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Highlights

¢ Partial organic fertilizer substitution and water-saving irrigation significantly reduced CH, emissions and global warming
potential, but increased N,O emissions.

¢ Partial organic fertilizer substitution and water-saving irrigation affected CH, and N,O emissions by altering the structure
of microbes and the activities of key enzymes in metabolic pathways of CH, and nitrogen.

¢ Partial organic fertilizer substitution and water-saving irrigation significantly increased nitrogen use efficiency, yield, and
2-AP content.

Abstract

As the global leader in rice production, China’s paddy fields contribute substantially to greenhouse gas emissions through
methane (CH,) and nitrous oxide (N,O) releases. Aromatic rice cultivation practices have been optimized to enhance
the aroma, so the relationship between its cultivation and greenhouse gas emissions from paddy fields is unclear. To
investigate how aroma-enhancing cultivation practices drive microbial community dynamics in aromatic rice paddies and
their implications for greenhouse gas emissions, a two-year experiment in five ecological locations (Xingning, Nanxiong,
Conghua, Luoding, and Zengcheng) compared two farming practices: partial organic substitution for inorganic fertilizers
combined with water-saving irrigation (IOF+W) and traditional cultivation (CK). The CH, and N,O emissions, soil microbial
composition and function, global warming potential (GWP), nitrogen use efficiency, yield, and the content of 2-acetyl-1-
pyrroline (2-AP) were measured and analyzed. The main purpose was to investigate the impact of IOF+W on CH, and
N,O emissions and their relationship with soil microorganisms. The results showed that IOF+W significantly reduced CH,
emission fluxes and totals (36.95%) and GWP (31.29%), while significantly increasing N,O emission fluxes and totals
(14.82%). The soil microbial community structure was reshaped by the IOF+W treatment, which suppressed methanogens
but enhanced the abundances of nitrifying and denitrifying bacteria. Key enzymatic activities involved in CH, production,
such as methyl-coenzyme M reductase, formylmethanofuran dehydrogenase, and methyltransferase, decreased. In contrast,
the activity of the key CH,-oxidizing enzyme methanol dehydrogenase increased. This shift led to an overall attenuation of
the CH, production metabolism while enhancing the CH, oxidation metabolism. In addition, the activities of pivotal enzymes
involved in denitrification and nitrification were improved, thus enhancing nitrogen nitrification and denitrification metabolism.
Moreover, the IOF+W treatment significantly increased nitrogen use efficiency (47.83%), yield (14.77%), and 2-AP content
(13.78%). Therefore, the IOF+W treatment demonstrated good efficacy as a sustainable strategy for achieving productive,
green, resource-efficient, and premium-quality aromatic rice cultivation in South China.
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1. Introduction

Agricultural activities contribute nearly 24% of total global
greenhouse gas emissions (IPCC 2019). Rice paddies serve
as the primary emission sources for three major greenhouse
gases: methane (CH,), nitrous oxide (N,O), and carbon
dioxide (CO,). Although CO, emissions from paddy fields
are far higher than those of CH, and N,O, the global warming
potentials (GWP) of CH, and N,O are 34 and 298 times
greater than CO,, respectively, and they contribute to over
16 and 7% of global warming (Han et al. 2023). The CH,
and N,O in the atmosphere primarily originate from farmland
systems, with paddy fields being the primary emission sites
for both (Jiang et al. 2018). The CH, emissions from rice
paddies constitute about 33% of global CH, releases, while
their N,O contributions are approximately 69% of worldwide
totals (Schreiber et al. 2012). Therefore, in addition to
focusing on CO, emissions, it is equally crucial to address
CH, and N,O emissions for achieving greenhouse gas
reductions in paddy fields. With the rapid growth of the global
economy and population, the gradual reductions in available
arable land and water resources, coupled with further
environmental degradation (Yang 2015), realizing green
and efficient rice production is of paramount importance
for China’s food security and sustainable agricultural
development.

As the world’s largest rice producer, China accounts
for 20% of the total rice cultivation area globally and
approximately 30% of the world’s rice output (FAO 2023).
China’s paddy fields contribute approximately 30% of the
global CH, emissions from paddy fields annually (Yan et al.
2009), while the N,O emissions from paddy fields account for
roughly 11% of the world’s agricultural N,O emissions (Tang
et al. 2022). Rice paddies have become a major contributor
to China’s greenhouse gas production, so emission
reductions are necessary to address climate change and
restore the C-nitrogen (N) cycle equilibrium in agricultural
ecosystems.

As living standards continue to improve, the demand
for high-quality rice is growing. Known for its distinctive
and intense aroma, aromatic rice is regarded as a delicacy
among rice varieties (Shan et al. 2015). Aromatic rice
currently represents an estimated 15-18% of global rice trade
volumes, with both market prices and consumer demand
demonstrating consistent annual growth (Hashemi et al.
2013). Given the higher profits associated with cultivating
aromatic rice (Qi J Y et al. 2023), many regions in Guangdong
Province have embraced the large-scale cultivation of this
variety. The aroma intensity is the most crucial evaluation
metric for aromatic rice, with a stronger aroma translating into
higher value. 2-Acetyl-1-pyrroline (2-AP) is the characteristic
aroma compound responsible for varying degrees of aroma
intensity (Luo et al. 2020; Luo et al. 2024). The concentration
of 2-AP demonstrates significant responsiveness to
cultivation techniques, particularly fertilization regimes and
water management strategies. According to previous studies,
appropriate fertilization rates, fertilizer application ratios, and
mild drought stress can all contribute to augmenting 2-AP
levels while improving yield performance in aromatic rice

cultivars (Imran et al. 2023).

Research has shown that the production of CH, and N,O in
paddy fields is primarily determined by soil microbial activity,
and the microbial communities are particularly responsive to
agricultural management, including both inorganic and organic
fertilization as well as the water regime (Qi J Y et al. 2023).
The cultivation methods for enhancing the aroma of aromatic
rice are different from conventional cultivation methods.
Studies have shown that optimized NPK fertilization (including
application rates and nutrient ratios) combined with water-
efficient irrigation practices can substantially enhance grain
productivity and 2-AP accumulation in aromatic rice varieties
(Imran et al. 2023). Moreover, these agricultural practices
exert substantial impacts on CH, and N,O emissions in rice
cultivation systems (Guo et al. 2019; Bhatia et al. 2023).
Zhang et al. (2023) and Wu Q G et al. (2022) pointed out
that water-saving irrigation in rice cultivation significantly
reduces CH, emissions but increases N,O emissions. Both
the ratio (the NPK ratio) and amount of fertilizer significantly
regulate N,O and CH, emissions from rice paddies (Yang
et al. 2024). A higher proportion of nitrogen fertilizer can
enhance nitrification and denitrification processes, thereby
increasing N,O emissions. An appropriate nitrogen fertilizer
ratio can indirectly influence rhizosphere organic carbon and
oxygen levels by affecting rice root growth, which can also
regulate the activities of methanogens and methanotrophs,
ultimately impacting CH, emissions (Li et al. 2022). However,
excessive nitrogen application may cause soil acidification,
indirectly promoting CH, emissions (Dai et al. 2023). While
the proportions of phosphorus and potassium fertilizers have
a relatively minor direct impact on N,O and CH, emissions,
they can influence these emissions indirectly by affecting rice
plant vitality, soil structure, and aeration (Yang et al. 2024).

