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Abstract

Rice-frog co-culture is an organic farming practice known to effectively reduce nitrogen (N)
loss from paddy fields. Ammonia-oxidizing archaea (AOA) and bacteria (AOB) mediate the
rate-limiting step of nitrification; however, their relative contributions to this process remain
unclear in certain soil types. This study aimed to evaluate the effects of rice—frog co-culture
on N leaching and the associated AOA and AOB communities. A two-year field experiment
was conducted in Shanghai, comparing three cultivation patterns: conventional rice (CR),
green rice—frog (GR) co-cultivation, and organic rice—frog co-cultivation (OR). Nitrogen
leaching was monitored, soil properties were analyzed, and the abundance and community
composition of AOA and AOB were assessed. Nitrogen leaching losses were significantly
lower in GR and OR than in CR, by 14.82% and 28.45%, respectively. Ammonium (NH,")
was the predominant form of leached N, accounting for 58.10%, 56.20%, and 49.02% of
the total N in CR, GR, and OR, respectively. Rice-frog co-culture significantly increased
amoA gene copy numbers of AOA but suppressed those of AOB. The community structures
of both AOA and AOB were strongly influenced by soil properties, including NH,*, soil
organic carbon (SOC), total nitrogen (TN), and pH. Specifically, the AOA community was
primarily shaped by NH,* and SOC, whereas the AOB community was mainly driven
by SOC content. These findings indicate that integrated rice—frog co-cultivation systems
mitigate nitrogen leaching losses, modify soil physicochemical properties, and shift the
abundance and community composition of ammonia-oxidizing archaea and bacteria.

Keywords: ammonia-oxidizing bacteria (AOB); ammonia-oxidizing archaea (AOA);
rice—frog co-cultivation; N leaching; nitrification

1. Introduction

Rice (Oryza sativa) is a traditional crop in China [1]. In pursuit of high grain production,
increasing amounts of nitrogen fertilizers are being used in paddies, and the over-input
of N fertilizer produces environmental pollution [2]. The runoff and leaching of nitrogen
not only cause the eutrophication of surface water, red tides, and algal blooms but also
lead to an excessive nitrate content in groundwater, which harms public health [3,4]. Many
studies have shown that more than 50% of the freshwater lakes in China have seriously
deteriorated [5,6]. The amount of N applied to paddies around Taihu Lake was significantly
higher than the actual amount needed [7,8]. Zheng et al. found that the main form of N loss
through water leached from rice cultivated under different irrigation modes in each growth
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period was NH, "-N, accounting for about 49.06~50.96% of TN [9]. Paddy fields pose a great
N pollution risk due to infiltration of groundwater [10], and traditional agriculture has been
considered to reduce N losses [11]. Optimizing the use of fertilization can effectively control
the loss of N from the paddy field while not reducing the rice yield, thereby improving N
use efficiency in rice paddies [12].

A recent global meta-analysis confirms that nitrogen loss from rice paddies is a
widespread issue but also highlights that optimized ecosystem management, such as in-
tegrated culture-aquaculture systems, holds great potential for mitigation [13]. Various
ecological stereoscopic culture models have been recognized as a direction for promot-
ing sustainable agricultural practices. Many studies on rice—fish (rice—carp, rice-shrimp,
rice—crab and rice—turtle), rice-duck and rice—frog ecosystems have revealed how these
practices reduce the use of chemical fertilizers and pesticides [11,14-16], as well as improve
the nutrient cycle [17-19]. All the results indicate that the co-culture of rice and animals has
the potential to control N leaching loss. Frogs were widely used to control pests in paddies
in ancient farming ecosystems [20]. In addition, rice—frog co-cultivation has been proved to
enrich soil microbial diversity and rice status elements [21,22]. Existing studies have demon-
strated that, compared with conventional rice cultivation patterns, rice—crayfish farming
significantly increases the abundance of soil ammonia-oxidizing microorganisms (AOA and
AOB) and markedly reduces the a-diversity of AOB [23,24]. Compared with conventional
rice cultivation, the rice—eel breeding model markedly enhances AOA abundance while
reducing AOB abundance, and it substantially modulates the composition, structure, and di-
versity of soil ammonia-oxidizing microbial communities by altering key soil environmental
variables including soil pH, SOM, and AN contents [25]. In contrast, limited research has
addressed the impacts of rice-frog co-cultivation on ammonia-oxidizing microorganisms,
and the underlying response mechanisms of these microorganisms remain unclear.

