase; Na, sodium content; K, potassium content; NaK, Na*/K™ ratio.
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significantly reduced C; and the C;j/C, ratio in NS-ST, PS-ST, and PS-SS.
Interestingly, they were significantly increased in NS-SS. When we
compared the soil type, PS showed significantly higher C;, and the C;/C,
ratio was almost the same in all genotypes and treatments except PS-SS
(Fig. S2L and S2M). The logio (salinity/control) ratios of C; were
observed to be higher in PS for the ST genotype and NS for the SS ge-
notype; the C;/C, ratio was found to be higher in PS for the ST genotype,
but it was higher in NS for the SS genotype (Fig. 1E and F). The
instantaneous water use efficiency (WUE;) was significantly increased in
NS-ST and PS-ST but only decreased considerably in NS-SS. Addition-
ally, WUE; was significantly reduced in PS for all ST and SS genotypes
compared to NS. The log; (salinity/control) ratios of WUE; were found
to be significantly higher in PS for ST and SS genotypes (Fig. 1E and F,
and S2N).

3.2. Paddy soil reduces ROS and enhances antioxidant enzyme activity

PS and NS showed different effects on the salinity tolerance capacity
of ST and SS genotypes. Salinity significantly increased malondialde-
hyde (MDA) levels in ST and SS genotypes grown in NS and PS. How-
ever, PS significantly decreased the MDA level in all genotypes and
conditions (Fig. 1E and F, and S3A). A similar pattern was observed in
hydrogen peroxide (H02) production. Although salinity significantly
increased H20O; production in all genotypes and soil types, PS showed
lower H204 production compared to NS in all genotypes and conditions
(Fig. 1E and F, and S3B). Proline (PRO) accumulation significantly
increased in ST and SS genotypes under salinity for all soil types. Proline
accumulation was consistently higher in PS than NS across all genotypes
and treatments (Fig. 1E and F, and S3C). Superoxide dismutase (SOD)
activity was decreased in the NS-SS and PS-SS under salinity; however,
ST genotypes showed increased SOD activity in both NS and PS soil types
under salinity. Interestingly, PS showed significantly higher SOD ac-
tivity in all genotypes and conditions under NS (Fig. 1E and F, and S3D).
The catalase (CAT) activity significantly increased in ST genotypes
grown in NS and PS soils under salinity conditions. The salinity reduced
SOD activity in SS genotypes under NS soil type, but the CAT activity
increased in SS genotypes in PS soil type under salinity conditions. The
PS significantly increased SOD activity in all genotypes and conditions
compared to the NS soil type (Fig. 1E and F, and S3E). The salinity
significantly increased APX activity in both ST and SS genotypes grown
in NS and PS soil types. However, proline accumulation was consistently
higher in PS than NS across all genotypes and treatments (Fig. 1E and F,
and S3F).

3.3. Paddy soil improves the post-harvest and yield-related traits under
salinity conditions

After long-term exposure to salinity stress, both ST and SS plants
exhibited significantly reduced plant height (PH) and root length (RL)
under salinity across NS and PS soil types. PS exhibited a significantly
lower PH compared to the NS soil type. A similar pattern was observed
in RL. However, a significant difference was recorded in plant biomass
(PB) and root biomass (RB) traits. Salinity significantly reduced PB and
RB in both NS-ST and NS-SS, but not in PS-SS, which was not signifi-
cantly affected. These results suggest that the ST genotype, particularly
under PS conditions, exhibits greater resilience to salinity stress in terms
of biomass retention (Fig. 1E and F, and S4).

The post-harvest traits of ST and SS genotypes grown in NS and PS
soils were significantly reduced by salinity stress. Under salinity stress,
the ST genotype exhibited higher tiller number per panicle (TNPP),
panicle number (PN), panicle length (PL), and spikelet number per
panicle (SNPP) compared to the SS genotype in NS and PS soil types. In
contrast, the SS genotype exhibited pronounced reductions in all traits.
The PS-ST and PS-SS genotypes were not significantly affected by
salinity in terms of TNPP and PN. However, panicle length was reduced
in the SS genotype by the effect of salinity on PL and SNPP traits. These
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results demonstrate that the ST genotype retains superior yield-related
performance under salinity stress, mainly when grown in nursery soil
(Fig. 1E and F, and S5).