The amount of fertilizers applied determines soil nutrient
levels, thereby influencing microbial activity and greenhouse
gas emissions (Yan et al. 2005). For varying N application
amounts, a single drying event is more suitable for N
application rates below 115 kg ha™, while multiple drying
events are advantageous in reducing greenhouse gas
emissions at higher N application rates (2115 kg ha™), with
the mitigation effect diminishing as the N application rate
increases (Wu Q G et al. 2022). Excessive application of N
fertilizer can lead to greater N,O emissions from paddy fields
(Xu et al. 2023; Guo et al. 2024). A meta-analysis by Zhang
et al. (2024) (n=172) found that both inorganic and organic
fertilizers significantly improved rice yield, while N fertilizer,
organic fertilizer, and water-saving irrigation all increased N,O
emissions from rice paddies. Applying organic fertilizer alone
significantly increases CH, emissions, while water-saving
irrigation significantly reduces CH, emissions. Combining
inorganic and organic fertilizers often has a better effect in
regulating soil microbial structure and abundance (Zhao
et al. 2016). Furthermore, water-saving irrigation can help
coordinate the microbial changes induced by chemical and
organic fertilization in rice paddies. Regarding the impact
on CH, and N,O related bacteria in rice paddies, inorganic
fertilizers, organic fertilizers, and irrigation conditions
primarily influence nitrifying bacteria, denitrifying bacteria,
methanogens, and methanotrophs by affecting rice plant
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growth, the availability of metabolic substrates (such as
nitrogen sources and organic carbon), and the soil oxygen
level (Wu Q G et al. 2022; Dai et al. 2023; Yang et al. 2024).

To enhance both the productivity and aroma of aromatic
rice, an adequate nutrient supply must be ensured during
cultivation. Consequently, reducing chemical fertilizer
usage while incorporating organic amendments and water-
saving irrigation methods constitutes a viable strategy for
boosting aromatic rice production and quality while reducing
greenhouse gas emissions. Nevertheless, few studies
have systematically investigated the distinctive cultivation
techniques that enhance the aroma in aromatic rice varieties,
particularly their impacts on the abundance, composition,
and function of soil microorganisms in rice fields, as well
as their correlations with greenhouse gas emissions. In
addition, the vast geographical area of South China
encompasses significant ecological diversity. To ensure
the representativeness and adaptability of the treatment
and facilitate the promotion of green cultivation practices for
aromatic rice that enhance both yield and aroma, this study
selected five ecologically distinct sites for a field experiment.
At those sites, this study implemented a treatment of partial
organic substitution for inorganic fertilizers combined with
water-saving irrigation and analyzed the mechanisms of CH,
and N,O emissions, with the aim of providing a theoretical
and practical basis for reducing greenhouse gas emissions,
saving fertilizer, increasing yield, and enhancing the aroma
of aromatic rice. Specifically, this study systematically
investigated how the IOF+W treatment influenced bacterial
community structure, abundance, and functional metabolism
in the aromatic rice cultivation systems, while clarifying its
association with greenhouse gas emissions. A complete
assessment of the influence of IOF+W on aromatic rice
soil ecosystems demands accurate microbial community
data, including the structure, abundance, and metabolic
characteristics. Metagenomic analysis offers significantly
enhanced characterization of microbial diversity compared
to traditional 16S/18S rRNA sequencing methods (Li et al.
2023).

Our expectation was that the partial substitution of
inorganic fertilizers with organic fertilizers and water-saving
irrigation would increase yield, aroma, and resource use
efficiency, while also reducing greenhouse gas emissions.
The mitigation of greenhouse gas emissions stems not
merely from modifications in the cultivation environment, but
also from transformations in the soil microbial community
structure and functionality.

2. Materials and methods
2.1. Experimental details

The tested variety was the locally dominant high-quality
aromatic rice cultivar “19 Xiang” (19X), with a total growth
period of 114-117 days. The experimental trials were
conducted in 2023 and 2024 at multiple research locations of
South China Agricultural University located in Xingning (XN)
City (115°13°E, 24°16°N), Nanxiong (NX) City (114°38E,
25°16°N), Conghua (CH) District (113°45°E, 23°33'N),
Luoding (LD) City (111°58°E, 22°38°'N), and Zengcheng

(ZC) District (113°34°E, 23°24’'N) in Guangdong Province,
China. These selected sites collectively encompass the
predominant soil and climatic conditions characteristic of
South China’s primary aromatic rice growing regions. The
research areas share a subtropical monsoon climate regime
with predominantly clay soils in the plow layer (0-20 cm).
The essential physical and chemical properties of the soil are
provided in Appendix A.

Each ecological site employed two management methods:
partial organic substitution for inorganic fertilizers combined
with water-saving irrigation (IOF+W) and traditional cultivation
(CK). The IOF+W treatment included the application of
157.5 kg N, 42 kg P,0s, and 63 kg K,O per hectare, along
with an additional 105 kg of organic fertilizer (dry matter of the
organic fertilizer), maintaining the ratio of N:P,05:K,0:organic
fertilizer at 15:4:6:10. Water-saving irrigation was applied,
involving shallow water during seedling establishment and
controlled soil drying during the tillering, panicle initiation, and
grain filling stages. Once the soil water potential at the 5 cm
depth dropped to -20+5 kPa, a 1-2 cm shallow irrigation
was applied, followed by natural drying to maintain the water-
saving conditions. During other growth stages, a water
layer of 2—-3 cm was maintained, and excess precipitation
was drained to maintain controlled water levels. In the
CK treatment, fertilizers were applied at rates of 170 kg N,
42.5 kg P,05, and 127.5 kg K,O per hectare, maintaining
an N:P,0O;:K,0 ratio of 20:5:15, with deep water irrigation
maintained at a water depth of 25 cm. The N, phosphorus
(P), and potassium (K) fertilizers used were urea (containing
46% N), calcium superphosphate (containing 12% P,0;),
and potassium chloride (containing 60% K,0O), respectively.
The organic fertilizer used in this study was processed pig
manure, which was air-dried, mechanically crushed, passed
through an 8-mesh sieve, and co-applied with the inorganic
fertilizers. Both cultivation systems employed split fertilizer
applications with a 5:2 ratio between the basal and tillering
fertilizers. The basal fertilizer was mechanically side-deep
placed (10 cm depth) during transplanting, while the tillering
dose was surface-broadcast at the tillering stage. The
IOF+W treatment represented a 19.7% reduction in inorganic
fertilizer usage compared to CK, comprising reductions of
7.4% for N, 1.2% for P,0O5, and 50.6% for K,O.

A completely randomized block design was employed, with
each block covering 100 m? (5 mx20 m) and replicated three
times at each ecological site (totaling six blocks). Adjacent
plots were separated by small ridges (30 cm in both height
and width) to maintain independent irrigation and drainage
systems. Other field management measures were consistent
across the two cultivation management systems. Prior to
sowing, seeds underwent a 24-h soaking period followed
by a 12-h incubation at a constant 34°C. The germinated
seeds were then placed in PVC seedling trays for raising
the seedlings. Fifteen days later, mechanical transplanters
were used to transfer the seedlings to paddy fields. In
2023, seedlings were raised on March 13th, transplanted
on April 1st, and harvested on July 13th. In 2024, seedlings
were raised on March 15th, transplanted on April 2nd, and
harvested on July 15th.



276 Ligong Peng et al. | Journal of Integrative Agriculture 2026, 25(1): 273-289

2.2. Determination of greenhouse gas emission pa-
rameters

A rectangular static chamber (0.34 mx0.34 mx1.1 m) with a
base (0.36 mx0.36 mx0.20 m) was employed to enclose a
group of rice plants (Appendix B). The system incorporated
an automated controller for periodic collection of CH, and
N,O emissions from the paddy fields. A 12V miniature fan
was installed within the chamber to ensure complete gas
homogenization. During sampling events, two temperature
sensors simultaneously monitored the chamber air and soil
temperatures. The internal chamber pressure was recorded
by pressure sensors. Chamber bases were pre-installed
at the soil surface in each experimental block prior to rice
transplantation. Samples were obtained at 20-day intervals
during mid-morning hours (09:00-12:00) under clear-
sky conditions. During chamber base assembly, the base
grooves were carefully filled with water to ensure proper
sealing. The chamber was subsequently connected to a gas
sampling bag, and 200 mL samples were collected at 10-min
intervals (four samples total over 30 min). After collection, the
gas valve bag was immediately sealed to prevent leakage,
while concurrent temperature and air pressure measurements
were recorded. Gas sample analysis was performed using an
Agilent 7890A GC System (Agilent Technologies, Wellington,
DE, USA). CH, was quantified by an FID maintained at
250°C, with gas flow rates set to 50 mL min™ (H,), 500 mL
min™" (air), and 2 mL min™" (make-up gas). An ECD detector
operating at 300°C was used for N,O detection, with a make-
up gas flow rate of 2 mL min™". The column was maintained
at 50°C, and data were collected at 5 Hz. The reference
standard gas was obtained from the National Center for
Standard Reference Materials of China.