Nitrification is a process of obtaining energy by converting ammonia removed from
amino acids into nitric acid through the action of nitrite bacteria and nitrate bacteria under
aerobic conditions. Ammonia oxidation is the first and rate-limiting step of nitrification that
is conducted by bacteria or archaea [26]. In agricultural soils, niche differentiation between
AOA and AOB and their differential responses to environmental factors like fertilizer type
and soil pH are areas of intense research [27]. Furthermore, the recent discovery of complete
ammonia oxidizers (comammox) adds another layer of complexity to our understanding of
nitrification [28].

Few field studies have quantitatively linked in situ-measured nitrogen leaching fluxes
to rhizosphere-targeted high-throughput sequencing of AOA and AOB communities along
an organic fertilizer substitution gradient in rice—frog integrated cropping systems. We
proposed three hypotheses: (i) compared with conventional rice cultivation, rice—frog
co-cultivation effectively reduces the leaching losses of multiple nitrogen forms in paddy
soil; (ii) the nitrogen leaching reduction induced by rice—frog co-cultivation is closely as-
sociated with changes in the abundance, x-diversity, OTU distribution, and community
structure of soil ammonia-oxidizing archaea (AOA) and ammonia-oxidizing bacteria (AOB);
(iii) AOA and AOB exhibit distinct niche differentiation in rice—frog-modified soil microen-
vironments, with divergent dominant microbial phyla and functional OTUs prevailing in
different rice cultivation patterns, thereby generating differential nitrogen leaching risks.
We conducted a two-year field trial involving three rice cultivation patterns in Shanghai to
test the above hypotheses.
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2. Materials and Methods
2.1. Experimental Sites

The experimental field was established in 2009 in Qingpu Modern Agricultural Park,
Shanghai (121.12° E, 31.15° N), which has a subtropical monsoon climate. Rice is the main
crop in this area, harvested once annually. The soil pH at this location is about 6.8. The
background soil properties before rice transplanting were as follows: pH 7.40, electrical
conductivity (EC) 0.13 mS ecm~!, available nitrogen (AN) 1.70 g kg !, available phosphorus
(AP) 0.38 g kg1, and available potassium (AK) 0.55 g kg~!.

2.2. Experimental Design

The experiment employed a randomized complete block design with three replicates
per treatment, resulting in nine experimental plots. Each plot measured 20 m x 30 m, with
a 1.5 m wide buffer zone between plots to prevent lateral water movement. The experiment
comprised three treatments, each replicated three times: conventional rice cultivation (CR),
green rice-frog co-cultivation (GR), and organic rice—frog co-cultivation (OR). Plots were
bunded to prevent lateral water movement. In CR, rice was cultivated with conventional
chemical fertilizer application (300 kg N ha~! as urea, 90 kg P,O5 ha™! as superphosphate,
and 120 kg K,O ha™! as potassium chloride). In GR, rice was co-cultured with frogs, and
fertilizer application consisted of 50% chemical fertilizer (150 kg N ha~! as urea) plus 50%
organic fertilizer (150 kg N ha~! equivalent). In OR, rice was co-cultured with frogs using
100% organic fertilizer (300 kg N ha~! equivalent). For all treatments, total N application
was standardized at 300 kg N ha~!, with P and K adjusted to equivalent levels.

Tiger frogs (Rana tigrina rugulosa), which are highly adaptable to the environment, were
obtained from Shanghai Qingpu Modern Agricultural Park; individuals weighing >20 g
were released into the GR and OR paddy fields at a density of 12,000 frogs ha=! 15 days
after rice transplanting. Frogs were not provided with supplemental feed, as the system
was designed to rely on natural food sources (insects, zooplankton) within the paddy
ecosystem. A 0.8 m high nylon mesh fence with overhanging flaps was installed around each
plot to prevent frog escape. Perimeter trenches (0.5 m wide x 0.4 m deep) were excavated
within each plot to provide aquatic refugia during field drainage. Disease monitoring was
conducted weekly by visual inspection; no disease outbreaks occurred during the two-year
study period.

