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  HIGHLIGHTS
● Micro-nano bubbles significantly increase soil
micropores and oxidation-reduction potential
(ORP).

● Pore structure and ORP synergistically regulate
nutrient availability.

● Increased genes involved in C, N and P cycling
(CNP genes) abundance enhances nutrient
transformation and reduces global warming
potential.

● Micropore structure is likely to contribute to
waterlogged soil functions.

● Micro-nano bubble treatment is expected to
promote efficient agricultural production.
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  GRAPHICAL ABSTRACT
 

  ABSTRACT
Prolonged  flooding  creates  strongly  reductive  paddy  soils  that  limit  nutrient
availability  and  increase  greenhouse  gas  emissions.  To  address  this  issue,  air
and oxygen micro-nano bubbles were evaluated as a low-input amendment in
a  pot  experiment.  The  oxygen  bubbles  remodeled  soil  structure  (increased
micropores 2.4 times) and raised soil ORP to 374 mV. These changes expanded
the  abundances  of  CNP  genes,  reduced  total  reducing  substances  by  22.4%,
improved nutrient availability (increased alkali-hydrolyzable nitrogen, available
phosphorus  and  potassium  to  216,  72.2  and  284  mg·kg−1,  respectively),  and
lowered  the  global  warming  potential  by  about  26%.  Correlation  and  path
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analyses indicated that micropore expansion, rather than greater connectivity,
plus  moderate  re-oxidation  drove  microbial  functional  gains,  nutrient  release
and  methane  oxidation.  This  study  offers  valuable  insights  into  the
multidimensional connection of soil structure, nutrients and soil ecology and it
offers a chemical-free route for the green remediation of waterlogged fields.

© The Author(s) 2026. Published by Higher Education Press. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0)

  

1    Introduction
 
Food  security  remains  a  global  challenge  amid  population
growth  and  shrinking  arable  land.  The  UN  Food  and
Agriculture Organization predicts  that  global  food production
must  increase  by  45%  by  2050  (relative  to  2010)  to  meet
demand[1,2].  However,  low-yield  fields  (e.g.,  waterlogged
paddies,  saline-alkali  soils  and  acidified  soils)  severely
constrain  agricultural  productivity[3].  Waterlogged  paddies,
characterized  by  persistent  inundation  and  reductive
conditions,  are  widespread  in  southern  China  and other  rain-
rich, low-lying regions[4]. These fields account for 15%–20% of
total  rice  area  in  these  regions,  with  yields  typically  30%–50%
lower than normal paddies, often leading to soil gleization[5,6].
Due  to  waterlogging  and  strong  reduction,  concentrations  of
Fe2+, Mn2+ and organic acids rise, directly poisoning rice roots
and  causing  seedling  stunting  and  black  root  disease[7–9].
Additionally,  phosphorus  is  immobilized  by  ferrous  ions  into
insoluble  Fe-P,  decreasing  its  availability[10] and  exacerbating
vulnerabilities in food production.

Ecological  impacts  are  also  substantial  but  often  overlooked.
Flooded  rice  fields  are  the  largest  agricultural  source  of
methane  emissions,  contributing  10%–15%  of  global
anthropogenic  emissions[11].  Prolonged anoxia  in  waterlogged
soils stimulates methanogens (e.g., Methanosarcina), increasing
CH4 emissions  1.5–2  times  above  normal  paddies[12,13].
Similarly, nitrification is inhibited while denitrification may be
enhanced,  potentially  boosting  nitrous  oxide  emissions[14,15].
Weak nutrient retention in waterlogged soils  also promotes N
and  P  losses  via  drainage,  worsening  non-point  source
pollution[7].  Also,  the  soil  microbial  community  shifts  toward
anaerobe dominance, suppressing aerobic microbes involved in
organic  matter  decomposition  and  nutrient  cycling[16],
impairing microecological health.

The  detrimental  effects  of  waterlogged  paddies  are
multidimensional,  encompassing  both  food  production  and

ecological concerns. Remediation is therefore critical. Standard
remediation, engineering drainage, chemical amendments and
biological  measures,  has  limitations.  Engineering  drainage
(ditches  and  subsurface  pipes)  lowers  the  water  table  and
improves  soil  aeration[17,18],  but  is  expensive,  maintenance-
intensive  and  prone  to  nutrient  leaching.  Waterlogging-prone
fields often occur in areas with inherently high water tables and
rainfall,  making  environmental  changes  difficult[19].  Chemical
amendments,  such  as  lime  or  calcium  peroxide,  can  raise  soil
ORP[20,21],  but  may  not  be  sustainable  and  can  disrupt  pH
balance.  Biological  approaches  (waterlogging-tolerant  crops
and  organic  fertilizers)[22] are  ecofriendly  but  slow-acting.
These shortcomings motivate greener, more robust solutions.

