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Abstract: Rice (Oryza sativa L.) paddies are among the largest anthropogenic sources
of methane (CH4), and developing low-emission cultivars is a key mitigation strategy.
We compared the doubled-haploid line Milyang 392, derived from a cross between
the indica cultivar 93-11 and the japonica line Milyang 352, with its indica parent 93-11
over two growing seasons (2022-2023) using 1/2000-a Wagner pots. Cumulative CH,
emission from Milyang 392 was 41.5% lower than that of 93-11 (117.3 vs. 200.4 kg/ha
after diel correction; 391 vs. 668 kg/ha uncorrected), while grain yield was slightly higher
in Milyang 392 (65.5+1.8 vs. 58.0+1.5 g/pot) and 1,000-grain weight was greater (23.8
vs. 19.5 g). Root cross-sections showed that Milyang 392 formed a more organized, radially
symmetric aerenchyma, and the iron(ll) sulfide (FeS) oxidation assay revealed strong,
localized staining along its root surfaces, consistent with higher radial oxygen loss (ROL)
at the root-rhizosphere interface. Because ROL was assessed qualitatively and only two
contrasting genotypes were compared under pot conditions, these results should be
interpreted as associations rather than direct causal evidence. Nevertheless, they suggest
that well-developed root systems and localized rhizospheric oxygenation are candidate
traits worth further quantitative and field-based validation for low-CH, rice breeding.
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Introduction

Rice paddies account for roughly one-tenth of global anthropogenic CH, emis-
sions [1]. In continuously flooded soils, organic substrates are decomposed under
anaerobic conditions by methanogenic archaea, and the resulting CH, is transported
to the atmosphere primarily through the well-developed aerenchyma of the rice
plant [2,3]. At the same time, oxygen (O,) transported from shoots to roots can
diffuse into the rhizosphere via radial oxygen loss (ROL) [4], sustaining aerobic
methanotrophs that oxidize a substantial fraction of the locally produced CH, be-
fore it escapes to the atmosphere [5-7] (Fig. 1). The net emission is therefore de-
termined by the balance between CH, production and the extent of rhizospheric

oxidation, both of which are closely linked to root morphology. Both transgenic
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Fig. 1. Conceptual diagram of CH, production and radial oxygen loss (ROL) at the rice root-rhizosphere interface. CH, produced by
methanogens in anoxic paddy soil is transported to the atmosphere primarily through the aerenchyma of the rice plant, while O, dif-
fusing radially from roots sustains methanotrophs that oxidize a portion of the locally produced CH, before it escapes.

manipulation of carbon allocation and conventional screening of low-emitting cultivars have been explored as mitigation routes
[8,9].

Milyang 392 is a doubled-haploid line derived from a cross between the high-yielding indica cultivar 93-11 and the japonica
line Milyang 352 [10,11], and it was selected on the basis of preliminary indications of reduced CH, emission relative to its
indica parent. The physiological basis of this low-emission phenotype, however, has not been characterized in detail. In this study,
we quantified seasonal CH,4 emission, agronomic performance, root anatomical structure, and root-surface oxygenation in Milyang
392 and 93-11 grown over two consecutive seasons, in order to test whether root development and ROL-related traits are con-

sistently associated with reduced CH, emission in this genetic background.

Results and Discussion

Seasonal CH4 emission pattern and cumulative emission

Weekly CH;4 emission followed the typical bell-shaped seasonal course in both cultivars, rising after transplanting, peaking
around the tillering-to-panicle-initiation window, and declining after midseason drainage (Fig. 2A). Peak weekly fluxes for 93-11
were consistently higher than those for Milyang 392 in both years. Diel-corrected cumulative seasonal emission averaged 200.4
kg/ha for 93-11 and 117.3 kg/ha for Milyang 392 across the two seasons, corresponding to a 41.5% reduction (Fig. 2B; Table
1). The corresponding uncorrected cumulative values were 668 and 391 kg/ha, respectively. The mixed-effects analysis showed
a strong genotype effect (p<0.001) and no significant genotype x year interaction, indicating that the genotype contrast was con-

sistent across the two seasons; year alone contributed a modest amount of variation that is fully reflected in the year-specific
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Fig. 2. (A) Weekly CH, flux (mg/m?*/h) and (B) diel-corrected and uncorrected cumulative CH, emission (kg/ha) of 93-11 and Milyang
392 in 2022 and 2023. Bars are means+SE (n=6 pots/cultivar/year); individual pot values are overlaid.