2.3. Sampling and Measurements

The samples were collected by a leaching and runoff collection device during the rice
growing season from 2016 to 2017. Leaching water samples were collected using ceramic
suction cup lysimeters installed at 60 cm depth in each plot. Samples were collected on days 1,
3,5,7,9,11,15, 20, and 30 after the first fertilization and then every 10 days until rice harvest.
To prevent transformation of N forms, collected samples were immediately transported
to the laboratory for analysis. Concentrations of total nitrogen (TN), nitrate nitrogen
(NO;7-N), and ammonium nitrogen (NH,*-N) in water samples were determined using
an automatic intermittent chemical analyzer (SmartChem 200, AMS Alliance, Frépillon,
France). TN leaching losses were calculated by multiplying the time-weighted average N
concentrations by the leaching volume.

Rice plants were sampled at five points in each plot. Selected plants were carefully
uprooted and immediately transported to the laboratory. Rhizosphere soil was collected by
gently shaking the roots and brushing off tightly adhering soil using sterile gloves. Part
of each sample was frozen in liquid nitrogen, freeze-dried (Labconco, Kansas City, MO,
USA), and stored at —80 °C for DNA extraction. The remainder was air-dried, ground, and
sieved through a 2 mm mesh for analysis of soil physicochemical characteristics: pH, EC,
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AP, AK, AN, TN, soil organic carbon (SOC) and nitrate reductase activity (NR). Soil pH
was measured in a 1:2.5 (w/v) soil-to-water suspension using a pH meter (FE28, Mettler
Toledo, Greifensee, Switzerland).

The calculation formula for N leaching was as follows:

TNL = TIN(mgN-L™") x LV (m*ha™") x 10~

The time-interval-weighted N (TIN) concentration was calculated as follows:

n NixTi
=
Ni is the concentration of various forms of nitrogen (TN, NH,*-N, NO;™-N) in the
leaching water, Ti is the interval time between samples i and i + 1, and FT is the total
flooding time of the rice.
Leaching volume (LV; m®-ha~!) was calculated as

LV = LS(mm-d~}) x FT(d) x 10-3(mm-m~!) x 10*(ha-m~1)

LS is the leaching rate (the average leaching rate measured in the 2 years 2016 and
2017 was 2.4 mm-d~!) and FT is the total flooding time of the paddy fields.

2.4. DNA Extraction

Total soil DNA was extracted using an E.Z.N.A.® Soil DNA Kit (Omega Bio-tek,
Norcross, GA, USA). The quality of DNA was detected by 1% sodium agarose gel elec-
trophoresis. The purity and concentrations of DNA were confirmed by a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, DE, USA), then the
DNA was stored at —20 °C for quantitative real-time PCR (qPCR) and amplification.

2.5. Quantification of Arch-amoA and amoA Genes

qPCR was used to detect the abundance of AOA amoA and AOB amoA genes on a CFX96
optical real-time detection system (bio rad, Laboratories Inc., Hercules, CA, USA). Each
20 pL reaction buffer consisted of 10 pL SYBR Green (2x) PCR Master Mix (Life Technolo-
gies Corp., Carlsbad, CA, USA), 1 pL bovine serum albumin (BSA), 0.2 yuL forward and re-
verse PCR primers (both 20 yM), 1 uL soil DNA and 7.6 puL double-distilled water (ddH,O).
The primer sequences and annealing temperatures used in qPCR were those for the amoA-1F
(5'-GGGGTTTCTACTGGTGGT-3") and amoA-2R (5'-CCCCTCKGSAAAGCCTTCTTC-3")
primer sets. The arch-amoAF (5'-STAATGGTCTGGCTTAGACG-3") and arch-amoAR (5'-
GCGGCCATCCATCTGTATGT-3") primer sets were used for AOA. Standard curves were
generated using ten-fold serial dilutions of plasmid DNA containing cloned amoA genes.
Amplification efficiencies ranged from 92% to 105%, with R? values > 0.99.