Micro-nano  bubble  (MNB)  technology  offers  a  potential  new
solution.  MNBs,  also  known  as  ultrafine  bubbles,  are
nanoscopic gaseous domains than can exist on solid surfaces or
in bulk liquids, which are generated by shearing air or oxygen
into  micron/nanometer  sizes,  or  directly  in  water  via
electrolysis[23].  These  bubbles  with  long  residence  times  and
high  gas  dissolution  can  generate  reactive  oxygen  species[24].
Due  to  operational  flexibility,  environmental  friendliness  and
near-zero  operating  costs,  MNBs  have  been  applied  in
wastewater  treatment,  soil  remediation[25] and greenhouse gas
emission  reduction.  For  example,  MNB  ozonation  removed
over  99%  of  ibuprofen  (~50  mg·L−1)  in  70  min[26],  decreased
the pH of saline-alkali soil by 5%[27] and increased CH4 uptake
by  about  threefold[28].  These  applications  primarily  leverage
oxidative  capacity  of  the  MNBs  to  degrade  pollutants  and
stimulate  aerobic  microbial  activity[29].  However,  the
effectiveness of MNBs in strongly reductive waterlogged paddy
soils has not been examined.

We  hypothesized  that  MNBs  would  (1)  act  as  microscopic
oxygen pumps,  gradually releasing oxygen to elevate soil  ORP
and  mitigate  strong  reduction,  (2)  improve  the  soil
microenvironment  to  cut  greenhouse  gas  emissions  and
enhance  microbial  health,  and  (3)  directly  remodel  the
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micropore  system  to  facilitate  oxygen  diffusion  and
fundamentally change adverse soil  conditions.  To test  this,  we
investigated  whether  air  and  O2 MNBs  could  improve  soil
function  and  ecological  health  in  waterlogged  paddies,
elucidating  the  underlying  physical-chemical-microbial
mechanisms.  The  aim  is  to  provide  a  low-cost  solution  for
managing  waterlogged  low-yield  fields  and  promoting  green,
efficient  agriculture,  as  well  as  to  gain  insights  into  how  soil
microstructure,  nutrients  and  microbes  collectively  influence
soil function and ecology under flooding.
 

2    Materials and methods
  

2.1    Soil collection
Soil was collected in early April from a flooded rice paddy near
Wusha Town, Chizhou City, Anhui Province, China (30°34′21″ N,
117°17′38″  E) prior to sowing. The site lies on the transitional
zone  between  the  Yangtze  River  floodplain  and  southern
Anhui  hills,  characterized  by  a  subtropical  humid  monsoon
climate  with  distinct  seasons  and  abundant  annual  rainfall
(average  1600  mm).  The  area  has  dense  water  networks  near
the  Qiupu  and  Jiuhua  rivers  and  typically  supports  single- or
double-cropping rice, making it a key rice-producing region in
southern Anhui.

Soils  in  Wusha  Town  are  mainly  clay  loam  or  silty  clay,  with
strong  water  retention  (Table 1)  but  poor  aeration,  prone  to
plow pan formation. Seasonal waterlogging, high groundwater
tables  and  long-term  flooded  cultivation  contribute  to
widespread waterlogging issues.
 

2.2    Experimental design
A  pot  experiment  was  conducted  from  April  to  May  2025.
Topsoil  (5–20  cm  depth)  was  collected,  roots  removed  and
packed  into  pots  (Ø  20  cm  ×  25  cm).  A  constant  5-cm  water
layer  was  maintained for  1  week for  stabilization before  MNB
treatment.  Two  types  of  MNBs,  air  and  O2,  were  generated
using  a  micro-nano  bubbles  generator  (150  L·h−1,  Yuchuang
Environmental  Technology  Co.,  Ltd.).  Specifically,  the
generator sheared the supplied air or O2 into a large number of
ultrafine  bubbles  and  pumped  them  into  the  water,  thereby
creating  air- or  O2-treated  water,  which  was  then  used  for
irrigation. Bubble size distributions are given in Table S1.

Three treatments were applied: an untreated control (CK), Air-
MNBs  (aerated  with  air-MNBs)  and  O2-MNBs  (aerated  with
O2-MNBs).  Each  treatment  had  three  replicates  with  all  pots
maintained ˃ 3 cm of overlying water and the overlying water
treated  every  4  days.  In  total  the  treatments  were  applied  10
times on Days 0, 4, 8, 12, 16, 20, 24, 28, 32 and 36. During the
course of the experiment, evaporated water was replenished to
maintain  waterlogged.  The  experiment  ended  on  Day  40  for
sampling and analyses.
 