The greenhouse gas flux was calculated using the formula
(Han et al. 2023):

F=px[273/(273+T)]xHx=dc/dtxp/p, (1)

The flux calculation incorporated the parameters: F,
greenhouse gas flux (mg m™> h™"); p, gas density (CH,=
0.714 kg m™>; N,0=1.964 kg m~at STP); H, net chamber
height (m); dc/dt, concentration change rate (uL L™ h™"); T,
in-chamber temperature (°C); and p/p,, pressure ratio (in-
chamber/standard atmosphere).

The formula for calculating total greenhouse gas emissions
was:

n Fi+Fi+
oSy ttp2 @)

where ¢ represents the total greenhouse gas emissions (kg
ha™), F, and F,,, are two adjacent gas emission fluxes (kg
ha™ h™), t, and t,, are two adjacent sampling times, and 24 is
the conversion coefficient between hours and days.

Global warming potential (GWP) represents the cumulative
radiative forcing of a unit mass of a greenhouse gas over a
specified time horizon. Greenhouse gas intensity (GHGI)
refers to the GWP generated by the production of rice per
unit mass. Using CO, as the reference gas, emissions of
CH, and N,O can be converted into CO, equivalents (CO,-eq)
through their GWP values. On a 100-year time horizon, the
GWPs of CH, and N,O per unit mass are 34 and 298 times
that of CO,, respectively (Han et al. 2023). The formulas for

calculating GWP and GHGI were:

GWP=34xFCH,+298xFN,O (3)

GHGI=GWPs/Y 4)
where GWP is global warming potential (kg ha™), FCH, is the
total emission of CH, (kg ha™"), FN,O is the total emission of
N,O (kg ha™), GHGI is greenhouse gas intensity (kg kg™),
GWPs is the sum of GWP (kg ha™), and Y is the total yield (kg
ha™).

2.3. Properties and metagenomic sequencing of paddy
soils

During the rice flowering period in June 2024, composite
soil samples (1 kg/block) were obtained from the 0-20 cm
rhizosphere zone (2-10 cm from the root center) using a
sterile soil sampler with a diameter of 3 cm. Following the
five-point sampling, samples were screened to remove roots
and debris and either stored at -80°C for metagenomic
sequencing analysis or air-dried for physicochemical analysis.

The soil organic carbon (SOC) content was determined
using the potassium dichromate oxidation method. The
concentration of dissolved organic carbon (DOC) in the
extract after distilled water extraction was determined by
colorimetry (Qi J Y et al. 2023). The concentrations of NO,,
NO,™ and NH," in the extraction solution after 2 mol L™ KClI
extraction were determined by spectrophotometry. The total
nitrogen (TN) concentration was quantified using a TOC
analyzer (Multi N/C 3100 TOC, Analytik, Jena, Germany).
Total phosphorus (TP) content was quantified through
HCIO, digestion, whereas total potassium (TK) content was
determined by NaOH fusion followed by flame photometric
detection. SM content was determined by measuring the
mass loss after oven-drying fresh soil samples at 105°C to
a constant weight, and pH was measured at a soil-to-water
ratio of 1:2.5 (w/v) using a calibrated FE20 pH meter (FE20,
Mettler-Toledo Instruments, China).

The Mag-Bind® Soil DNA Kit (Omega Bio-Tek, USA) was
employed for DNA extraction. Post-extraction quality control
included concentration assessment and purity evaluation
through 1% agarose gel electrophoresis. DNA was
fragmented to approximately 400 bp using a Covaris M220
System (Gene Company Limited, USA), after which paired-
end (PE) libraries were prepared employing the NEXTFLEX
Rapid DNA-Seq (Bioo Scientific, USA). Following library
preparation, the samples underwent metagenomic
sequencing using the Novaseq 6000 platform (Majorbio Bio-
Pharm Technology Co., Ltd., Shanghai, China) as previously
described (Dai et al. 2017). The metagenomic sequencing
data were submitted to the NCBI Short Read Archive
database (accession no. SRP523021).

2.4, Determination of nitrogen use efficiency in aro-
matic rice

For each treatment, a nitrogen-free control (without any
fertilizer application) was established adjacent to the main
plots. At maturity, three uniformly growing plants were
randomly selected from each treatment. The roots were
removed, and the aboveground parts were placed in an oven
at 105°C for 30 min to deactivate enzymes, followed by drying
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at 80°C until a constant weight was achieved to determine
the aboveground dry matter weight. A portion of the mature
plants was uniformly collected, ground, and dried at 75°C
to a constant weight. Approximately 0.2 g of the ground
sample was digested using concentrated H,SO,-H,0, and the
nitrogen content in the plant dry matter was determined using
the Kjeldahl method. Nitrogen use efficiency was calculated
using the following formulas (Hou et al. 2019):

Nitrogen accumulation (kg ha™')=Dry matter accumulation
of rice plantsxNitrogen content in dry matter (5)

Nitrogen recovery efficiency (%)=(Nitrogen accumulation in
the fertilized treatment-Nitrogen accumulation in the nitrogen-
free treatment)/Total nitrogen application ratex100 (6)

Nitrogen agronomic efficiency (kg kg™")=(Yield of the
fertilized treatment-Yield of the nitrogen-free treatment)/Total

nitrogen application rate (7)
Nitrogen partial factor productivity (kg kg™")=Yield/Total
nitrogen application rate (8)

2.5. Determination of yield and 2-AP content in aro-
matic rice

During maturity, five rice plants per block were randomly
selected for the determination of effective panicles, and then
representative samples were transported to the laboratory for
measurements of spikelet number per panicle, seed setting
rate, and grain weight. Yield assessment involved harvesting
per unit area, with three replicates per treatment. Grain
moisture content was determined with a moisture meter (PM-
8188 A, Japan), and final yields were standardized to 14%
moisture.

During aromatic rice harvesting, ten panicles exhibiting
uniform growth were collected and immediately stored in
an ultra-low temperature freezer. The panicle samples
were mechanically ground, with 2 g portions accurately
weighed into 20 mL glass vials equipped with sealing rings.
Chromatography-grade dichloromethane (10 mL) was
introduced into each vial, which was sealed prior to 4 h of
ultrasonication at 40 Hz and 40°C. Following extraction, the
sample was cooled to ambient temperature before adding
anhydrous Na,SO, for residual water removal. A 1 mL portion
of the solution was filtered through an organic syringe filter
membrane (pore size 0.22 ym) into headspace vials using
sterile syringes. The internal standard 2,4,6-trimethylpyridine
(TMP, 0.2 mg kg™') was added, and samples were
immediately analyzed by gas chromatography-mass
spectrometry (GC-MS) analysis. The 2-AP concentration
was determined using a GC-MS QP 2010 plus (Shimadzu
Corporation, Japan) with TMP as an internal reference
standard, following the calibration methodology described by
Luo et al. (2023).

2.6. Data analysis

A three-way analysis of variance (ANOVA) was performed
to analyze the effects of years, ecological locations, and
treatments. The least significant difference (LSD) test was
applied to assess significant variations (P<0.05) between
treatments within each site. Data are presented as means
of triplicate measurements, and figures were generated

using Origin 2023b (OriginLab, Northampton, MA, USA).
Following metagenomic data acquisition, species and
functional variations were examined by generating bacterial
gene sets. The Kruskal-Wallis H test and Wilcoxon rank-
sum test were employed to evaluate significant differences
in microbial composition, enzymes, and metabolic pathways
among the treatments. For multiple testing, P-values were
adjusted using the false discovery rate (FDR) correction
method. Special attention was given to parameters showing
statistical significance after FDR correction. The R package
2.4.3 was used to perform various statistical analyses such
as principal component analysis (PCA), principal coordinate
analysis (PCoA), random forest modeling, and non-metric
multidimensional scaling (NMDS). Data analysis was
performed via the web-based Majorbio Cloud Platform
(accessible at www.majorbio.com).