Although there were panicles and spikelets, the NS-SS genotype did
not produce seeds under salinity stress conditions. Salinity significantly
affects yield-related traits: 100-grain weight (TGW), grain number per
panicle (GNPP), and yield per plant (YPP) were reduced by —40, —77,
and —87% in the ST genotype grown in the NS type. The SS genotype
grown in PS produces seeds under salt stress conditions. Even PS-ST and
PS-SS were negatively affected by salinity stress; the reduction of TGW,
GNPP, and YPP was significantly lower compared to the NS soil type.
The data indicate that soil type has a significant influence on salinity
stress responses, with paddy soil providing a more buffered environment
that facilitates partial reproductive success in salt-sensitive genotypes
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(Fig. 1E and F, and S6).

The accumulation of Na™ and K* ions showed significant differences
among soil types, genotypes, and treatments. Under control conditions,
Na' accumulation did not significantly change among genotypes and
soil types. However, SS genotypes showed higher Na® accumulation
compared to ST genotypes under salt stress conditions. Notably, the
accumulated amount of Na* ions was higher in the NS soil than in the PS
soil (Fig. S7A). On the other hand, K" accumulation decreased signifi-
cantly under salinity stress. The most significant reduction of K" ions
was observed in SS plants grown in NS soil (Fig. S7B). Therefore, the
Na'/K" ratio increased in NS-SS plants, indicating a significant ionic
imbalance. The PS-ST and PS-SS genotypes exhibited lower Na®/K*
ratios under salinity stress (Fig. S7C), suggesting that paddy soil is better
at maintaining ion balance than the nursery soil. These results indicate
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Fig. 2. Multivariate and correlation-based analysis of physiological and biochemical traits in salt-tolerant (ST) and salt-sensitive (SS) rice genotypes under salinity
stress across nursery soil (NS) and paddy soil (PS) types. (A) Principal Component Analysis (PCA) based on measured physiological and biochemical parameters. Each
point represents an individual sample, and ellipses indicate K-means clustering. (B) PCA biplot. (C) Heatmap of standardized (z-score) physiological and biochemical
trait values across all samples. Rows represent treatments (grouped by genotype, soil, and salinity), and columns represent individual traits. Red indicates above-
average values, while blue indicates below-average values. Left colors represent K-means clustering. Abbreviations: An, net photosynthetic rate; Gs, stomatal
conductance; Ci, intercellular CO, concentration; E, transpiration rate; Ci/Ca, ratio of intercellular to ambient CO, concentration; WUEI, intrinsic water use effi-
ciency; PH, plant height; RL, root length; PB, plant biomass; RB, root biomass; TNPP, tiller number per plant; PN, panicle number; PL, panicle length; SNPP, spikelet
number per panicle; TGW, thousand-grain weight; GNPP, grain number per panicle; YPP, yield per plant; MDA, malondialdehyde; H,O5, hydrogen peroxide; PRO,
proline; SOD, superoxide dismutase; CAT, catalase; APX, ascorbate peroxidase; Na, sodium content; K, potassium content; NaK, Na*/K™ ratio.
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that soil type has a significant impact on the accumulation of ions from
plants under salinity conditions (Fig. 2).

3.4. Rhizobacteria richness is associated with plant growth and tolerance

The number of amplicon sequence variants (ASVs) showed that the
soil type, rice genotype, and salinity treatments changed the alpha di-
versity. Results showed that PS had a 289% higher total ASVs count
(5854) than NS (1504). The ST genotype (4261) harbored approxi-
mately 11% more ASVs than the SS genotype (3773). The ASVs count of
the control (4240) conditions was roughly 11% higher than the salinity
(3792) conditions. The findings demonstrated that soil type, rice geno-
type, and salinity treatment significantly changed the alpha diversity,
with the ST genotype grown in PS providing a more favorable envi-
ronment for microbial diversity (Fig. 3A). Venn diagram analysis further
revealed that the NS-ST genotype had higher unique ASVs under control
(35%) and salinity conditions (25%), following the NS-SS genotype
under salinity (18%) and control conditions (13%). The common ASVs
among NS soil, rice genotypes, and conditions were observed at a fre-
quency of around 1-2%. However, ST (25% of control and 14% of
salinity) and SS (16% of control and 22% of salinity) showed almost
similar amounts of unique ASVs in PS (Fig. 3B).

Based on 16S rRNA gene sequencing and taxonomic classification
analysis, we identified the top 10 bacterial phyla that dominated each
soil type, genotype, and treatment at the phylum level. Salinity stress
altered the relative abundance of major bacterial taxa, including Acti-
nobacteria, Bacteroidota, Bacilli, and Cyanobacteria (Fig. 3C). Random
Forest analysis indicated that the high importance of Actinobacteria,
Cyanobacteria, Bacteroidota, and Bacilli was significantly correlated
with microbial community divergence across genotypes, soil types, and
treatments (Fig. 3D and E). Additionally, cyanobacteria abundance and
plant growth showed a significant positive correlation (R = 0.41, P =
0.046) in the Pearson correlation analysis (Fig. 3F). However, Actino-
bacteria, Bacteroidia, and Bacilli exhibited weak or no significant cor-
relations with growth (R = 0.35, 0.018, and 0.14, respectively; P > 0.05;
Fig. 3G-I). These results showed that Cyanobacteria may be positively
associated with enhanced growth in rice under saline conditions, while
the other taxa showed limited relevance under the tested conditions.