2.3    Sample collection and analyses
Fresh  soil  weight  (m1)  was  recorded,  oven-dried  at  105  °C  to
constant weight (m2), and water content (w) calculated as:
 

w =
m1 −m2

m2
×100% (1)

Soil  was  mixed  with  ultrapure  water  (2.5:1  v/w),  settled  and
supernatant pH was measured with a pH meter. Soil ORP was
measured in situ using an ORP meter (TR-901, Shanghai Leici
Co.,  Ltd.,  Shanghai,  China).  Saturated  water  content  was
determined through a 100-cm3 ring knife[30].  The particle size
distribution of soil and bubble size distribution of MNBs were
analyzed  using  a  Mastersizer  3000  analyzer  (Malvern
Panalytical, Almelo, Netherlands)[31].

Fresh  soil  extracted  with  2  mol·L−1 KCl  (5:1  v/w).  Filtrate
(< 0.22 μm) was analyzed for soil ammonium N (NH4+-N) and

 

Table 1    Physical and chemical properties of the experimental
paddy soil in Wusha Town

Property Value

Water content (%) 59.2 ± 3.6

pH 4.58 ± 0.01

Oxidation-reduction potential 222 ± 1.9

Saturated water content (g·kg−1) 621 ± 17.6

Clay ratio (%) 26.0 ± 0.6

Soil organic C (g·kg−1) 18.7 ± 0.1

Total N (g·kg−1) 1.71 ± 0.03

Fe2+ (cmol·kg−1) 1.1 ± 0.1

Total reducing substances (cmol·kg−1) 9.5 ± 0.2

Alkali-hydrolyzable N (mg·kg−1) 174 ± 3.2

Available P (mg·kg−1) 23.0 ± 0.9

Available K (mg·kg−1) 111 ± 7.7
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nitrate  N  (NO3–-N)  by  a  continuous-flow  autoanalyzer  (AA3,
Seal  Analytical  GmbH,  Norderstedt,  Germany)[32].  Results
were  converted  to  dry  weight  basis.  Soil  (air-dried)  organic
carbon  (SOC)  and  total  nitrogen  (TN)  was  measured  by
elemental  analyzer  (Vario  TOC,  Elementar  Analysensysteme
GmbH,  Langenselbold,  Germany)[33].  Fresh  soil  was  extracted
with  0.1  mol·L−1 Al2(SO4)3 (pH  2.50,  20:1  v/w),  allowed  to
settled and filtered by filter paper. The filtrate was analyzed for
total reducing substances (TRS) and active reducing substances
(ARS)  via  oxidation  with  K2Cr2O7 and  KMnO4,  followed
by  titration,  respectively.  Fe2+ was  determined  by
o-phenanthroline colorimetry[4]. Results were converted to dry
weight basis. Alkali-hydrolyzable N (AN), available P (AP) and
available K (AK) were determined by alkali diffusion, NaHCO3

extraction-molybdenum  blue  spectrophotometry  and  cold
HNO3 extraction-flame photometry, respectively[34].

Small  plexiglass  static  chambers  were  placed  over  pots  to
collected gas samples, then the concentrations of CO2, CH4 and
N2O  were  measured  by  gas  chromatography  (7890B,  Agilent,
Santa Clara,  CA, USA).  Emission fluxes were calculated based
on chamber volume.

Intact soil cores were collected by PVC pipes (Ø 2.2 cm × 4 cm)
and scanned using micro-CT (XploreVista 2000 4D, Microcant
Technology (Suzhou) Co., Ltd., Suzhou, Jiangsu, China) under
100 kV and 110 μA to quantify pore distribution[35]. The voxel
resolution  was  about  25  μm.  For  image  segmentation,  the
boundaries  were  refined  using  the  Interactive  Thresholding
module  in  Avizo  and 3D connectivity  analysis  was  performed
using  the  Segmentation  module.  The  pores  were  divided  into
four classes: micropores (< 100 μm), mesopores (100–200 μm),
macropores (200–500 μm) and ultra-macropores (˃ 500 μm).

Samples used for microorganism and gene analyses were stored
at −80  °C  until  DNA  extraction.  Total  DNA  was  extracted
using FastDNA SPIN Kit for soil (MP Biomedicals, Irvine, CA,
USA)  following  the  manufacturer’s  instructions.  DNA
concentration  and  quality  were  assessed  by  a
spectrophotometer  (NanoDrop  ND-8000,  Thermo  Fisher
Scientific,  Waltham,  MA,  USA)  and  1.5%  agarose  gel
electrophoresis.  The  extracted  DNA  was  stored  at −80  °C  for
amplification and sequencing.