2.6. Amplicon Library Preparation and Sequencing

The primers and reaction conditions for high-throughput sequencing were identical
to those used for qPCR. Initial PCR products were purified using an AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, Union, CA, USA). Then Tris-HCI (pH = 7.5) was
used for elution, and the DNA was detected by agarose electrophoresis. QuantiFluor™-ST
(Promega, Madison, WI, USA) was used for the quantitative analysis of DNA fragments.
Finally, a library of PE 2 x 300 was constructed. Sequencing of the constructed library
was performed on the Illumina MiSeq PE300 platform (Shanghai Majorbio Bio-pharm
Technology Co., Ltd., Shanghai, China). The raw sequencing reads were submitted to
the Sequence Read Archive of the National Center for Biotechnology Information under
BioProject number PRJNA631906.
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2.7. Bioinformatic and Statistical Analysis of the Community

Quality control analysis on the original sequencing results was performed in Trimmo-
matic software (v.0.36), and then sequence splicing was performed according to the FLASH
software (v.1.2.11) program:

(1) On a 50 bp sliding window, any 300 bp reads that got an average quality score less
than 20 were truncated, truncated sections shorter than 50 bp were discarded, and
reads that contained ambiguous characters were also discarded.

(2) Overlapping sequences with a length greater than 10 bp were combined together. The
maximum mismatch rate in the overlapping area was 0.2. Readings that could not be
assembled were discarded.

(3) Samples were distinguished according to the barcode and primers, and the sequence
direction was adjusted by exact barcode matching while allowing a 2-nucleotide mis-
match in primer matching. Using UPARSE software (v.7.1; http://drive5.com/uparse/,
accessed on 28 September 2026), sequences with a similarity of 97% were clustered
into OTUs, and singletons and chimeras were removed. Species annotation was per-
formed online with the RDP classifier (https://github.com/rdpstaff/RDPTools, ac-
cessed on 28 September 2026), and the sequences were aligned against the AOA and
AOB databases. In total, 218,726 high-quality AOA reads and 150,077 high-quality
AOB reads were obtained.

Sequences were normalized to the minimum sample sequencing depth, and SPSS
software version 16.0 (IBM, Armonk, NY, USA) was used for analysis of variance (ANOVA),
significance testing (p < 0.05), and correlation analysis. The diversity index was calculated
in mothur software (v.1.40.0). Correlation analysis, principal component analysis (PCA),
redundancy analysis (RDA), and generation of the corresponding Venn diagrams and
volcano plots were performed in R software (v3.6.0). Figures were drawn in Origin 8.0 and
R software.

3. Results
3.1. Nitrogen Leaching Losses in Rice—Frog Co-Cultivation

Rice—frog co-cultivation reduced nitrogen leaching relative to that for conventional rice
cultivation in both trial years (Figure 1); TN leaching ranged from 3.95 to 6.03 kg N-ha™!
across the three patterns. Compared with those in CR, TN leaching losses in the GR and
OR patterns were reduced by 14.82% and 28.45%, respectively. The NH,*-N leaching losses
were 3.21 kg-ha™!, 2.64 kg-ha™!, and 1.94 kg-ha~! for CR, GR, and OR, respectively. Relative
to those in CR, NH,*-N leaching losses in OR decreased by 39.64%. In 2016, the NO3;~-N
leaching losses were 0.38 kg-ha~! for CR, 0.34 kg-ha™! for GR, and 0.28 kg-ha~! for OR; in
2017, they were 0.44 kg-ha=!, 0.36 kg-ha™!, and 0.33 kg-ha=!. Compared with those in CR,
NO;7-N leaching losses in the GR and OR patterns were reduced by 14.42% and 25.26%,
respectively. Among the three rice cropping patterns, CR exhibited the highest leaching
risk for TN, NH,-N, and NO;~-N, followed by GR, while OR showed the lowest risk.