3. Results
3.1. Yield and 2-AP content

The yield and yield components all exhibited significant
responses (P<0.05) to the main effects of year, ecological
sites, and treatments, as well as their interactions. The
IOF+W treatment at the five ecological sites increased yield
by enhancing effective panicles, spikelets per panicle, and
seed setting rate, with yields significantly higher (P<0.05)
than those of the CK. In 2023, the yield increase ranged
from 10.79 to 19.52%, with an average increase of 15.32%;
and in 2024, the yield increase ranged from 10.54 to 21.04%,
with an average increase of 14.77%. Among all ecological
sites, XN achieved the highest yield (8.92 t), whereas ZC had
the lowest yield (6.25 t). Statistical analysis revealed that
the 2-AP content was significantly influenced (P<0.05) by
year, ecological sites, and treatments. The effects of different
years, ecological sites and treatments on 2-AP content
reached significant levels (P<0.05) (Table 1). Compared with
CK, the IOF+W treatment significantly (P<0.05) increased the
2-AP content in rice. In 2023 (Fig. 1-A), the 2-AP contents
increased by 12.29 to 18.22%, with an average increase of
15.67%; and in 2024 (Fig. 1-B), the 2-AP contents increased
by 9.05 to 17.69%, with an average increase of 13.78%.

3.2. N use efficiency

The statistical analysis revealed significant impacts (P<0.05)
of year, ecological sites, treatments, and their interactive
effects on multiple measured parameters related to N
use efficiency (Table 2). The dry matter accumulation, N
accumulation, N recovery efficiency (NRE), N agronomic
efficiency (NAE), and N partial factor productivity (NPFP) in
the IOF+W treatment were significantly (P<0.05) higher than
those in CK. Compared with CK, the NAE and NPFP in the
IOF+W treatment increased by 31.27-57.66% and 17.12—
32.36%, respectively. The XN, CH, and NX ecological sites
exhibited higher NAE and NPFP. These results indicated
that IOF+W can significantly enhance NAE and NPFP, with
average increases of 47.83 and 23.70%, respectively.

3.3. CH, and N,O emissions from rice paddies
As the growth cycle progressed, CH, emission fluxes
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Table 1 Yield and yield components of aromatic rice under different ecological sites and treatments

. . Treatment  Effective panicle Spikelets per Seed settin 1,000-grain Grain yield
Year (Y)  Ecological site (E)" (T)? numtfer ppaniclep rate (%) o weigh? (9) (t ha¥1)
2023 XN IOF+W 18.20 a 186.05 a 87.12a 19.88 b 8.90 a
CK 1220 b 151.68 b 7512b 2346 a 7.90b
NX IOF+W 19.80 a 200.92 a 80.62 a 19.47 a 8.73 a
CK 16.60 a 155.71b 68.26 b 20.51 a 7.88b
CH IOF+W 14.60 a 220.68 a 66.40 a 20.57 a 7.94 a
CK 11.40 b 165.01 b 62.81 a 19.34 a 6.65b
LD IOF+W 19.60 a 158.32 a 7447 a 19.83 a 8.04 a
CK 14.80 b 130.89 b 70.84 a 17.56 b 6.73 b
ZC IOF+W 13.20 a 202.34 a 62.25 a 19.66 a 713 a
CK 9.40b 178.05 b 59.84 a 18.18 b 6.25b
2024 XN IOF+W 21.00 a 197.13 a 69.02 a 18.89 a 8.92 a
CK 15.33 b 182.69 b 57.90 b 18.03 a 7.89b
NX IOF+W 19.67 a 198.21 a 62.68 a 22.72 a 8.08 a
CK 13.00 b 170.23 a 56.68 b 21.45a 6.84 b
CH IOF+W 17.67 a 187.37 a 66.28 a 2145b 8.70 a
CK 11.33b 160.06 b 54.64 b 23.87 a 7.84b
LD IOF+W 15.33 a 181.33 a 61.44 a 21.50 b 8.26 a
CK 13.00 a 176.26 a 5591 a 20.14 a 7.47b
ZC IOF+W 16.33 a 181.49 a 57.80 a 20.98 a 8.02a
CK 9.33b 172.75 a 51.09b 19.66 a 6.63 b
ANOVA
Y ns . - ns
T - “ - ns
YXE . “ . .
YxT ns . - ns
ExT ns . - - ns
YXExT ns ns ) - ns

XN, NX, CH, LD, and ZC represent the ecological sites of Xingning, Nanxiong, Conghua, Luoding, and Zengcheng, respectively.

2 |OF+W and CK represent the inorganic fertilizer reduction combined with organic fertilizer and water-saving irrigation, and
conventional cultivation, respectively.

The lowercase letters indicate significant differences (P<0.05) in cultivation methods within the same ecological site. ~and ~ indicate

significant differences at P<0.05 and P<0.01, respectively, and ns indicates no significant difference.
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Fig. 1 2-AP content in aromatic rice under different ecological sites and treatments. XN, NX, CH, LD, and ZC represent the ecological
sites of Xingning, Nanxiong, Conghua, Luoding, and Zengcheng, respectively. IOF+W and CK represent the inorganic fertilizer reduction
combined with organic fertilizer and water-saving irrigation, and conventional cultivation, respectively. The lowercase letters above the
bars indicate significant differences (P<0.05) between different treatments within the same ecological site. Error bars represent standard
errors (n=3).

exhibited a trend of first increasing and then decreasing, demonstrated reduced CH, emission fluxes under the IOF+W
peaking during the booting stage and reaching the lowest treatment when compared to the CK (Fig. 2-A-E). The
point during the maturity stage. All five ecological sites IOF+W treatment achieved significant (P<0.05) reductions in
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Table 2 Nitrogen use efficiency of aromatic rice under different ecological sites and treatments

. Dry matter Nitrogen Nitrogen recovery  Nitrogen agronomic Nitrogen partial
Ecological - . - - -
Year (Y) site (E)" Treatment (T)?  accumulation accumulation efficiency efficiency factor productivity
(9) (kg ha™") (%) (kg kg™) (kg kg™)
2023 XN IOF+W 78.38 a 66.40 a 19.83 a 17.50 a 57.78 a
CK 67.50 b 4711b 7.07b 11.17b 46.94 b
NX IOF+W 74.83 a 90.11 a 22.68 a 18.06 a 54.83 a
CK 64.17 b 78.83b 14.48 b 12.29b 46.81b
CH IOF+W 74.16 a 1156.75 a 35.02 a 15.95 a 49.01a
CK 60.74 b 99.37 a 22.98 a 11.41b 3791b
LD IOF+W 7140 a 61.93 a 17.73 a 16.01 a 50.44 a
CK 63.77b 47.26 b 7.85b 10.15b 38.11b
ZC IOF+W 59.66 a 59.77 a 20.93 a 13.30 a 42.95a
CK 45.25b 4161b 8.78 c 10.13 b 36.03 b
2024 XN IOF+W 62.22 a 175.14 a 61.26 a 18.51 a 57.33a
CK 45.97 b 125.54 b 27.78 b 13.33b 45.84 b
NX IOF+W 64.09 a 12416 a 36.12 a 16.52 a 51.64 a
CK 46.15b 82.55b 9.06 c 10.64 b 4114 c
CH IOF+W 63.83 a 136.78 a 34.53 a 24.33 a 57.31a
CK 57.86 b 128.44 a 27.29b 16.65 b 48.22 b
LD IOF+W 51.89 a 178.92 a 61.40 a 19.05 a 52.10 a
CK 43.97 b 126.90 b 26.48 b 12.38 b 43.81b
ZC IOF+W 52.05a 79.37 a 2549 a 23.47 a 51.46 a
CK 34.01b 48.76 b 5.56 b 15.46 b 40.28 b
ANOVA
Y ns
E ns "
T -
YxE
YxT ns ns ns
ExT " ns ns ns ns
YXExT ” ns ns -’ "

XN, NX, CH, LD, and ZC represent the ecological sites of Xingning, Nanxiong, Conghua, Luoding, and Zengcheng, respectively.
2 JOF+W and CK represent the inorganic fertilizer reduction combined with organic fertilizer and water-saving irrigation, and conventional

cultivation, respectively.