16S  rRNA  gene  V3-V4  regions  were  amplified.  Primers  used
were  338F (5′-ACTCCTACGGGAGGCAGCAG-3′ )  and 806R

(5′ -GGACTACHVGGGTWTCTAAT-3′ )[36].  Sequencing  was
performed  on  an  NovaSeq  6000  (Illumina,  San  Diego,  CA,
USA).  Raw  reads  were  filtered  by  Trimmomatic  v0.33[37].
Primer  identification  and  removal  were  done  by  Cutadapt
v1.9.1[38].  Denoising  and  chimera  removal  were  done  in
QIIME2[39] by  dada2[40].  Finally,  the  species  classification was
carried out according to the SILVA database[41].

High-throughput  quantitative  PCR (HT-qPCR)  of  CNP genes
(Table S2) were performed using a WaferGen SmartChip Real-
Time  PCR  System  (Hefei  Yuanzai  Biotechnology  Co.,  Ltd.,
Hefei,  Anhui,  China).  A  72-primer  by  72-sample  array  was
used  to  load  the  samples  on  SmartChip  Multisample
Nanodispenser  (Hefei  Yuanzai  Biotechnology  Co.).  Reactions
were  conducted  in  100  nL  comprising  50  nL  2  ×  LightCycler
480  SYBR  Green  I  Master  Mix  (Roche  Inc.,  Indianapolis,  IN,
USA),  20  nL  DNA  template  (2  ng·μL−1),  1  nL  bovine  serum
albumin  (0.1  mg·L−1),  5  nL  forward  primers,  5  nL  reverse
primers  and  19  nL  nuclease-free  water.  Amplification  was
performed  with  three  repeats,  including  a  non-template
control.  Amplification  conditions  were:  initial  denaturation at
94  °C  for  2  min;  followed  by  40  cycles  of  94  °C  for  30  s
(denaturation),  52  °C  for  30  s  (annealing)  and  72  °C  for  30  s
(extension);  finally,  generate  a  melting  curve  automatically  by
the  instrument[42].  The  results  of  HT-qPCR  were  analyzed
using  SmartChip  qPCR  software,  and  positive  amplification
was  defined  as  Ct  <  31  cycles  and  more  than  two  repeated
amplification. Then gene copy numbers were calculated.
 

2.4    Data analyses
Figures were created using Origin 9.0. Statistical analyses were
performed. One-way ANOVA and Spearman correlation were
conducted  using  SPSS  17.0  software. α-Diversity  differences
between microbial groups were assessed by the Kruskal–Wallis
test.  Permutational  multivariate  analysis  of  variance  was  used
to  confirm  whether  the  difference  of β-diversity  between
groups  was  significant.  Non-metric  multidimensional  scaling
(NMDS)  visualized  microbial  community  differences.  Unless
otherwise  specified,  the  analyses  of  microbial  community  and
diversity was conducted at the genus level based on Bray-Curtis
distance[43].  Partial  least  squares  path  modeling  (PLS-PM)
analysis  was  performed  using  the  R  package “plspm”[44].  The
significance level was set at P < 0.05 for all analyses. 
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3    Results
  

3.1    Soil pore network
The CT scan quantified pore distribution and revealed that the
MNB  treatments  significantly  altered  soil  pore  structure.  As
given in Tables S3 and S4, the volume proportion and porosity
of  micropores  (<  100  μm),  mesopores  (100–200  μm)  were
increased.  Compared  to  CK,  Air-MNBs  increased  micropore
volume  proportion  by  1.3  times  (P ˃ 0.05)  and  O2-MNBs
increased  micropore  volume  proportion  by  2.4  times  (P <
0.05).  Meanwhile,  micropore  porosity  increased  by  1.4  times
(Air-MNBs, P ˃ 0.05)  and  3.0  times  (O2-MNBs, P <  0.05).
Similarly,  mesopore  volume proportion  increased  from 2.28%
(CK) to 4.55% (Air-MNBs, P ˃ 0.05) and 6.15% (O2-MNBs, P ˃
0.05),  and  mesopore  porosity  increased  from  0.10%  (CK)  to
0.22% (Air-MNBs, P ˃ 0.05) and 0.34% (O2-MNBs, P ˃ 0.05).
Macropore  (200–500  μm)  volume  increases  were  not
significant.  Ultra-macropore  (˃ 500  μm)  volume  proportion
decreased  (CK  90.7%;  Air-MNBs  84.3%, P ˃ 0.05;  and  O2-
MNBs  80.5%, P <  0.05).  Ultra-macropore  porosity  remained
unchanged.