3.5. Salinity stress increases methane emissions

To validate methane (CHy4) emissions consistency, we first performed
real-time monitoring using an Li-7810 analyzer to record CH4 accumu-
lation dynamics during chamber closure (Fig. 4A). The real-time CHy
emissions (ppm) showed that the PS-ST salinity plants had the steepest
slope, indicating fast and persistent release of methane during mea-
surement. The NS-ST salinity showed a significant increase, but the SS
genotypes in both soils displayed minimal differences in accumulation
across treatments (Fig. 4A).

In parallel, we measured changes in CH4 concentration from
chamber-collected gas samples to confirm linear increases during
enclosure (Fig. S8). CH4 emissions pattern was significantly affected by
rice genotype, soil type, and salinity treatment. In the nursery soil (NS)
type, the ST genotype exhibited significantly elevated CH4 emissions
under salinity stress relative to the control (Fig. S8A). Nonetheless, the
SS genotype exhibited no significant difference in CH4 emissions be-
tween control and salinity stress conditions (Fig. S8B). In paddy soil
(PS), the ST genotype displayed a solid and consistent CHy release, and
salinity increased the CH4 emissions (Fig. S8C). The SS genotype
exhibited a delayed CH4 emissions response, with remaining similar
emissions between control and salinity stress (Fig. S8D).

These results demonstrate stable CH4 accumulation (mg m2h™h
across all treatments, supporting the reliability of subsequent flux cal-
culations (Fig. 4B). The comprehensive CH4 flux analysis indicated that
PS-ST genotypes exhibited the highest flux, whereas salinity stress
significantly elevated CH4 flux compared to control conditions. The
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lowest CH4 flow was observed in NS-SS control plants. Among all soil
types, salinity stress tended to increase CH4 emissions in ST genotypes
more than in SS genotypes (Fig. 4B). A similar pattern was observed in
real-time CH4 accumulation curves. The overall CH4 emissions patterns
obtained from real-time monitoring (Fig. 4A) and GC-based flux mea-
surements (Fig. 4B) were consistent, supporting the reliability of the
observed treatment effects.

The Pearson correlation matrix analysis revealed a complex network
of correlations between CH4 emissions and plant physiological and
biochemical characteristics. The flow of methane exhibited a notable
positive correlation with metabolic traits, including PRO, SOD, CAT, and
APX. Moderate positive correlations were identified among gs, E, and
TGW, indicating that enhanced gas exchange capacity, increased TGW,
and elevated biochemical activity (including PRO accumulation and
heightened SOD, CAT, and APX activities) may be associated with
methane release under salinity stress (Fig. 4C).

3.6. Methanogenic archaeal community structure and contribution to
methane emissions under salinity stress conditions

To better understand the microbial causes of changes in CH4 emis-
sions patterns among rice genotypes, soil types, and salinity treatments,
we examined the archaeal community. The archaeal community was
influenced by salinity treatments, soil types, and rice genotypes. Meth-
anosarcina, Bathyarchaeia, and Nitrososphaeria were identified as the
three most prevalent archaeal groups across all treatments (Fig. 5A).
When we extracted only the methanogenic archaeal community, the
dominant groups were Methanosarcina, Methanomicrobia, Meth-
anobacteria, and Methanococci. However, their proportional contribu-
tions varied depending on the genotype and soil type. Under salinity
stress, the percentage of putative methanogenic taxa was generally
higher, especially in paddy soil. On the other hand, methanogenic and
non-methanogenic archaea were more evenly distributed in the nursery
soil (Fig. 5B). According to random forest analysis, the most significant
taxa for treatment classification were Methanomicrobia, Methanobac-
teria, Methanocellia, and Methanosarcina (Fig. 5C and D).

Pearson correlation analysis revealed that Methanomicrobia (R =
0.12, P = 0.58) and Methanosarcina (R = 0.12, P = 0.56) were not
significantly correlated with CH4 emissions. However, CH4 emissions
were significantly correlated with Methanobacteria (R = 0.48, P =
0.019) and Methanocellia (R = 0.47, P = 0.02) (Fig. 5E-H). These
findings suggest that Methanobacteria and Methanocellia are strongly
associated with methane emissions in rice systems, with other archaeal
groups having minimal contributions to the dynamics of emissions
under salinity stress.