3.2. Quantification of Archaeal amoA and Bacterial amoA Genes

As shown in Figure 2, the abundances of the archaeal amoA and bacterial amoA genes
ranged from 1.03 x 10° to 1.53 x 10° and from 1.19 x 10° to 3.10 x 10° copies g~! dry soil, re-
spectively. The two ammonia-oxidizer groups responded in opposite directions to rice—frog
co-cultivation (Figure 2): relative to those in CR, AOA amoA copies in OR increased by
690.30%, whereas AOB amoA copies decreased by 96.16% in GR and 94.55% in OR. As shown
in Figure 3, soil pH was negatively correlated with AN and NO;~-N. AN was positively
correlated with TN (r = 0.33, p < 0.05) and with NH,*-N leaching losses (r = 0.78, p < 0.01)
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but was negatively correlated with NO;~-N leaching losses (r = 0.43, p < 0.05). AOA amoA
copies exhibited strong negative correlations with TN leaching (r = —0.71, p < 0.05), NH,*-
N leaching (r = —0.60, p < 0.01), and NO;~-N leaching (r = —0.72, p < 0.05), whereas AOB
amoA copies exhibited strong positive correlations with soil TN (r = 0.33, p < 0.05), NH,*-
N leaching (r = 0.78, p < 0.05), and NO;~-N leaching (r = 0.43, p < 0.05), suggesting that
ammonia-oxidizing archaea activity was closely associated with nitrogen leaching losses.
NR was positively correlated with soil TN (r = 0.45, p < 0.01) but negatively correlated
with bacterial amoA copies (r = —0.67, p < 0.01).
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Figure 1. N leaching in 2016 and 2017. Different lowercase letters denote significant differences
between patterns within the same year (p < 0.05). The same convention is used below. Total nitrogen
(TN), ammonium nitrogen (NH,*-N), nitrate nitrogen (NO;~-N), conventional rice cultivation (CR),
green rice—frog co-cultivation (GR), and organic rice—frog co-cultivation (OR) are indicated.
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Figure 2. Archaeal amoA and bacterial amoA gene copies. Different lowercase letters denote significant
differences between patterns (p < 0.05). amoA, ammonia monooxygenase subunit A gene; CR, conventional
rice cultivation; GR, green rice-frog co-cultivation; OR, organic rice—frog co-cultivation.
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Figure 3. Correlation analysis for archaeal amoA and bacterial amoA gene copies and soil variables:
soil total N (TN), soil nitrate N (NO;™-N), soil ammonium N (NH,*-N), soil available nitrogen (AN),
total nitrogen leaching loss (TN leaching), nitrate N leaching loss (NO;™-N leaching), ammonium N
leaching loss (NH,*-N leaching), arch-amoA and amoA gene copies, and soil nitrate reductase activity
(NR). The color gradient represents Pearson correlation coefficients ranging from —1.0 (dark red,
negative correlation) to +1.0 (dark blue, positive correlation), with white indicating no correlation
(0); ** and * indicate significance at p < 0.01 and p < 0.05, respectively (two-tailed Pearson test). The
size of a circle represents the magnitude of the correlation coefficient.

3.3. Within-Habitat Diversity and Relative Abundances of Major Phyla

Rice—frog co-cultivation altered the composition of the ammonia-oxidizing communi-
ties at the phylum level. The richness of each soil sample was estimated by the abundance-
based coverage estimator (ACE) index. The Simpson diversity index was adopted to repre-
sent the microbial diversity. The average estimated values of the community richness of AOA
and AOB in the GR and OR groups were higher than those in CR (Figure 4). Soil microbial
communities accompanied by differing soil functions changed across the three patterns
(Figure 5). Thaumarchaeota (28.88~48.26%) and Crenarchaeota (14.57~33.71%) were the domi-
nant phyla of AOA. The relative abundance of Thaumarchaeota was significantly higher in the
OR group than in the GR and CR groups. However, the relative abundance of Crenarchaeota
in the GR group was higher than that in OR and CR. Proteobacteria (44.24~68.26%) were
the dominant phylum of AOB. The relative abundance of Proteobacteria was significantly
lower in the OR group than in the CR group; thus, OR shifted the AOB community toward
a lower share of the dominant phylum.