Micropores,  mesopores and macropores contributed < 20% to
total pore volume percentage (Table S3). However, they possess
large specific surface areas (SSA), which are likely to contribute
to soil structure and functions. As shown in Fig. S1(a), soil SSA
in CK was 748 m−1,  and increased to 1050 m−1 (P ˃ 0.05) and
1410  m−1 (P <  0.05)  with  Air- and  O2-MNBs,  respectively.
Visually,  MNB-treated  soils  had  denser  pore  networks
(Fig. S1(b–d)).

However,  MNBs  did  not  significantly  improve  pore
connectivity  (Fig.  S2(a)),  a  finding  consistent  with  3D  images
of  connected  pores  (Fig.  S2(b–d)),  where  MNB-treated
connected pores showed no increased complexity compared to
CK.  Also,  quantitative  throat  analysis  did  not  reveal  any
significant  changes  in  connected  pore  throats. Figure 1(a–c)
(ball-and-stick  models  of  pores  and  throats)  indicate  more
pores  and  throats  in  MNB-treated  soils,  but  further  analysis
revealed  that  coordination  number  significantly  decreased.
Coordination number is the average connections per pore, and
decreased by  ˃ 60%  with  MNB  treatment  (0.44  in  Air-MNBs
and  0.27  in  O2-MNBs)  (Fig. 1(d)).  While  pore-to-throat
number  ratios  increased  from  1.93  to  4.69  (Air-MNBs, P ˃
0.05)  and  7.88  (O2-MNBs, P <  0.05)  (Fig. 1(e)).  This  increase
likely occurred because throat number increased less than pore
number.  Additionally,  increased  micropores  and  mesopores

reduced  the  average  equivalent  radius  of  pores  (data  not
shown),  but  the  average  throat  radius  remained  unchanged
(Fig. 1(f)),  leading  to  significant  decreases  in  average  pore-to-
throat  diameter  ratios  by  46.9%  and  62.2%  (Fig. 1(g)).  No
significant  differences  were  observed  in  average  throat  length
(Fig. 1(h)) or area (Fig. 1(i)) between treatments.
 

3.2    Soil reductive status and nutrient availability
To  assess  chemical  improvements  from  MNB  treatments,
changes  in  soil  reductive  status  and  nutrient  availability  were
analyzed. ORP reached 374 mV in O2-MNBs, a 62.6% increase
from 230 mV in CK (P < 0.05, Fig. S3(b)). Air-MNBs also gave
a  51.4%  increase  in  ORP  (P <  0.05,  Fig.  S3(b)).
Correspondingly,  reducing  substances  decreased  significantly.
TRS  in  Air- and  O2-MNBs  were  19.3%  (P <  0.05)  and  22.4%
(P <  0.05)  lower  than  CK  (Fig. 2(a)),  respectively,  and  Fe2+

contents  decreased  by  38.5%  (P <  0.05)  and  53.2%  (P <  0.05)
(Fig. 2(c)),  respectively.  However,  ARS  did  not  change
significantly (Fig. 2(b)), but active organic reducing substances
increased significantly (Fig. 2(d)). Soil pH remained unchanged
(Fig. S3(a)).

MNB  treatment  positively  affected  nutrient  availability.  AN
increased  by  10.3%  (Air-MNBs, P ˃ 0.05)  and  24.4%  (O2-
MNBs, P <  0.05)  compared  to  CK  (Fig. 3(b)),  indicating
enhanced organic nitrogen mineralization. However, inorganic
nitrogen  (NH4+-N  and  NO3–-N)  was  stable  (Fig. 3(c,d)).  O2-
MNBs  increased  AP  from  35.6  to  72.2  mg·kg−1 (P <  0.05,
Fig.  S4(a))  and  AK  from  163  to  284  mg·kg−1 (P <  0.05,
Fig. S4(b)). Air-MNBs also increased AP and AK by 33.1% (P ˃
0.05)  and 35.9% (P ˃ 0.05),  respectively,  but  to  a  lesser  extent
than O2-MNBs.
 