3.7. Gene expression responses and their association with methane
emissions

RT-qPCR analysis revealed significant transcriptional reprogram-
ming of stress- and hormone-related genes in response to salinity stress,
and soil type had a significant effect on expression patterns. Gene
expression was significantly higher in PS compared with NS, indicating
that conditions in PS mitigated the adverse effects of salinity on gene
activity in both ST and SS genotypes (Fig. S9). Genes involved in hor-
monal signaling (OsABA1, OsCKX2, OsIAA1), ion transport (OsHKT1,
OsAKT1), and transcriptional regulation (OsbHLH056, OsGRAS23) had
higher expression levels in paddy soil. On the other hand, the ethylene
biosynthetic gene OsACO1 was differentially regulated depending on
genotype. In the SS genotype, most genes were significantly down-
regulated in the high-salinity nursery soil but remained at stable
expression levels or were even upregulated in paddy soil (Fig. 6A and B).
This may explain the partial preservation of reproductive success
observed in this soil type.

Correlation analysis further demonstrated that the expression of
numerous genes was significantly correlated with methane emissions
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peroxidase; CAT, catalase; CH,4, methane C;, intercellular CO, concentration; C;/C,, intercellular to ambient CO, concentration ratio; E, transpiration rate; GNPP,
grain number per panicle; g, stomatal conductance; H,0,, hydrogen peroxide; K, Kt concentration; MDA, malondialdehyde; Na, Na* concentration; NaK, Na*/K"
ratio; PB, plant biomass; PH, plant height; PL, panicle length; SNPP, spikelet number per panicle; PRO, proline content; PN, panicle number; RB, root biomass; RL,
root length; SOD, superoxide dismutase; TGW, 1000-grain weight; TNPP, tiller number per panicle; WUEI, instantaneous water use efficiency; YPP, yield per plant.

(Fig. 6C). The relative gene expression of OsABA1, OsIAA1, and OsAKT1 contribute to CH4 production. The connection between plant stress

showed significant positive correlations with CH4 emissions. Our results signaling and microbial methanogenesis may explain that specific ge-
suggest that hormonal and ion homeostasis responses induced by notypes and soil types that are associated with growth and yield under
salinity may be indirectly associated with methanogenesis under salinity saline conditions also produce higher methane emissions.
conditions. On the other hand, genes such as OsbHLH056 and OsCKX2
exhibited a negative correlation with CH4 emission, suggesting that their 4. Discussion
activation may be associated with stress adaptation processes that alter
plant carbon allocation or root-microbe interactions, thereby reducing Salinity tolerance is not solely determined by internal physiological
substrate availability for methanogenic archaea in the rhizosphere. We mechanisms; it is also strongly influenced by the composition and
utilized Partial Least Squares Regression (PLSR) to integrate plant structure of associated microbial communities (Flowers and Colmer,
transcriptional regulation with the microbial community changes, 2008; Garbeva et al., 2008; Xavier et al., 2024). Plants employ a range of
employing gene expression and microbial taxa as predictors. The six- physiological and molecular strategies to mitigate the detrimental ef-
component optimized model explained roughly 60-70% of the total fects of salinity stress (Munns and Tester, 2008). The effectiveness of
variation in CH4 emissions (Fig. 6D), indicating that methane release is a these strategies—such as enhanced photosynthesis, antioxidant activity,
trait influenced by both plant and microbial processes. Variable increased antioxidant capacity, reduced reactive oxygen species (ROS)
importance (VIP) scores in the projection identified OsbHLH056, in production, limited accumulation of toxic Na™ ions, and transcriptome
addition to bacterial groups (Cyanobacteria and Actinobacteria) and adjustments—broadly defines a plant's ability to tolerate salinity (Aycan
methanogenic archaeal groups (Methanomicrobia, Methanobacteria, and Mitsui, 2024; Munns and Tester, 2008). However, the role of
and Methanococci), as primary predictors of methane efflux (Fig. 6E). plant-microbiome interactions and their secondary metabolites,
This comprehensive analysis demonstrates that plant transcriptional including processes like methanogenesis, remains underexplored in the
responses are associated with a physiological environment that may context of salinity tolerance in rice.
support enhanced bacterial and methanogenic activity in the rhizo- To evaluate the impact of soil environment, including microbiome
sphere by maintaining stress signaling, hormone balance, and ion ho- composition, on salinity tolerance and productivity, we focused on yield
meostasis. The results indicated that ST in PS exhibited more positive performance in two rice genotypes with contrasting salt tolerance: a salt-
gene expression profiles in response to salinity stress. This regulation tolerant (ST) and a salt-sensitive (SS) genotype (Aycan et al., 2023).
aligns with the observed the microbial community changes that may Under salinity stress, plants grown in the nutrient-poor paddy soil (PS)
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Fig. 5. Methanogenic archaeal community structure and its association with methane emissions under salinity and soil-type treatments. (A) Stacked bar plot showing
relative abundance (%) of archaeal genera across all treatments (S; salinity, C; control, ST; salt-tolerant, SS; salt-sensitive, NS; nursery soil, PS; paddy soil). (B)
Relative abundance of putative methanogenic archaeal taxa (colored) versus non-methanogenic taxa (grey) across treatments. (C) Random Forest analysis identifying
archaeal taxa most important for classifying samples. (D) Random Forest plot showing mean decrease in accuracy for each methanogenic taxon, indicating its
contribution to treatment classification. Scatter plots show Pearson correlations between methane flux (y-axis) and the relative abundance of (E) Methanosarcina, (F)
Methanomicrobia, (G) Methanobacteria, and (H) Methanocellia. Each point represents a treatment replicate. The red dashed lines indicate linear regression trends,
and the shaded grey areas represent 95% confidence intervals. For panel A, each color corresponds to a specific archaeal taxon: Nitrososphaeria (dark blue),
Bathyarchaeia (orange), Methanosarcinia (green), Methanomicrobia (purple), Nanoarchaeia (light blue), Thermoplasmata (grey), Aenigmatarchaeia (black),
Methanobacteria (brown), Micrarchaeia (light green), Euryarchaeota (dark navy), Unknown (pink), Hadarchaeia (dark green), Methanocellia (teal), Aenigmarch-
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specific archaeal group: Methanosarcinia (green), Methanomicrobia (blue), Methanobacteria (brown), Methanocellia (light blue), Methanomethylia (dark blue), and
Others (grey).