The lowercase letters indicate significant differences (P<0.05) in cultivation methods within the same ecological site. “and "~ indicate significant
differences at P<0.05 and P<0.01, respectively, and ns indicates no significant difference.

total CH, emissions across all five ecological sites compared
to the CK (Fig. 2-F), with reductions ranging from 26.55
to 47.69% (average: 36.95%) in 2023 and from 16.92 to
28.08% (average: 23.21%) in 2024. Among the sites, ZC had
the highest total CH, emissions, while LD and CH showed
the most and least significant reductions under the IOF+W
treatment, respectively.

The N,O emissions followed an opposite trend of
decreasing initially and then increasing throughout the growth
cycle, peaking during the maturity stage and reaching their
lowest levels during the booting and flowering stages. At all
five ecological sites, the IOF+W treatment resulted in higher
N,O emission fluxes compared with CK (Fig. 3-A-E). In
addition, the total N,O emissions under the IOF+W treatment
significantly (P<0.05) increased at all five sites compared
with CK (Fig. 3-F), with increases ranging from 7.92 to
17.34% (average: 13.91%) in 2023 and from 7.79 to 21.63%
(average: 14.82%) in 2024. Among all ecological sites, total
N,O emissions were the highest at XN and the lowest at
ZC. Notably, the IOF+W treatment induced the strongest
enhancement of N,O emissions at NX, with LD showing the
least response.

GWP was significantly affected (P<0.05) by the different

ecological sites and treatments (Table 3). The GWP of
rice paddies was primarily contributed by CH, emissions,
accounting for 98.01-99.37% of the total, while N,O contributed
a relatively small portion (0.63—1.99%). Both GWP and GHGI
reached their highest levels at ZC and their lowest at CH
among the ecological sites. Compared with CK, the IOF+W
treatment across all five ecological sites significantly (P<0.05)
reduced GWP (26.85-43.76%) and GHGI (34.64-51.84%),
with average reductions of 31.29 and 40.30%, respectively.

3.4. Soil microbial diversity

Based on the metagenomic NR annotation results, significant
differences (P<0.05) were observed in the a-diversity indices
of soil microbial communities, including Chao, Shannon, and
Simpson, between the two different treatments. Specifically,
the IOF+W treatment effectively reduced the species
abundance (Chao index) of soil microorganisms (Fig. 4-A).
The dominant bacteria at the phylum level included
Proteobacteria, Chloroflexi, Actinobacteria, Acidobacteria,
Planctomycetota, Nitrospirae, and Euryarchaeota (Fig. 4-B).
Venn analysis revealed 5,938 shared species among all
treatments and ecological sites. Notably, the species
composition differed between the IOF+W treatment and the
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Fig. 2 CH, emission flux and total emissions in paddy fields under different ecological sites and treatments. XN, NX, CH, LD, and
ZC represent the ecological sites of Xingning, Nanxiong, Conghua, Luoding, and Zengcheng, respectively. IOF+W and CK represent the
inorganic fertilizer reduction combined with organic fertilizer and water-saving irrigation, and conventional cultivation, respectively. The
lowercase letters above the lines and bars indicate significant differences (P<0.05) between different treatments within the same ecological

site. Error bars represent standard errors (n=3).

CK, with 353 unique species in the IOF+W treatment and
288 unique species in CK (Fig. 4-C). Although no significant
differences in B-diversity were detected between the
treatments, the IOF+W treatment increased B-diversity in all
ecological sites except XN (Fig. 4-D).

3.5. CH, and N,O emissions-related microorganisms

An analysis of the species composition and differences
in methanogens and methanotrophs revealed that the
IOF+W treatment reduced the abundance of methanogens
(Chao index) at all ecological sites except ZC (Fig. 5-A).
Similarly, the IOF+W treatment reduced the abundance of
methanotrophs (Chao index) at all ecological sites except XN
(Fig. 5-B). PCA analysis showed that the compositions of

methanogens and methanotrophs could be separated based
on the different ecological sites and treatments in the PCA
plot, with reasonable grouping (R=0.599, P=0.001). The
Anosim test indicated significant differences between groups,
with higher credibility (P<0.05). An analysis of compositions
of microbiomes (ANCOM) between the different treatments
within the same ecological site showed that the abundances
of Methanomicrobiales, Methanocellales, Methanosarcinales,
Methanobacteriales, and Methanotrichales were significantly
lower in the IOF+W treatment compared with CK (Fig. 5-C).
The abundances of Methyloceanibacter, Methylocystis, and
Methylobacter were lower in the IOF+W treatment than in
CK, with Methyloceanibacter and Methylobacter showing
significantly lower abundances. In contrast, the abundances
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site. Error bars represent standard errors (n=3).

of Methylosinus, Methylococcus, and Methylocella were
higher in the IOF+W treatment (Fig. 5-D). The correlation
heatmap indicated significant positive correlations between
Methanomicrobiales, Methanotrichales, and CH, emissions
and DOC content. Methanocellales was significantly
positively correlated with CH, emissions, while Methylocystis
was significantly positively correlated with both CH, emissions
and DOC content (Fig. 5-E). Random forest analysis showed
that Methanocellales, Methanococcales, Methanomicrobiales,
and Methanobacteriales were the main microorganisms
contributing to CH, production, while Methylocystis,
Methyloceanibacter, and Methylobacter were the main
microorganisms involved in CH, oxidation (Fig. 5-F). In

summary, the IOF+W treatment reduced the total abundance
of methanogens primarily by reducing the abundances of
Methanomicrobiales, Methanocellales, Methanosarcinales,
Methanobacteriales, and Methanotrichales. The effect of the
IOF+W treatment on methanotrophs was less pronounced,
but the total abundance of methanotrophs decreased.

An analysis of the species composition and differences in
nitrifying and denitrifying bacteria revealed that the IOF+W
treatment significantly increased the abundances of nitrifying
bacteria (Chao index) at the XN and CH ecological sites
(Fig. 6-A). Similarly, the IOF+W treatment significantly
increased the abundances of denitrifying bacteria (Chao
index) at the XN, CH, and ZC ecological sites (Fig. 6-B).
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Table 3 Warming potential of paddy fields under different ecological sites and treatments

Contribution to

Ecological Treatment GWP (CH,) (kg ha™)¥ GWP (N,O) (kg ha™") GWPs Total yield GWPs (%) GHGI
site (E)" (T)? (kg ha=")® (tha™) (kg kg™)?
2023 2024 2023 2024 CH, N,O
XN IOF+W 8,600.79b 11,613.02b 179.80 a 171.00 a 20,564.61 b 18.13 a 98.29 1.71 1.13b
CK 13,446.37 a 15,462.03 a 166.60 a 142.38 b 29,217.38 a 15.66 b 98.94 1.06 1.87 a
NX IOF+W 8,223.21b 9,314.11b 186.23 a 147.69 a 17,871.24 b 16.77 a 98.13 1.87 1.07b
CK 11,196.49a 12,950.50 a 161.32b 12143 b 24,429.74 a 1484 b 98.84 1.16 1.65a
CH IOF+W 4,308.88b 11,820.72 b 152.27 a 160.18 a 16,442.05b 16.75 a 98.10 1.90 0.98b
CK 7,362.75a 14,227.88 a 132.35b 143.73 b 21,866.71 a 1453 b 98.74 1.26 1.51a
LD IOF+W 6,543.86 b 9,017.33 b 161.37 a 154.77 a 15,877.33 b 16.15a 98.01 1.99 0.98b
CK 15,986.40a 11,962.05 a 1418 b 143.5 9b 28,233.83 a 13.82b 98.99 1.01 2.04 a
ZC IOF+W 14,704.14b 12,832.90 b 130.17 a 164.57 a 27,831.78 b 14.90 a 98.94 1.06 1.87b
CK 23,957.02a 16,356.87 a 110.93 b 14551 b 40,570.33 a 1291b 99.37 0.63 3.14 a
ANOVA
Y - ns
£ . .
T
YxE
YxT - ns
ExT - ns
YxExT - ns

XN, NX, CH, LD, and ZC represent the ecological sites of Xingning, Nanxiong, Conghua, Luoding, and Zengcheng, respectively.
2 |OF+W and CK represent the inorganic fertilizer reduction combined with organic fertilizer and water-saving irrigation, and conventional

cultivation, respectively.