Table 1. Cumulative CH, emission, heading date, and yield-related traits of 93-11 and Milyang 392 in 2022 and 2023 (mean+SE, n=6
pots/cultivar/year)

Trait 93-11 (2022) 93-11 (2023) Milyang 392 (2022) Milyang 392 (2023)

Heading date (DAT) 82 85 86 89

Cumulative CH4; emission (kg/ha, corrected) 204.6£8.1 196.2+7.3 119.8+5.2 114.8+4.7
Cumulative CH4 emission (kg/ha, uncorrected) 682+27 654+24 399+17 383+16
Panicles/plant 124104 12.2+£0.5 10.3£0.4 10.1£0.4
No. of spikelets/panicle 104.1+2.9 103.5£3.1 106.2+3.0 105.0+2.8
1,000-grain weight (g) 19.6+0.3 19.4+0.3 23.9+0.4 23.7+0.4
Grain yield (g/pot) 58.4+1.6 57.6+1.5 66.0+£1.9 65.0+1.8

DAT=days after transplanting.
Values are pot-level means+SE (n=6 pots/cultivar/year). Grain yield is reported as dry grain mass per pot at 14% moisture content. Units follow
the journal style (kg/ha, g/pot).

values in Table 1.

The absolute uncorrected fluxes exceed values typically reported for Korean paddies [17], which is expected for small Wagner
pots with restricted lateral gas diffusion and continuous flooding. Because the same experimental system and the same diel correc-
tion were applied to both cultivars, the absolute values should be interpreted with caution, whereas the relative genotype contrast
(-41.5%) is robust to the choice of correction. Multi-environment field validation will be needed before the absolute magnitude

of the low-emission phenotype can be extrapolated to commercial paddy conditions.

Agronomic traits and grain yield

Milyang 392 headed 3-5 days later than 93-11 in both years (year-specific heading dates given in Table 1). Panicles per plant
were slightly lower in Milyang 392 (10.2 vs. 12.3), whereas spikelets per panicle were similar (105.6 vs. 103.8). 1,000-grain weight
was substantially higher in Milyang 392 (23.8 vs. 19.5 g), and grain yield was ~13% higher in Milyang 392 (65.5+1.8 vs. 58.0+1.5
g/pot; Table 1). Thus, the low-CH,4 phenotype of Milyang 392 was not associated with a yield penalty, at least under the present

pot conditions.
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Fig. 3. Transverse sections of nodal roots (bright-field light micrographs) at the heading stage. (A) 93-11: lysigenous aerenchyma with
less regular arrangement. (B) Milyang 392: more organized, radially symmetric aerenchyma. Scale bar = 100 um.

Table 2. ImageJ-based two-dimensional root-area descriptors for 93-11 and Milyang 392 at the heading stage (2023)

Cultivar Replicate %Area Mean particle area (mm?)
Pot A 15.8 0.041
Pot B 230 0.045
93-11
Pot C 19.4 0.039
Mean+SE 19.4+2.1 0.042+0.002
Pot A 17.1 0.058
Pot B 25.7 0.056
Milyang 392
Pot C 214 0.062
Mean+SE 21.4+25 0.059+0.002

Replicate identifies the pot from which the scanned root system was taken (one root system per pot).

%Area is the proportion of the two-dimensional scan area occupied by root structures, quantified with the Color Threshold and Analyze Particles
functions of ImageJ.

Mean particle area is the mean area of the disconnected root segments identified by the threshold. Data are from three independent pots per
cultivar collected in 2023.

Welch’s t-test indicated no statistically significant difference in mean %Area between cultivars (t(3.9)=0.62, p=0.57), but Milyang 392 tended to show
higher %Area and larger mean particle area, consistent with more developed individual root structures. Given the small sample size, these results
are treated as exploratory descriptors rather than definitive root-trait differences.

Root anatomy and ImageJ-based root-area descriptors

Transverse root sections from 93-11 showed lysigenous aerenchyma with a less regular arrangement, whereas Milyang 392
developed a more organized, radially symmetric aerenchyma with clearly delineated cortical airspaces (Fig. 3) [18,19]. At the
whole-root scale, mean %Area was higher in Milyang 392 and mean per-particle area was ~1.4x that of 93-11 (Table 2), but
the difference in %Area was not statistically significant (Welch’s t-test, t(3.9)=0.62, p=0.57), and the sample size (n=3 root systems
per cultivar in 2023) limits the statistical power of this comparison. We therefore treat the Image] metrics as exploratory descriptors
consistent with, but not proving, more developed individual root structures in Milyang 392. Broader biological replication would

be needed to test the root-morphology contrast rigorously.