achieved significantly higher grain yield compared to those grown in
nutrient-rich nursery soil (NS). Although salinity reduced crop yield per
plant across all treatments, these reductions were markedly less severe
in PS than in NS. Notably, SS genotypes grown in PS were able to

produce seeds under salinity, whereas NS-grown SS plants failed to
produce grain despite PS's relatively lower nutrient content. These im-
provements in yield performance were accompanied by enhanced
physiological responses in PS-grown plants. Under salinity stress, rice
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plants in PS exhibited higher leaf gas exchange parameters (A,, g, and
E), increased antioxidant enzyme activities (SOD, CAT, and APX), and
greater proline accumulation, while showing lower oxidative damage
markers such as malondialdehyde (MDA) and hydrogen peroxide
(H20,), as well as reduced Na™ ion accumulation compared to NS-grown
plants. Because NS and PS differed in both nutrient availability and
microbial community composition, the superior salinity tolerance
observed in PS should be interpreted as the integrated outcome of soil
physicochemical properties and microbiome structure, rather than as a
strictly microbiome-driven effect. Collectively, these findings suggest
that soil-mediated improvements in salinity tolerance and productivity
are associated with changes in the abundance and functional structure of
the rhizosphere microbiome. Previous studies have shown that plant
growth-promoting rhizobacteria (PGPR), including Pseudomonas spp.,
can enhance photosynthetic performance and mitigate Na™ toxicity
under saline conditions (Win et al., 2018), supporting the hypothesis
that microbial interactions may contribute to stress resilience and yield
stability.

To understand the contribution of the rhizobacteria to the salinity
tolerance in rice, we conducted 16S rRNA sequencing and taxonomic
classification analysis. Our results showed that PS had a 289% higher
rhizobacterial diversity (ASVs) compared to NS, which may contribute
to the enhanced salinity tolerance observed in PS-grown plants. Specific
rhizobacterial composition may improve salinity tolerance (H. Li et al.,
2021), particularly in salt-sensitive plant genotypes, which exhibit
higher bacterial diversity (ASVs) compared to salt-tolerant plant geno-
types (Lei et al., 2025). However, genotypic differences, which are
related to genomic variations, may differ in root exudates and result in
alterations of the rhizosphere microbiome (Aira et al., 2010). In our
experiment, we found that the rhizobacteria of the SS genotype had 22%
lower bacterial diversity than the ST genotype. Although ST and SS
genotypes are closely related, genetic and physiological differences can
influence the root exudate profile, thereby shaping distinct rhizobacte-
rial communities. Additionally, soil stress factors such as salinity can
affect the metabolic activity of the soil microbiome, hindering microbial
richness, diversity, and growth (G. Zhang et al., 2023). A similar case
was observed in our experiment, where an 11% reduction in the rhizo-
bacterial diversity was noted due to 75 mM NacCl stress. When we
checked the distribution of ASVs among genotypes and treatments, we
found that 93% of ASVs were unique in NS, and 83% of ASVs were
unique in PS.