¥ GWP is global warming potential, GWPs is the sum of GWP and GHGI is greenhouse gas intensity. . .
The lowercase letters indicate significant differences (P<0.05) in cultivation methods within the same ecological site. and indicate significant
differences at P<0.05 and P<0.01, respectively, and ns indicates no significant difference.

PCA analysis showed that the composition of nitrifying
and denitrifying bacteria could be separated based on the
different ecological sites and treatments in the PCA plot,
with reasonable grouping (R=0.565, P=0.001). The Anosim
test indicated significant differences between groups, with
higher credibility (P<0.05). The ANCOM analysis showed
that the IOF+W treatment increased the abundances of
Nitrospira, Nitrobacter, Nitrososphaera, Nitrosococcus
and Nitrospirillum, thereby enhancing the total abundance
of nitrifying bacteria (Fig. 6-C). In addition, the IOF+W
treatment increased the abundances of Pseudomonas,
Bacillus, Agrobacterium, Acinetobacter and Achromobacter,
contributing to an increase in the total abundance of
denitrifying bacteria (Fig. 6-D). Nitrospira, Nitrobacter,
Nitrosococcus and Nitrospirillum were significantly positively
correlated with the NO;™-N content, while Acinetobacter and
Agrobacterium were significantly positively correlated with the
TN and NO, -N contents (Fig. 6-E). Random forest analysis
indicated that Nitrososphaera, Nitrosococcus, Nitrospira,
Thiobacillus, Paracoccus and Agrobacterium were the main
microorganisms involved in nitrification and denitrification
(Fig. 6-F). In summary, the IOF+W treatment increased the
abundances of both nitrifying and denitrifying bacteria.

3.6. Comparison of microorganism functions

The NMDS analysis of KEGG pathway level3 for methanogens
and methanotrophs (Fig. 7-A) showed that the distributions
of metabolic functions were separated under the different
treatments, with distinct functional differences within the
grouped treatments, indicating good representativeness

of the grouping (stress<0.05). The PCoA analysis of
KEGG pathway level3 for nitrifying and denitrifying bacteria
(Fig. 7-B) indicated that the metabolic functions under
different treatments were separated in the PCA plot based
on ecological sites and treatments, suggesting a reasonable
grouping (R=0.897, P=0.001). The Anosim test showed
that the differences between groups were greater than
within groups, with high reliability (P<0.05). The analysis of
metabolic pathway differences revealed that compared with
CK, the IOF+W treatment exhibited lower C metabolism and
CH, metabolism but significantly enhanced N metabolism
(Fig. 7-C). The differential analysis of KEGG enzymes showed
that compared with CK, the IOF+W treatment significantly
reduced the abundances of key enzymes involved in CH,
production: formylmethanofuran dehydrogenase [EC:1.2.7.12],
methyltransferase [EC:2.1.1.86], and methyl-coenzyme M
reductase [EC:2.8.4.1], while significantly increasing the
abundance of the key enzyme involved in CH, oxidation:
methanol dehydrogenase [EC:1.1.2.10] (Fig. 7-D). This
indicated that the IOF+W treatment effectively reduced CH,
production and promoted CH, oxidation in paddy fields. These
enzymes were ubiquitous in the CH, metabolic pathway,
and there were significant differences in the CH, metabolic
pathway between the different treatments. Compared with
CK, the IOF+W treatment increased the abundances of
key enzymes involved in denitrification: nitrite reductase
[EC:1.7.5.1] [EC:1.7.2.1] [EC:1.7.1.15], and nitrification:
ammonia monooxygenase [EC:1.14.99.39] and hydroxylamine
oxidoreductase [EC:1.7.99.1] (Fig. 7-E). These enzymes were
ubiquitous in the N metabolic pathway. The phenomenon
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Fig. 4 Bacterial a-diversity and relative abundance in paddy soil under different ecological sites and treatments. A and B, the
bacterial a-diversity (A) and relative abundance (B) at the phylum level, respectively. C, Venn diagram of the shared and unique species
between the different treatments. D, B-diversity. XN, NX, CH, LD, and ZC represent the ecological sites of Xingning, Nanxiong, Conghua,
Luoding, and Zengcheng, respectively. IOF+W and CK represent the inorganic fertilizer reduction combined with organic fertilizer and

water-saving irrigation, and conventional cultivation, respectively.

of a higher NO, -N content despite the reduced N fertilizer
application in the IOF+W treatment (Appendix C), was
consistent with the upregulation of N metabolic enzymes and
pathways. In summary, the IOF+W treatment altered the
metabolic pathways of CH, and N by changing the abundances
of bacterial metabolism-related enzymes, resulting in lower
CH, metabolism and higher N metabolism, which in turn
affected the production of CH, and N,O.

4. Discussion

4.1. Effect of partial organic substitution for inorganic
fertilizers combined with water-saving irrigation on
CH, emissions

The production and oxidation of CH, are primarily

microbially-driven processes (Ding et al. 2022; Qi J Q et al.
2023). The emissions of CH, are significantly correlated
with the composition of related microorganisms and the
expression of their metabolic functions (Ding et al. 2022;
Ma et al. 2022; Qi J Y et al. 2023). To explain why the
IOF+W treatment significantly reduced CH, emissions,
this study used metagenomic sequencing to determine the
structure and function of soil microorganisms. Our findings
revealed that the IOF+W treatment limited the a-diversity
(Chao and Shannon indices) of paddy soil (Fig. 4), which
indicated that both the abundance and diversity of paddy
soil microorganism were altered. Xie et al. (2022) showed
that inorganic fertilizers, combined with organic fertilizers,
and irrigation levels significantly impact soil bacterial
abundance (Chao index) and diversity (Shannon index), and
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Fig. 5 Abundances of methanogens and methanotrophs in paddy soil under different ecological sites and treatments. A and B,
the PCA analysis of Chao index and order-level abundances of methanogens and methanotrophs, respectively. C, Wilcoxon rank-sum
test based on Bootstrap at the order level. D, Wilcoxon rank-sum test based on Bootstrap at the genus level. E, correlation heatmap. F,
random forest analysis based on ten-fold cross-validation. XN, NX, CH, LD, and ZC represent the ecological sites of Xingning, Nanxiong,
Conghua, Luoding, and Zengcheng, respectively. IOF+W and CK represent the inorganic fertilizer reduction combined with organic fertilizer

and water-saving irrigation, and conventional cultivation, respectively.

the combined application of inorganic and organic fertilizers
reduced a-diversity (Chao and Shannon indices). This
may account for the reduction in a-diversity observed in the
IOF+W treatment in this study. The changes in soil microbial
composition and abundance may explain the reduced CH,
emissions and increased N,O emissions in the paddy field,
so we further investigated the structural and functional
differences of the microbial communities associated with CH,
production and oxidation in the paddy ecosystem.