3.3    Greenhouse gas emissions
Figure 4 shows  the  effects  of  MNB  treatment  on  greenhouse
gas  emissions.  O2-MNBs  increased  CO2 flux  from  52.6  to
116  mg·m−2·h−1 (P <  0.05, Fig. 4(a)),  more  than  doubling
emissions. CH4 flux decreased in Air- and O2-MNBs by 32.6%
(P < 0.05) and 60.6% (P < 0.05) (Fig. 4(b)). For N2O flux, there
were  no  significant  differences  or  clear  trends  between
treatments  (Fig. 4(c)).  Global  warming  potential  (GWP)  was
calculated  to  integrate  CH4,  N2O  and  CO2 emissions.  GWP
decreased  by  15.8%  (Air-MNBs, P ˃ 0.05)  and  26.2%  (O2-
MNBs, P < 0.05) compared to CK (Fig. 4(d)). Thus, O2-MNBs
significantly reduced overall greenhouse gas emissions. 
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3.4    Microorganisms and functional genes
To  further  explore  microbial  responses  to  MNB  treatment,
microbial  community (phylum and genus levels)  and absolute
abundances  of  CNP  genes  were  analyzed.  No  significant

differences in α-diversity indices (Shannon, Simpson, ACE and
Chao1)  were  observed  between  treatments  (Table  S5).  At  the
genus  level,  71%  of  genera  were  shared  across  treatments
(Fig.  S5(a)),  and  less  than  10%  of  genera  unique  to  CK

 

 
Fig. 1    Pore and throat properties of the soil. Ball-and-stick models of soil pores and throats in the treatments (a) CK, (b) air- and (c) O2-MNBs.
The balls represent pores and the color bar from blue to red represents the pore diameter from small to large. The sticks represent throats
and their thickness represents throat diameter. (d) Coordination number of pores and throats, which is the statistical average of the number
of throats connected by a single pore; (e) number ratio of pores and throats; (f)  average Eq-radius of throats; (g) average diameter ratio of
pores and throats; (h) average length of throats; and (i) average area of throats.
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disappeared  after  MNB  treatments.  Average  variation  degree
(microbial  community  stability)  was  nearly  identical  between
groups  (Fig.  S5(b)).  Dominant  phyla/genera  persisted,  but
relative  abundances  shifted.  For  example,  Pseudomonadota
and  Thermodesulfobacteriota  increased,  while  Chloroflexota
and  Acidobacteriota  decreased  after  MNB  treatments
(Fig. S5(c)).

NMDS  analysis  clearly  showed  significant  separation  of
microbial communities between treatments (stress = 0.031, P =
0.016,  Fig.  S6(a)),  confirming  structural  changes.  The  genera
with  significant  abundance  changes  were:  an  unranked
Thermodesulfovibrionia  increased  from  3.6%  in  CK  to  4.5%
(Air-MNBs)  and  4.2%  (O2-MNBs);  an  unranked
Anaerolineaceae  decreased  from  5.8%  to  3.5%  and  2.8%;  and
genera  with  ~1%  abundance  (e.g.,  an  unranked  taxa  RBG-13-
54-9,  an  unranked  Haliangiaceae  and Anaerolinea)  were  also

affected (Fig. S6(b)). Microbial network analysis showed denser
genus-level  associations  in  O2-MNBs  (Fig.  S7(c)).  Topological
analysis revealed O2-MNBs increased total links (481 vs 408 in
CK), with a 15% higher average degree (Table S6). This means
closer  microbial  interactions,  but  this  was  not  seen  in  Air-
MNBs.

Functional  gene  quantification  showed  significantly  increased
absolute  abundances  of  CNP  genes  in  MNB-treated  soils
(Fig. 5(a)).  C  degradation  genes  in  O2-MNBs  increased
significantly  (Fig. 5(b)),  particularly  genes  for  metabolizing
recalcitrant organics (lignin and pectin), with ˃ 90% increases,
indicating enhanced organics decomposition and accelerated C
cycling.  Methane oxidation gene abundance increased by 77%
in  O2-MNBs  (P <  0.05, Fig. 5(c)),  reflecting  enhanced
methanotroph  activity  and  CH4 oxidation  capacity.  N
transformation  genes  generally  increased,  but  unexpectedly,

 

 
Fig. 2    Reducing  substances  content  of  the  soil.  (a)  Total  reducing  substances;  (b)  reactive  reducing  substances;  (c)  Fe2+  content;  and
(d) reactive organic reducing substances.
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ammonification (ureC) and ammonia oxidation genes (amoA-
1, amoA-2, amoB and hao)  had  no  significant  changes
(Fig. 5(d)).  While  denitrification  and  N  fixation  genes
(anaerobic  metabolism)  increased  significantly.  Additionally,
organic  P  mineralization  genes  (phoD, phoX, bpp and cphy)
and solubilization (gcd and pqqC) genes increased by 72% and
71% in O2-MNBs (P < 0.05, Fig. 5(e)). These increases aligned
with  increased  AP,  indicating  enhanced  microbial  P
mineralization  and  solubilization.  Air-MNBs  gave  weaker
positive effects on gene abundance.