3.4. OTUs Enriched and Depleted by Rice—Frog Co-Cultivation

OTUs with an abundance below 0.001% of total sequencing were removed to guarantee
the reliability of the analysis. OTU levels were then compared across the three patterns to
build an OTU abundance matrix. Each sample is visually presented through a Venn diagram
of shared OTUs. As shown in Figure 6, the number of OTUs across AOA detected in both
GR and OR was 50, which was the largest. The number of OTUs detected in both CR and GR
was 33, which was the lowest. The number of OTUs shared by all three groups was 32. For
AOB, GR and OR shared the largest number of OTUs, at 63, followed by GR and CR at 34;
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CR and OR had the lowest number of OTUs, at 33, and the number of common OTUs among
the three patterns was 28. The abundance of bacteria, archaea and fungi across the three rice
treatment groups was analyzed with the DESeq2 package. The abundance was compared
pairwise. The “enriched OTUs” (eOTUs) and the “depleted OTUs” (dOTUs) represented
the increase or decrease in OTUs whose relative abundance differed by more than twofold
among the rhizosphere soils. It can be seen from Figure 7 that the trends of the changes in
the AOA and AOB communities in GR and OR tended to be consistent. Compared with
CR, the numbers of AOB dOTUs in GR and OR were 15 and 10, and the numbers of AOA
dOTUs were 22 and 30, respectively. The eOTUs belonged to Candidatus Nitrosotalea and
unclassified ammonia-oxidizing Crenarchaeote. The numbers of AOB elimination OTUs for
GR and OR were five and five, respectively, and the numbers of rich OTUs were 11 and
eight, respectively. There were 11, eight and four eOTUs and five, five and eight dOTUs
in AOB.
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Figure 4. Within-sample (x-diversity) measurements among CR, GR and OR. Different lowercase
letters denote significant differences between patterns (p < 0.05). (a) Estimated species richness
calculated as the abundance-based coverage estimator (ACE) index of AOA; (b) ACE index of
AOB; (c) estimated species diversity calculated as the Simpson index of AOA; (d) Simpson index of
AOB. AOA, ammonia-oxidizing archaea; AOB, ammonia-oxidizing bacteria; ACE, abundance-based
coverage estimator; CR, conventional rice cultivation; GR, green rice—frog co-cultivation; OR, organic
rice—frog co-cultivation.
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Figure 5. Relative abundance of microbial populations at the phylum level. (a) AOA; (b) AOB. AOA,
ammonia-oxidizing archaea; AOB, ammonia-oxidizing bacteria; CR, conventional rice cultivation;
GR, green rice—frog co-cultivation; OR, organic rice—frog co-cultivation.
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Figure 6. Numbers of differentially enriched OTUs in paddy soil. (a) AOA; (b) AOB. OTU, operational
taxonomic unit; AOA, ammonia-oxidizing archaea; AOB, ammonia-oxidizing bacteria; CR, conventional
rice cultivation; GR, green rice—frog co-cultivation; OR, organic rice-frog co-cultivation.

3.5. Linkages Between Soil Properties and AOA or AOB

PCoA with Bray—Curtis distances for AOA showed that the community distinctly sepa-
rated GR from CR and OR along the first principal coordinate (Figure 8a). The community
of AOB distinctly separated GR and OR from CR along the first principal coordinate and
separated OR from GR along the second principal coordinate (Figure 8b). These results
indicated that the GR treatment influenced both the AOA and AOB communities, whereas
the AOB community was affected by the OR treatment (Figure 8c,d). RDA was used to
quantify the influences of edaphic factors (i.e., pH, SOC, AN, TN, NH,;*, NO;~ and AP)
on AOA and AOB compositions. NH,*, SOC, pH and TN were the constrained factors
that considerably contributed to the AOA community (p < 0.05) and the AOB community
(p < 0.05). NH* and SOC were the determinants in the AOA community, whereas SOC
was the determinant in the AOB community (Figure 8c,d). These results indicated that
the assembly of the AOA and AOB communities in soil was mainly driven by NH,*-N and
SOC under long-term rice—frog co-cultivation.
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The results of the PCoA showed that the AOA and AOB communities of CR, GR, and
OR were clearly separated from one another. The bacterial community structure differed
significantly among the three treatments. Among the effects of soil environmental factors on
the structure of rice field bacterial communities, the first and second principal component
scores of the AOA community were 89.66% and 5.79%, and those of the AOB community
were 51.17% and 44.51%, both of which had a high degree of interpretation. Among the
environmental factors, NH,* and SOC were important determinants (p < 0.05). The results
indicate that GR and OR altered soil SOC and NH,* contents, which were associated with
shifts in AOA and AOB community composition and with lower nitrogen leaching losses.