CH, production in paddy fields mainly occurs through
the acetate pathway, H,/CO, pathway, and methyl-
containing pathway (Yu et al. 2022), which utilize acetic acid,
H,/CO,, and methyl-containing compounds as substrates,
respectively. Therefore, CH, production is primarily
associated with the metabolism of methanogens that utilize
these substrates, and the emitted CH, represents the portion
that is not oxidized by methanotrophs. Previous studies have
mostly focused on the relationship between the composition
of soil microorganisms in conventional rice paddies and
greenhouse gas emissions. In this study, we further
analyzed the composition and functions of soil bacteria in
aromatic rice paddies under specific cultivation conditions
for aroma enhancement in conjunction with greenhouse gas

emissions. Our findings revealed that compared with CK,
IOF+W reduced the activities of key enzymes involved in CH,
production, including formylmethanofuran dehydrogenase,
methyltransferase and methyl-coenzyme M reductase, while
increasing the activity of the key CH,-oxidizing enzyme
lanthanide-dependent methanol dehydrogenase (Fig. 7).
Consequently, under the IOF+W treatment, the soil produced
less CH, and exhibited higher CH, oxidation activity. Although
CK exhibited a more extensive CH, metabolic pathway,
the total amount of unoxidized CH, was greater than that
under IOF+W. As a result, CH, emissions from the IOF+W
treatment were significantly lower than those from CK, with
a reduction of 36.95% (Fig. 2). Thus, the primary reasons
for CH, emission reduction under IOF+W treatment were
the limitation of CH, production and the promotion of CH,
oxidation. Like CH, metabolism, the IOF+W treatment in this
study led to reduced methanogen abundance, while its impact
on methanotrophs was less pronounced (Fig. 5). Fertilization
and irrigation practices significantly influence the abundances
of methanotrophs and methanogens in paddy fields (Wu Q
G et al. 2022; Xu et al. 2022). Generally, the application of
organic fertilizers, as well as the combined application of
organic and inorganic fertilizers, will increase the abundance
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Fig. 6 Abundances of nitrifying bacteria and denitrifying bacteria in paddy soil under different ecological sites and treatments. A
and B, principal component analysis (PCA) of Chao index and genus-level abundances of nitrifying and denitrifying bacteria, respectively.
C and D, Wilcoxon rank-sum test based on Bootstrap at the genus level for nitrifying and denitrifying bacteria, respectively. E, correlation
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Nanxiong, Conghua, Luoding, and Zengcheng, respectively. IOF+W and CK represent the inorganic fertilizer reduction combined with
organic fertilizer and water-saving irrigation, and conventional cultivation, respectively.

of methanogens. However, the impact on the abundance of
methanotrophs has been inconsistent across different studies
(Kong et al. 2019). The impact of inorganic fertilizers (N,
P, and K) alone on the abundances of methanotrophs and
methanogens in paddy fields has also been inconsistent (Xu
et al. 2022). Organic fertilizers have the most pronounced
effect on regulating soil microbial composition and abundance.
Previous research showed that organic fertilizer application
significantly alters the composition and abundance of soil
bacteria in paddy fields (Dong et al. 2014; Song et al. 2022),
increasing the abundances of Proteobacteria, Bacteroidetes,
and Acidobacteria, among others (Wang et al. 2017). In
addition, organic fertilizer application can increase the soil
organic carbon content, thus providing more substrates for
methanogens and thereby enhancing their abundance (You
et al. 2022). Considering the goal of increasing rice yield,
the combined application of inorganic and organic fertilizers
has a more favorable effect on regulating the soil microbial
structure and abundance (Zhao et al. 2016). In this study,
the IOF+W treatment significantly reduced the abundance of
methanogens, which contrasts with previous findings (Kong
et al. 2019). This discrepancy may be attributed to the fact
that while the application of reduced inorganic fertilizer in

combination with organic fertilizer in the IOF+W treatment
would typically increase the abundance of methanotrophs,
the implementation of multiple drainage events under water-
saving irrigation severely inhibited their growth, ultimately
leading to a reduction in their abundance. Similar conclusions
were drawn by Wu J F et al. (2022), who found that alternate
wetting and drying irrigation reduced the abundances
of Euryarchaeota, methanogens, and methanogen-
related genes in paddy fields. Since water management
primarily affects soil gas exchange, the improved aeration
significantly enhances the abundance and activity of aerobic
microorganisms while inhibiting strict anaerobes, particularly
methanogens. The influence of irrigation on the abundances
of methanogens and methanotrophs in paddy soils is even
more pronounced than that of organic fertilizer (Ma et al.
2022). In conclusion, water-saving irrigation can not only
reduce the abundance of methanogens but also increase
the abundance of methanotrophs, leading to a significant
reduction in CH, emissions (Chen et al. 2021; Leon and
Izumi 2022). In this study, the IOF+W treatment significantly
reduced the abundance of methanogens but did not show a
clear trend in the abundance of methanotrophs, which even
decreased slightly (Fig. 5). This may be due to the higher
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Fig. 7 Differences in bacterial metabolic pathways in paddy soil under different ecological sites and treatments. A, NMDS analysis

based on the Bray-Curtis distance matrix at KEGG pathway level3.

B, PCoA analysis based on Bray-Curtis at KEGG pathway level3.

C, Wilcoxon rank-sum test based on Bootstrap at KEGG pathway level3. D and E, Wilcoxon rank-sum test based on Bootstrap at the
KEGG enzyme level. XN, NX, CH, LD, and ZC represent the ecological sites of Xingning, Nanxiong, Conghua, Luoding, and Zengcheng,
respectively. IOF+W and CK represent the inorganic fertilizer reduction combined with organic fertilizer and water-saving irrigation, and

conventional cultivation, respectively.

CH, concentrations produced under CK, which favored the
growth of methanotrophs. This hypothesis is supported by
Okubo et al. (2014), who found that low CH, concentrations
limited the growth of methanotrophs, thereby hindering CH,
oxidation, while high CH, concentrations had the opposite
effect.

In summary, the IOF+W treatment reduced CH, emissions
by reducing methanogen abundance and the activities of key
enzymes involved in methanogenesis, while simultaneously
increasing the activities of key enzymes related to methane
oxidation. This not only led to lower CH, production but
also enhanced CH, oxidation in the rice paddy, significantly
reducing the amount of unoxidized CH, and overall
CH, emissions. Furthermore, the CH, emissions in this
experiment were significantly positively correlated with soil
DOC content (Appendix D), consistent with the findings
of Qi J Q et al. (2023). This correlation may also explain
the variation in CH, emissions across the five ecological
sites, with the ZC site exhibiting the highest CH, emissions,
corresponding to its highest DOC content.

4.2. Effect of partial organic substitution for inorganic
fertilizers combined with water-saving irrigation on
N,O emissions

Like CH, emissions, N,O emissions are primarily generated
through microbially-driven processes and N,O emission fluxes
show significant correlations with the composition of relevant
microbial communities and the expression of their metabolic
functions (Ding et al. 2022). The observed alterations in
soil microbial composition and abundance may explain the
increased N,O emissions from paddy fields, prompting further