Root-surface oxygenation (FeS oxidation assay)

In the FeS oxidation assay, Milyang 392 showed strong, localized oxidation along the length of its seminal and nodal roots,

whereas 93-11 showed weaker and more diffuse oxidation (Fig. 4). This pattern is consistent with more spatially organized rhizo-

https://doi.org/10.5338/KJEA.2026.45.13
Agric. Environ. Sci. 2026, 45, 151-159

154 https://www.korseaj.org



Article

Fig. 4. FeS oxidation assay of 14-day-old seedlings. (A) 93-11; (B) Milyang 392. Localized oxidation of the FeS medium along the roots
is more pronounced in Milyang 392 (B) than in 93-11 (A), a pattern consistent with stronger localized rhizospheric oxygenation.
Panels are unretouched colour photographs shown at the same scale, with an identical brightness adjustment applied to both for
visualization; no other image processing was performed.

spheric O, release in Milyang 392 [20]. However, because the assay is a qualitative, seedling-stage indicator, it does not by itself
prove higher ROL activity in mature plants; we therefore describe the pattern as ‘consistent with higher ROL rather than as

direct evidence. Quantitative validation at the adult stage using Clark-type oxygen microelectrodes is planned as the next step.

Genetic background and interpretation

Milyang 392 was derived from a 93-11 x Milyang 352 cross in which Milyang 352 served as the japonica donor of favorable
root and physiological traits. The candidate high-ROL locus gROL-2-1, previously reported on chromosome 2 in a 93-11 x Milyang
352 doubled-haploid population [21], is a plausible contributor to the observed phenotype but was not directly genotyped or
validated in the present study. Because only two contrasting genotypes were compared and other physiological factors (e.g., photo-
synthate partitioning to grain [22]) may also differ between the parents, the present data support an association between root
traits, root oxygenation, and reduced CH, emission rather than a direct causal or genetic determination. Marker-assisted validation

of qROL-2-1 in a larger, genetically diverse panel will be required to strengthen the genetic interpretation.

Implications and limitations for breeding application

The Image]-based root-area analysis and the FeS oxidation assay used here are inexpensive and visually informative, but they
were evaluated in only two contrasting genotypes under controlled pot conditions and are qualitative to semi-quantitative in
nature. In their present form they should therefore be regarded as preliminary, candidate indicators that require further methodo-
logical development, higher-throughput adaptation, and multi-environment field validation before being used as routine screening
tools in breeding programs. The findings are hypothesis-generating and encourage further exploration of root traits and rhizo-

spheric oxygenation as complementary targets for low-CH, rice breeding.

Conclusions

Over two consecutive growing seasons, Milyang 392 emitted 41.5% less CH, than its indica parent 93-11 while producing

slightly higher grain yield and heavier grains. The low-emission phenotype was associated with a more organized aerenchyma,
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more developed individual root structures, and a root-surface staining pattern consistent with higher radial oxygen loss. Because
the ROL assessment was qualitative and only two contrasting genotypes were compared under pot conditions, these results should
be interpreted as evidence of association rather than as direct causal proof. The ImageJ-based root analysis and the FeS oxidation
assay may serve as preliminary candidate indicators for low-CH, rice breeding once they are validated with quantitative ROL

measurements (e.g., oxygen microelectrodes), marker-assisted validation of qROL-2-1, and multi-environment field trials.

Materials and Methods

Plant materials and growth conditions

The indica cultivar 93-11 and the doubled-haploid line Milyang 392 — derived from a 93-11 x Milyang 352 cross [10-12]
— were grown in 1/2000-a Wagner pots (=0.05 m’ surface area, 5 L soil volume) in an outdoor pot facility at the National
Institute of Agricultural Sciences (Wanju, Korea) during the 2022 and 2023 growing seasons. Three plants were transplanted
per pot at 21 days after sowing, and pots were maintained under continuous flooding (~5 cm standing water) until 2 weeks
before harvest, following standard paddy management. Basal fertilizer was applied at N-P,O5-K,O = 90-45-57 kg/ha, with top-
dressings applied at tillering and panicle initiation. Six pots per cultivar per year were grown to maturity for CH, monitoring
and agronomic measurements. Transplanting dates, heading dates, harvest dates, soil properties, and daily meteorological summa-

ries for each season are given in Supplementary Table S1.

Methane flux measurement and cumulative emission

CH, fluxes were measured weekly using a closed static chamber system [13] (chamber inner dimensions: 30 x 30 x 60 cm,
headspace volume adjusted for plant height, sealed with a water-filled trough). Chambers were deployed once per week between
10:00 and 11:00 KST, and headspace gas was sampled at 0, 15, and 30 min after closure using 50-mL air-tight syringes. Samples
were analyzed by gas chromatography (Agilent 7890B; FID at 250°C; Porapak Q column at 70°C; N, carrier at 25 mL/min).
Instrument calibration was performed daily with certified 2 and 10 uL/L CH, standards. Fluxes with linear-fit R* < 0.90 were
discarded (<3% of all measurements).