 

3.5    Correlation analyses
MNB treatments  directly  altered soil  pore  structure  and ORP,
thus,  correlations  with  reductive  species,  nutrients,  microbial
genes  and  greenhouse  gas  emissions  were  analyzed. Figure 6
(significant  correlations  only)  indicates  interconnections

between pore structure indicators. Generally, more micropores
correlated  with  SSA,  smaller  diameter  ratio  of  pores  and
throats  (diameter  ratio),  larger  number  ratio  of  pores  and
throats  (number  ratio),  and  lower  coordination  number  of
pores  and  throats  (coordination  number).  Spearman
correlation  confirmed  significant  negative  correlations  of
coordination  number  and  diameter  ratio  with  micropore  and
mesopore  porosity,  and  positive  correlations  of  SSA  and
number  ratio  with  micropore  and  mesopore  porosity.
Micropore  porosity  had  a  negative  correlation  with  TRS  (r =
−0.97, P < 0.001) and Fe2+ (r = −0.93, P < 0.001) had positive
correlations  with  AN,  AP,  AK  and  genes  involved  in  the
abundances of CNP genes (r = 0.72–0.93, P = 0.001–0.037), and
a  negative  correlation  with  GWP  (r = −0.78, P =  0.017).
Similarly,  higher  ORP  correlated  with  lower  TRS  (r = −0.99,
P < 0.001), Fe2 + (r = −0.93, P < 0.001) and GWP (r = −0.85, P =
0.006),  and  higher  AN,  AP,  AK  and  gene  abundances  (r =
0.83–0.97, P < 0.01).

 

 
Fig. 3    Nitrogen content of the soil. (a) Total N (TN); (b) alkali-hydrolyzable N (AN); (c) ammonium N (NH4+-N); and (d) nitrate N (NO3−-N).
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Mantel tests analyzed overall effects of pore structure and ORP
on  other  indicators  (Fig.  S8).  Reducing  substances  (TRS  and
Fe2+) were correlated with all  pore metrics (r = 0.52–0.82, P =
0.001–0.008), but more strongly with ORP (r = 0.99, P = 0.002).
Soil nutrients (NPK) correlated with ORP (r = 0.46, P = 0.015)
but  more  strongly  with  most  pore  metrics  (r =  0.70–0.77, P =
0.001–0.003);  the  exceptions  were  coordination  number  and
diameter  ratio.  This  indicates  micropore  volume  (not
connectivity)  primarily  affects  nutrient  availability.  Similarly,
greenhouse  gas  fluxes  correlated  significantly  with  all  pore
metrics  (r = 0.53–0.71, P = 0.002–0.012).  This  correlation was
stronger  than  with  ORP  (r =  0.45, P =  0.023),  further
highlighting the importance of pore structure.

PLS-PM  was  used  to  examine  integrated  mechanisms.
Significant  positive  effects  of  soil  structure  on  soil  nutrients
(path  coefficient  0.933)  and  ecology  (path  coefficient  0.663)
were observed (Fig. S9(a)). Nutrients did not significantly affect

ecology.  No  direct  effect  of  ORP  on  ecology  but  a  significant
positive  effect  on  nutrients  (path  coefficient  0.897)  were
observed  (Fig.  S9(b)),  which  in  turn  affected  ecology  (path
coefficient  0.586).  Thus,  soil  structure  and  ORP  influence
nutrients and ecology in different ways.  Limitations in sample
size  prevented  constructing  PLS-PM  with  more  than  three
variables to fully resolve joint effects, a focus for future work.
 

4    Discussion
  

4.1    Mechanisms of micro-nano bubble-induced soil
structure remodeling
Soil pore networks enable matter cycling and microbial activity
and  influence  aeration,  water  retention  and  nutrient
transformation[46].  O2-MNBs  increased  micropores  2.4  times
and nearly doubling SSA. This highlights precise regulation of

 

 
Fig. 4    Greenhouse gas emission fluxes. (a) CO2 emission flux; (b) CH4 emission flux; (c) N2O emission flux; and (d) global warming potential.
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soil  microstructure  by  MNBs,  contrasting  with  standard
engineering drainage, which primarily alters macropores[47].

The small size (micro to nano scale) of MNBs is key. As MNBs
rise  and  collapse,  microscale  hydraulic  disturbances  occur.
These disturbances may disperse soil aggregates, forming more
micropores[48].  Additionally,  bubble  surface  charge  (Zeta
potential)  may  alter  electrostatic  forces  between  soil
particles[49].  This  alteration  reduces  clay  aggregation  and
further increases micropores.