4. Discussion

Rice-frog co-cultivation can improve soil physicochemical properties and reduce chem-
ical fertilizer input and N leaching losses. Consistently with previous ecological rice farming
studies, this study showed that rice-frog co-cultivation reduced the leaching of TN, NH,*-
N, and NO;™-N in paddy soil [21,22]. In the present study, the annual TN leaching loss
was reduced by 0.83 kg N ha~! in the GR treatment and 1.35 kg N ha~! in the optimized
OR treatment. This mitigation effect can be attributed to enhanced microbial nitrogen
immobilization during organic fertilizer mineralization, which effectively stabilizes mineral
nitrogen, reduces soil NO;~-N accumulation, and ultimately lowers soil nitrogen leaching
potential [29,30]. Soil nitrogen release characteristics are predominantly governed by the
fertilizer type and application rate, and our results are consistent with previous findings that
organic fertilizer input favors soil nitrogen retention [31]. The OR treatment adopted full
organic fertilizer substitution, whereby soil nitrogen mainly existed in stable organic forms
with low water solubility, thereby substantially decreasing nitrogen release and leaching
risk in the paddy field. Nevertheless, the internal transformation pathways of soil nitrogen
under rice—frog co-cultivation remain insufficiently clarified, and the microbial-mediated
regulatory mechanisms require further in-depth exploration.

Rice—frog co-cultivation induced divergent responses in AOA and AOB amoA gene
abundance. The OR treatment significantly increased archaeal amoA copy numbers relative
to conventional monoculture (CR), whereas both GR and OR markedly suppressed bacterial
amoA abundance. This divergent shift is consistent with the consensus that organic-centered
soil management preferentially promotes AOA rather than AOB proliferation. Similarly,
Liu et al. reported elevated AOA abundance and inhibited AOB growth under long-term
organic fertilization in paddy soils, which was tightly associated with improved soil or-
ganic carbon (SOC) and altered ammonium availability [32]. Correlation analysis further
confirmed distinct functional partitioning: nitrogen leaching losses (TN, NH,*-N, NO; -
N) were negatively correlated with AOA abundance but positively correlated with AOB
abundance. Soil alkaline nitrogen was negatively related to both nitrogen leaching fluxes
and AOB abundance, and soil NO;™-N concentration was a critical factor regulating AOB
population size. The high chemical fertilizer input under conventional rice cultivation
triggers rapid urea hydrolysis and surface NH,*-N accumulation, and the re-adsorption of
excessive NH,*-N further stimulates AOB proliferation [33]. Enhanced AOB abundance
accelerates soil nitrification, thereby elevating NO;~-N accumulation and subsequent ni-
trogen leaching [34], which is consistent with the highest nitrogen loss observed in CR. In
contrast, the increased SOC content in the optimized rice-frog system largely promoted
AOA growth. In addition, AOA exhibits substantially lower substrate affinity for NH,*-N
compared with AOB [27]. The suppression of AOB dominance and the enrichment of AOA
jointly reduced soil inorganic nitrogen accumulation, thereby minimizing nitrogen leaching
in the GR and OR paddies.