Because the 10:00-11:00 window is close to the diurnal peak of CH, emission in flooded rice systems, weekly point fluxes
were converted to representative daily means using a site-specific diel correction factor of 0.30 [14]. This factor was derived from
pilot 24-h continuous chamber monitoring at the same experimental facility, in which the mean of eight three-hourly measurements
over 24 h was compared with the 10:00-11:00 flux for a subset of pots; the mean ratio (24-h mean / late-morning flux) was
0.30+0.06 (n=12 diel cycles, mixed cultivars and growth stages). The value is consistent with previously reported diurnal amplitudes
in irrigated paddy systems [13,14]. For transparency, both the uncorrected cumulative fluxes (i.e., assuming the late-morning
flux is representative of the 24-h mean) and the diel-corrected values are reported (Fig. 2). Because the same correction factor
was applied to both cultivars in each week, it affects the absolute cumulative estimates but not the genotype contrast, which

is our primary inference target.

Agronomic traits and grain yield

At physiological maturity, all plants in each pot were harvested. Panicles per plant and spikelets per panicle were counted
on all plants in each pot. Grain yield was determined as dry grain mass per pot (g/pot) after air-drying to 14% moisture content,
and is reported on that basis throughout the manuscript. Filled grains were defined as grains sinking in tap water and with

a 1,000-grain weight above 15 g; 1,000-grain weight was measured on filled grains at 14% moisture.
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Root sampling, anatomy, and ImageJ-based analysis

At the heading stage, three additional pots per cultivar per year (separate from the six maturity pots) were destructively
sampled. Root systems were carefully washed free of soil, spread on a transparent tray, and scanned at 600 dpi (Epson Expression
12000XL). Two-dimensional root-area coverage (%Area) and mean per-particle area were quantified in ImageJ (v1.53) [15] using
a fixed color-threshold and the Analyze Particles function; the same threshold parameters were applied to all images. Quantitative
root-area descriptors are reported here for the 2023 season (Table 2). Representative scanned root systems of the two genotypes
at the heading stage are provided in Supplementary Fig. S1. Additional root segments (nodal roots at 5-10 cm from the base)
were hand-sectioned and examined under bright-field light microscopy for aerenchyma observation. Because the Image] metrics
are 2-D descriptors sensitive to washing and scanning conditions, they are used here as exploratory supporting information rather

than as definitive quantitative root traits.

Radial oxygen loss (FeS oxidation assay)

Seedling-stage ROL was visualized by an iron(II) sulfide (FeS) oxidation assay, with the FeS-containing agar medium prepared
as described previously [21]. Seeds were sown on the FeS medium (two seedlings per plate; three plates per cultivar), and plate
images were taken at 14 days after sowing. The experimental unit was one plate. Localized oxidation of the medium along the
root surface was interpreted as a qualitative, indirect indicator of oxygen release from roots [16]. We do not treat the staining
pattern as a direct quantitative measure of ROL; rather, it is used to compare the spatial pattern of root-surface oxygenation

between the two genotypes.

Statistical analysis

Weekly CH, fluxes were analyzed with a linear mixed-effects model in which genotype, sampling week, year, and their inter-
actions were treated as fixed effects, and pot (nested within year) as a random effect, reflecting the repeated-measures structure
of the weekly flux series. Seasonal cumulative CH4 emissions and agronomic traits were analyzed with a two-way model including
genotype, year, and genotype X year as fixed factors, with pot as the experimental unit. Year-specific values are also reported
(Table 1, Fig. 2) so that interannual variation is fully visible. Standard errors reported for cumulative CH, and agronomic traits
reflect pot-level replication within each year (n=6 pots/cultivar/year). Where only two genotypes are compared, individual pot
observations are shown alongside the mean rather than significance letters. Analyses were performed in R (v4.3) using the Ime4

and lmerTest packages; a two-sided a of 0.05 was used throughout.

Data Availability: All data are available in the main text or in the Supplementary Information.
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(B) Milyang 392

Fig. S1.Representative root systems of (A) 93-11 and (B) Milyang 392 at the heading stage, with two individuals shown per genotype.
Whole root systems were washed free of soil, spread on a transparent tray, and scanned; these images correspond to the exploratory
ImagelJ-based two-dimensional root-area analysis summarized in Table 2. Milyang 392 tended to show more extensive lateral

branching and greater root-area coverage than 93-11.
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