The random forest analysis revealed that Cyanobacteria, Actino-
bacteria, Bacteroidia, and Bacilli were significantly shifted across all
genotypes, soil types, and treatments, thereby determining microbial
community divergence. These phyla are suggested to be associated with
enhanced salinity tolerance in the rice, potentially contributing to plant
stress adaptation. They are also the most dominant taxa in rhizosphere
microbiomes (Lundberg et al., 2012), promoting plant growth through
various mechanisms. Specifically, Cyanobacteria are known to be asso-
ciated with photosynthesis (S. Zhang et al., 2023) and can regulate ni-
trogen fixation (Nawaz et al., 2024). Actinobacteria are associated with
enhanced metabolite production (Hoskisson and Fernandez-Martinez,
2018), Bacteroidia enhance nutrient cycling (Wang et al., 2024), and
Bacilli enhance enzyme production (Danilova and Sharipova, 2020).
Cyanobacteria abundance was positively correlated with plant devel-
opment, whereas Actinobacteria, Bacteroidia, and Bacilli exhibited
insignificant growth correlation. Under salinity stress, Cyanobacteria
produce compounds such as phytohormones (e.g., indole-3-acetic acid),
exopolysaccharides, flavonoids, and phenolic acids, which act to miti-
gate the harmful impacts of salt on plant physiology and structure
(Ahmad et al., 2022; Harbaoui et al., 2025; Singh et al., 2011; Sodaei-
zadeh et al., 2025; Touzout et al., 2025). Although these observations
suggest potential functional roles of these taxa, their direct contributions
to plant performance and methane-related processes require experi-
mental validation through targeted inoculation or functional omics ap-
proaches in future studies.
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Rhizosphere microbiomes are assumed not only to be essential for
plant growth and salinity tolerance but also to regulate carbon cycling
and organic carbon inputs (Hao et al., 2022; Mosley et al., 2022; Zhao
etal., 2023), which directly affect plant roots and methane emissions via
methanogenic archaea in the anoxic layer of paddy soils (Rajendran
et al.,, 2024). Due to the flooded rice cultivation practice, rice paddy
fields are a significant source of CH4 production (Lee et al., 2023; Yan
et al., 2009). To determine the CH4 emissions differences among ST and
SS rice genotypes, soil types, and treatments, we recorded CH4 pro-
duction and flux. In our experiment, NS exhibited lower CH4 emissions
compared to PS; however, salinity stress significantly increased CHy4
emissions in the ST genotype. The CH4 emissions of the SS genotype
were lower than that of the ST genotype. These variations may be related
to the composition of archaeal relative abundance in the rhizosphere
microbiome. Furthermore, we found a significant positive correlation
between CH4 flux and the traits of gs, E, PRO, SOD, CAT, and APX. These
results demonstrate that elevated CH, flux correlates with enhanced gas
exchange performance and antioxidant enzyme activities in saline
conditions, suggesting that methane emissions are tightly related to
plant physiological traits and plant-microbe interactions, particularly
with methanogenic archaea. Although soil moisture and osmotic con-
ditions can influence methane production and diffusion in flooded
paddy soils (Jackel et al., 2001; van den Pol-van Dasselaar et al., 1998),
irrigation and water management were maintained consistently across
treatments in this study, minimizing confounding effects and allowing
observed differences in methane emissions to be primarily attributed to
salinity- and microbiome-associated biological processes.

The methanogenic archaea are primarily producers of CHy in the
anaerobic microsites of the rice rhizosphere, where root exudates supply
organic substrates for methanogenesis (Girkin et al., 2018; Ji et al.,
2018; Pereira-Mora et al., 2022). The population of methanogenic
archaea is positively associated with CH4 production (Cheng et al.,
2020). In our experiment, the archaeal community structure of the
treatments revealed that the predominant methanogenic groups were
Methanosarcina, Methanomicrobia, Methanobacteria, and Meth-
anocellales, with their relative contributions differing according to ge-
notype and soil type. The random forest and Pearson correlation analysis
revealed that Methanobacteria and Methanocellia were the most
important groups for classifying treatments, with strong positive re-
lationships with CH4 flux. Our results showed that these specific meth-
anogenic taxa are strongly associated with CH4 efflux and may
contribute to methane production dynamics under salinity stress con-
ditions, which are also known as keystone taxa contributing to CHy4
generation in paddy soils (D. Li et al., 2021).