https://doi.org/10.3390/agronomy16212215


https://doi.org/10.3390/agronomy16212215

Agronomy 2026, 16, 2215

12 of 15

Nitrification is a core biogeochemical process governing terrestrial nitrogen cycling and
nitrogen loss, with ammonia monooxygenase (AMO) acting as the rate-limiting enzyme.
Traditionally, AOB were considered the sole microbial driver of ammonia oxidation in
aquatic and terrestrial ecosystems. This understanding was updated after functional amoA
genes were identified in mesophilic archaea [35]. AOA have since been documented as
dominant ammonia oxidizers in various agricultural and undisturbed soils [36] and were
phylogenetically classified into the newly defined phylum Thaumarchaeota [37]. In this
study, both AOA and AOB community richness and diversity were higher in GR and OR than
in CR, indicating greater soil microbial community complexity under integrated rice—frog
farming. This result is consistent with findings from other rice-based co-cultivation systems;
for example, Xu et al. illustrated that rice—crayfish cultivation enhanced soil bacterial
diversity and network stability, verifying the positive effects of ecological planting modes
on soil microbiomes [15]. No significant difference in microbial diversity was detected
between GR and OR. Continuous single chemical fertilization reduces AOA and AOB
diversity, which potentially deteriorates soil biological quality [11]. In comparison, organic
fertilization and combined organic—inorganic fertilization can effectively ameliorate soil
microenvironments and stabilize microbial communities [38]. The metabolic divergence
between AOA and AOB may further explain their adaptive advantages under organic
farming conditions. Unlike AOB, which fix carbon via the energy-costly Calvin cycle,
AOA utilize the 3-hydroxypropionate/4-hydroxybutyrate pathway for autotrophic carbon
fixation with higher energy efficiency [39,40]. Moreover, AOA are capable of organic carbon
metabolism, which facilitates organic carbon utilization in paddy soils [41]. In the current
rice-frog system, organic fertilizer application and frog-derived excrement inputs increased
the soil organic matter content, which consequently enriched the relative abundance of
Thaumarchaeota and optimized the AOA community structure.

Soil inorganic nitrogen fractions are core determinants governing the assembly and
succession of ammonia-oxidizing microbial communities in paddy ecosystems. AOA and
AOB occupy distinct niches defined by soil nitrogen availability. He et al. also confirmed
that nitrogen input induced niche separation among AOA, AOB, and comammox com-
munities in paddy soils, with functional groups responding differentially to soil chemical
properties [8]. Previous studies have demonstrated that AOB dominate nitrification pro-
cesses in rice rhizosphere soils and that soil nitrification potential is strongly correlated with
bacterial amoA abundance [42—44]. That pattern is not directly comparable with the present
system: under rice-frog co-cultivation the AOA:AOB balance shifted toward AOA, so the
relative functional contribution of the two groups in these soils remains to be established,
because nitrification rates were not measured here. Accordingly, the ambient NH,*-N
concentration determines the functional contribution of different ammonia oxidizers to soil
nitrification. Multiple edaphic parameters, including NH,;*-N, NO;~-N, TN, and SOC, have
been widely reported to shape AOA and AOB community structures in paddy fields [9,38].
Consistently with these studies, our results indicate that NH,*-N and SOC availability were
the main environmental filters associated with AOA and AOB community assembly under
rice—frog co-cultivation.

5. Conclusions

Compared with conventional rice cultivation (CR), rice—frog co-cultivation patterns
(GR and OR) effectively reduced the leaching losses of soil TN, NH,*, and NO; ™. In partic-
ular, GR decreased them by 14.82% across both years compared with CR, and OR decreased
them by 28.45%. TN was lost in the form of NH,"-N at a rate of approximately 58.10%
with CR, 56.20% with GR, and 49.02% with OR in both years. Compared with conven-
tional rice monoculture, rice—frog co-cultivation increased the a-diversity and richness of
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soil AOA and AOB communities. It significantly enhanced the abundance of AOA amoA
genes but sharply reduced AOB amoA abundance. Distinct niche differentiation occurred
in ammonia-oxidizing microorganisms: OR enriched AOA-dominant Thaumarchaeota and
functional Candidatus Nitrosotalea OTUs while depleting AOB-dominant Proteobacteria,
greatly reshaping the AOA and AOB community composition. AOA abundance was nega-
tively correlated with multi-form nitrogen leaching losses, whereas AOB abundance was
positively correlated with nitrogen leaching risks, indicating their opposite associations
with nitrogen leaching. Soil NH,* and SOC were the important environmental factors
driving the assembly and succession of soil AOA and AOB communities under rice-frog
co-cultivation. In conclusion, optimized rice-frog co-cultivation improves the soil microen-
vironment, reshapes the ammonia-oxidizing microbial community structure, and mitigates
paddy nitrogen non-point-source pollution, making it an effective and sustainable ecological
rice cultivation mode.
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