investigation into the structural and functional characteristics
of the N,O emission-associated microbial communities in
the paddy ecosystem. In paddy fields, N,O is produced
during nitrification and denitrification processes (Butterbach-
Bahl et al. 2013). Denitrification is an anaerobic microbial
process that reduces nitrate (NO;™) to nitrogen gas (N,) or
nitrous oxide (N,O) (Qin et al. 2019), while nitrification is
an aerobic process whereby microorganisms sequentially
oxidize ammonia (NH,/NH;") to nitrite (NO,”) and then to
nitrate (NO;7). Under certain conditions, these two processes
can occur simultaneously in soil ecosystems (Liu et al. 2012).
Compared with CK, the IOF+W treatment promoted the
activity of the key denitrification enzyme (nitrite reductase)
and moderately increased the activities of the key nitrification
enzymes (ammonia monooxygenase and hydroxylamine
oxidoreductase). These shifts stimulated both the nitrification
and denitrification metabolic pathways (Fig. 7), ultimately
leading to a 14.82% increase in N,O emissions (Fig. 3).
These results may be attributed to the combined effect
of inorganic fertilizer reduction along with organic fertilizer and
water-saving irrigation under the IOF+W treatment. Wu J F
et al. (2022) found that alternate wetting and drying irrigation
not only reduced the abundances of methanogens and CH,-
producing genes but also increased the abundances of
genes related to the nitrification and denitrification pathways,
thereby enhancing the N metabolism-related genes, which
aligns with the observed enhancement of the nitrification
and denitrification processes under the IOF+W treatment in
this study. In addition, the combined application of inorganic
and organic fertilizers has a better effect on regulating the
soil microbial structure and abundance, albeit with increased
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nitrification and denitrification functions (Zhao et al. 2016),
which aligns with our findings that the IOF+W treatment
enhanced the nitrification and denitrification processes. The
IOF+W treatment also significantly increased the abundances
of nitrifying and denitrifying bacteria compared to CK,
consistent with the enhanced nitrification and denitrification
processes (Fig. 6). Other studies have also reported that
fertilization and irrigation practices significantly affect the
abundances of nitrifying and denitrifying bacteria in paddy
fields (Wu Q G et al. 2022; Yang et al. 2024). Greater
nitrogen application can enhance the abundances of nitrifying
and denitrifying bacteria, as nitrogen fertilizers provide
ample ammonium (NH,") and nitrate (NO;"), which serve as
metabolic substrates for these bacteria (Chen et al. 2021).
Organic fertilizer application increases the abundances
of nitrifying and denitrifying bacteria by providing nitrogen
sources and influencing soil oxygen levels, which affect
their growth (Wang et al. 2017). The combined application
of inorganic and organic fertilizers also increases the
abundances of nitrifying and denitrifying bacteria (Zhao
et al. 2016). Continuous flooding inhibits nitrifying bacteria
while promoting denitrifying bacteria due to the anaerobic
conditions, which are unsuitable for the nitrifying bacteria.
In contrast, water-saving irrigation favors nitrifying bacteria
(Wang et al. 2017). In this study, the IOF+W treatment
increased the abundances of both nitrifying and denitrifying
bacteria, consistent with previous findings (Zhao et al. 2016).
Although the IOF+W treatment applied slightly less nitrogen
from chemical fertilizer than the CK treatment, the nitrogen
sources released from organic fertilizer decomposition also
provided substrates for these bacteria, and the alternating
wet and dry conditions in the IOF+W treatment favored the
growth of both nitrifying and denitrifying bacteria.

In summary, the IOF+W treatment increased the
abundances of both nitrifying and denitrifying bacteria,
enhanced the activities of key enzymes involved in
nitrification and denitrification, and ultimately promoted
nitrogen metabolism (both nitrification and denitrification),
leading to higher N,O emissions. In addition, the N,O
emissions were positively correlated with nitrite levels in this
study (Appendix D). Nitrite-N is an intermediate product
of nitrification and denitrification. The IOF+W treatment
exhibited higher nitrite-N concentrations (Appendix C), which
suggested that the enhanced nitrification and denitrification
under IOF+W resulted in elevated soil nitrite-N levels and
increased N,O emissions. Moreover, differences in nitrogen
content may explain the variation in N,O emissions across
the five ecological sites, with the XN site showing the highest
N,O emissions, corresponding to its highest soil nitrogen
content. Huang et al. (2020) demonstrated that changes in
soil ammonium (NH,*-N) and nitrate (NO, -N) levels influence
N,O emissions, as higher NH," concentrations in paddy soils
enhance nitrification, while elevated NO; concentrations
promote denitrification (Alam and Jia 2012). Moreover, the
soil DOC content also affects nitrification and denitrification,
with increased DOC levels strengthening denitrification and
accelerating NO;™ reduction (Qin et al. 2017). Therefore,
variations in soil nitrogen content and its different forms
across the five ecological sites contributed to the observed

differences in N,O emissions.

4.3. Integrated benefits of partial organic substitution
for inorganic fertilizers combined with water-saving
irrigation

The IOF+W treatment reduced the GWP and GHGI by
26.29 and 35.99%, respectively (Table 3). The combination
of fertilization and irrigation demonstrated significant
advantages in balancing yield improvement and greenhouse
gas mitigation. Wu Q G et al. (2022) noted that adding
organic amendments during drainage can achieve greater
reductions in greenhouse gas emissions (N,O and CH,).
The organic fertilizer applied in the IOF+W treatment may
have acted as a soil amendment, contributing to the overall
reduction in greenhouse gas emissions. Notably, although
the IOF+W treatment significantly increased N,O emissions,
its contribution to the overall GWP was minimal (1.99%),
whereas CH, contributed significantly (98.01%). These
differences resulted in substantial reductions in overall GWP
and GHGI, thereby allowing the IOF+W treatment to achieve
greenhouse gas mitigation in paddy fields.

Compared with CK, the IOF+W treatment significantly
increased the rice yield (Table 1). This could be attributed to
the appropriate fertilization rate and ratio, and the application
of organic fertilizer (slow-release) in the IOF+W treatment,
which promoted rice growth. Moderate drought stress not
only enhances tillering but also facilitates the transition
from vegetative to reproductive growth and improves grain
filling (Wu Q G et al. 2022; Yang et al. 2024), ultimately
increasing the yield through higher effective panicles,
spikelets per panicle, and seed setting rate. Previous studies
have shown that the fertilization rate, ratio, and drought
conditions influence the content of 2-AP precursors (e.g.,
proline). Appropriate fertilization and drought conditions can
increase 2-AP precursor levels and enhance 2-AP synthase
activity, ultimately boosting the 2-AP content in rice (Imran
et al. 2023). In this study, the IOF+W treatment significantly
increased the 2-AP content in rice (Fig. 1), as it employed
the appropriate fertilization rate and ratio for aromatic rice
growth and aroma enhancement in South China. In addition,
mild drought stress promoted the accumulation of 2-AP
precursors and increased 2-AP synthase activity, leading to
the higher 2-AP content in aromatic rice (Imran et al. 2023).
The differences in the yield and 2-AP content of the aromatic
rice across the five ecological sites may be attributed to the
variations in soil fertility, temperature and light conditions.
Furthermore, the IOF+W treatment significantly improved
nitrogen agronomic efficiency and partial factor productivity,
which could be attributed to the rational fertilization rate and
ratio (Chen et al. 2022; Qiao ef al. 2022), and moderate water
stress (Wang et al. 2022; Hamoud et al. 2023), all of which
enhanced nitrogen use efficiency.

5. Conclusion

This study focused on high-quality aromatic rice in South
China and investigated the effects of partial organic
substitution for inorganic fertilizers combined with water-
saving irrigation (IOF+W) on CH, and N,O emissions, as
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well as soil bacterial diversity, abundance, and functionality,
across five ecological sites. This study elucidated the
underlying mechanisms of CH, and N,O emissions under
IOF+W conditions. The results demonstrated that the IOF+W
treatment reduced CH, emissions by 36.95% by reducing
the abundance of methanogens, increasing the abundance
of methanotrophs, inhibiting key enzymes involved in CH,
production, and promoting key enzymes involved in CH,
oxidation, thereby altering CH, metabolism. Meanwhile, the
IOF+W treatment increased the abundances of both nitrifying
and denitrifying bacteria, enhanced key enzymes involved
in nitrification and denitrification, and strengthened nitrogen
metabolism, leading to a 14.82% increase in N,O emissions.
Although the IOF+W treatment increased N,O emissions,
its contribution to the GWP was significantly lower than that
of CH,. Compared to CK, the IOF+W treatment reduced
the GWP by 31.29% and the GHGI by 40.30%, thereby
achieving effective greenhouse gas mitigation. In addition,
the IOF+W treatment increased the aromatic rice yield by
14.77%, raised the 2-AP content by 13.78%, reduced the
application of inorganic fertilizers, and improved nitrogen use
efficiency (Appendix E). In conclusion, the IOF+W approach
is an effective strategy for enhancing yield, aroma, efficiency,
and greenhouse gas mitigation in aromatic rice cultivation in
South China.
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