The differing salinity tolerance observed between ST and SS geno-
types grown in NS and PS soils reflects the synergistic influence of soil
physicochemical properties, nutrient status, and microbial community
composition (Li et al., 2020). Notably, paddy soil (PS), despite having
lower nutrient content than nursery soil (NS), supported superior
salinity tolerance. This suggests that high microbial diversity and spe-
cific beneficial taxa in PS may mitigate the negative effects of osmotic
stress and ion antagonism—factors that often limit the efficacy of
high-nutrient soils under saline conditions (Goszcz et al., 2025; Sharma
et al., 2025). Because NS and PS vary in both nutrient availability and
microbiome structure, their individual contributions to plant perfor-
mance are deeply intertwined (Panek et al., 2026).

Root exudates are also likely to play a key role in mediating
plant-microbe interactions under salinity stress (Feng, 2026; Kumar
et al., 2023; Zhou et al., 2026). Plants can alter the composition and
quantity of root exudates, including sugars, organic acids, amino acids,
and secondary metabolites, in response to environmental conditions
(Hou et al., 2026). These compounds serve as substrates and signaling
molecules for rhizosphere microorganisms, potentially influencing mi-
crobial community structure and activity, including processes such as
methanogenesis (Yanuka-Golub et al., 2025). Although root exudate
composition was not directly quantified in this study, salinity-induced
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changes in plant metabolism may have altered root exudation patterns,
indirectly influencing methanogenic activity and methane emissions
(Rajendran et al., 2024). This may help explain the observed differences
in microbial community structure and CH4 emissions between geno-
types and soil conditions in our study. This represents a key mechanistic
gap that should be addressed in future studies integrating metabolomic
profiling of root exudates.

Environmental factors do not always control plant-microbe in-
teractions but are also regulated by plant genes. Salinity stress reprog-
rammed stress- and hormone-related genes, and soil type affected
expression patterns (Aycan, 2026; Yun et al., 2024). PS had significantly
greater gene expression than NS, indicating that salinity had a lesser
influence on gene activity in ST and SS genotypes. Paddy soil expressed
more hormonal signaling, ion transport, and transcriptional regulatory
genes (OsABA1, OsCKX2, and OsIAA1). However, genotype affected the
ethylene biosynthesis gene OsACO1. This expression pattern supports
the observed improvement in plant growth and salinity tolerance
mediated by soil microbial communities, particularly through their in-
fluence on auxin- and ABA-related stress responses. Trichoderma spp. can
alter root structure by increasing plant IAA levels and enhancing
osmoprotectant and antioxidant activity in response to salt stress
(Contreras-Cornejo et al., 2014). PGPBs can produce plant hormones
like auxin (IAA), ABA, cytokinins, and gibberellins, which help regulate
root growth and stress adaptation (Mishra et al., 2021). Many gene ex-
pressions were substantially linked with methane emissions. Positive
associations were found between the gene expression of OsABAI,
OsIAA1, and OsAKT1 and CH4 emissions. We discovered that
salinity-induced hormonal and ion homeostasis responses may indi-
rectly enhance methanogenesis. Although RT-qPCR was used to quantify
gene expression in this study, further validation using independent
biological replicates or complementary approaches (e.g., transcriptomic
analyses) would strengthen the robustness and generalizability of these
findings.

This study suggests that plant transcriptional responses play an
important role in coordinating stress signaling, hormone regulation, and
ion homeostasis under salt stress, which may influence rhizosphere
microbial activity and methanogenic processes. ST grown in PS gener-
ally showed more stable gene expression profiles under salt stress. These
responses were accompanied by shifts in microbial community compo-
sition linked to CH4 production. Collectively, our results indicate that
genotypes and soil types that sustain better growth and physiological
activity under salt stress also exhibit higher methane emissions, high-
lighting a trade-off between stress tolerance and enhanced microbial
methanogenesis that may be driven by plant-microbe interactions. Our
results contrast with earlier reports where salinity was shown to
consistently inhibit CH4 emission. For instance, van der Gon and Neue
(1995) observed a 25% reduction in CH4 emission under salinity, pri-
marily attributed to suppressed microbial activity. More recently, Peng
et al. (2017) demonstrated that specific microbial taxonomic groups can
maintain resilience under salinity stress. However, recent projections
suggest that the development of salt-tolerant rice genotypes may para-
doxically elevate CH4 emissions by up to 60% through enhanced
plant-mediated pathways (Anumalla et al., 2025). This aligns with our
findings that physiological stability of salt-tolerant genotypes may
maintain a steady substrate supply for methanogens, effectively
bypassing the inhibitory effects of salinity.

From an agronomic perspective, this trade-off between enhanced
salinity tolerance and increased CH4 emissions presents a critical chal-
lenge for sustainable rice production (Ume et al., 2025). While improved
plant performance under salinity stress is desirable, the associated
stimulation of methanogenic activity may contribute to increased
greenhouse gas emissions (Dai et al., 2023). Therefore, future strategies
should aim to decouple these processes by optimizing water manage-
ment practices (e.g., alternate wetting and drying), manipulating
rhizosphere microbiomes through targeted inoculation or microbial
engineering (Asiloglu et al., 2026), and selecting or breeding rice
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genotypes that maintain stress tolerance without promoting excessive
carbon exudation that fuels methanogenesis (Ali et al., 2024). Inte-
grating plant genetics with microbiome-based approaches may provide
a promising pathway to balance productivity and environmental sus-
tainability under saline conditions.

This study was conducted under controlled greenhouse conditions to
elucidate mechanistic links among salinity stress, plant physiology,
rhizosphere microbiomes, and methane emissions. While this approach
enabled clear interpretation of microbiome-mediated responses, field-
scale heterogeneity, long-term microbial succession, and seasonal
environmental variability were beyond the scope of the present work. In
addition, the experimental design focused on one salt-tolerant and one
salt-sensitive rice genotype, allowing clear contrast of stress-response
strategies but limiting broader genotype-level generalization. Root
exudate composition and soil physicochemical dynamics were also not
directly quantified. Additionally, key root physiological processes such
as root exudation rates and root respiration were not measured in this
study, which may play critical roles in shaping rhizosphere microbial
activity and methane production (Yanuka-Golub et al., 2025). Despite
these limitations, the observed interactions between plant physiological
responses, rhizosphere microbiome composition, and methane emis-
sions provide a useful framework for understanding similar processes
under field conditions (Chukwuneme and Babalola, 2025). In natural
paddy systems, spatial soil heterogeneity and seasonal shifts in micro-
bial communities may further modulate these interactions, potentially
amplifying or stabilizing the observed plant-microbe-methane re-
lationships (Igbal et al., 2025). Future studies incorporating diverse rice
genotypes, field-based experiments, and multi-omics approaches will be
important to validate and extend these findings under agronomically
realistic conditions.

5. Conclusion

This study demonstrates that interactions between plants and
microbiomes play an important and integrative role in shaping both
salinity tolerance and CH4 production in rice plants under salt stress
conditions. Paddy soil, despite lower nutrient availability, supported a
diverse microbial community that enhanced plant growth and salinity
stress tolerance, likely through interactions with stress- and hormone-
related transcriptional pathways. Integrated physiological traits, anti-
oxidant activities, microbiome composition, and gene expression indi-
cate that salinity tolerance is not regulated solely by internal plant
mechanisms but emerges from synergistic interactions with rhizobac-
teria and methanogenic archaea. Methane emissions were closely asso-
ciated with plant biomass, transcriptional regulation of stress-responsive
genes, and the composition of methanogenic archaeal taxa. Together,
these findings establish a mechanistic framework (Fig. 7) linking salinity
tolerance, plant-microbe interactions, and methane production in rice
systems, highlighting the need to balance agricultural productivity with
environmental sustainability in saline paddy fields. These findings
reveal a fundamental trade-off between enhanced salinity tolerance and
increased CH,4 emissions, underscoring a critical challenge for climate-
smart and sustainable rice production.
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Fig. 7. Proposed mechanistic model linking plant responses, rhizosphere microbiome, and methane emissions under salinity stress. Salinity stress (Na*/Cl™~ accu-
mulation) induces physiological and molecular adjustments in rice, including enhanced gas exchange, increased activity of antioxidant enzymes, and the accu-
mulation of osmoprotectants. Transcriptional regulation of stress- and hormone-related genes (e.g., OsIAA1, OsABA1) supports these adaptive processes. The paddy
soil microbiome further contributes to salinity tolerance: Cyanobacteria are associated with photosynthesis and nitrogen fixation, while methanogenic archaea
(Methanobacteria, Methanocellia) dominate the anoxic layer, associated with increased CH4 production. Together, plant-microbe interactions enhance growth and
yield under saline conditions but concomitantly increase methane flux, highlighting a trade-off between stress adaptation and greenhouse gas emissions.
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