Crucially, MNBs increased micropores and mesopores without

improving  connectivity.  Coordination  number  dropped  by
˃ 60%  due  to  more  micropores.  Thus,  MNBs  tended  to  form
isolated  micro-channels  rather  than  continuous  macropore
networks. This has dual ecological implications. First, increased
SSA  provides  more  sites  for  microbial  colonization  and
nutrient  adsorption[50,51].  This  matches  the  positive
correlations between micropore porosity and gene abundance.
Second,  modest  connectivity  (not  increased)  may  slow  O2

diffusion[52] and  then  prolong  its  action.  It  prevents  abrupt
redox  fluctuations,  stabilizing  microenvironment  for
microorganisms.  This  offers  new  insights  into  physical
structure-function  coupling  in  waterlogged  soils,  specifically,

 

 
Fig. 5    Microbial gene abundances for C, N and P cycling in the soil. (a) Sum of absolute abundances of all the genes involved in C, N and P
cycling measured by the qPCR;  and absolute abundances of  microbial  genes participated in the typical  pathways of  (b)  carbon degradation
(genes amyA, amyX, apu,  iso-plu,  sga, abfA, manB, xylA,  cdh,  cex, naglu,  chiA, exo-chi, pgu, glx,  lig, mnp  and pox),  (c)  methane  oxidation
(genes mmoX, mxaF, pqq-mdh and pmoA), (d) inorganic N transformation (genes gdhA, ureC, amoA-1, amoA-2, amoB, hao, nxrA, napA, narG,
nasA, nirK-1, nirK-2, nirK-3, nirS-1, nirS-2, nirS-3, hzsA, hzsB, hzo, nosZ-1, nosZ-2  and nifH),  and  (e)  P  solubilization  (genes bpp, cphy, phoD,
phoX, phnK, pqqC, gcd, ppk and ppx)[45].
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increasing  micropore  volume  may  drive  functional  recovery
more effectively than macropore connectivity.

 

4.2    Synergistic mechanisms for enhanced nutrient
availability
From  a  redox  perspective,  continuous  oxygen  release
significantly  increased  ORP,  altering  nutrient  chemical  forms
and  availability.  First,  the  reducing  substances  were  oxidized,
with  TRS  decreasing  by  ~20%  (Fig. 2(a))  and  Fe2+ by ˃38.5%
(Fig. 2(c)),  which  can  mitigate  toxicity  on  crops.  Second,  Fe2+

oxidation  to  Fe3+ did  not  increase  P  fixation  and  reduce  P

availability  (AP  doubled  with  O2-MNBs).  This  might  occur
because Fe2+ oxidation reduced Vivianite crystallization (which
fixes  P)[53] and  increased  P  solubilization  and  transformation
genes (Fig. 5(e)). Third, improved oxidation promoted organic
N mineralization.  AN increased by 24.4% with O2-MNBs,  but
NH4+-N and NO3−-N remained stable.  This  may be related to
N  cycling  genes.  Despite  increased  O2,  ammonia  oxidation
genes  (amoA-1, amoA-2, amoB and hao)  did  not  increase
(Fig. 5(d)), limiting NH4+-N oxidation. Though denitrification
genes (napA, narG, nasA, nirK-1, nirK-2, nirK-3, nirS-1, nirS-2,
nirS-3, nosZ-1 and nosZ-2)  increased  (Fig. 5(d))  with  more
organic  substrates,  which  could  potentially  enhance
denitrification[54],  the  higher  ORP  likely  suppressed  it.  Thus,

 

 
Fig. 6    Spearman correlations between soil pores, environmental factors, functional genes and greenhouse gas emissions. * P < 0.05, ** P <
0.01 and *** P < 0.001. Coordination number is for pores and throats, which is the statistical average of the number of throats connected by a
single pore; number ratio is for pores and throats; diameter ratio is the average diameter ratio of pores and throats; SSA is the specific surface
area of soil pores; microporosity is the micropore porosity, porosity of pores with diameter < 100 μm; mesoporosity is the mesopore porosity,
porosity of pores with diameter 100–200 μm; ORP, oxidation-reduction potential; TRS, total reducing substances; Ferrous, Fe2+ content; TN,
total  nitrogen;  AN,  alkali-hydrolyzable  N;  AP,  available  phosphorus;  AK,  available  potassium;  C  genes  is  the  absolute  abundance  of  carbon
cycling genes; N genes is the absolute abundance of nitrogen cycling genes; P genes is the absolute abundance of phosphorus cycling genes;
and GWP, global warming potential. Only indicators with significant correlation are included.
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moderate ORP elevation by MNBs breaks nutrient locks under
reduction without causing severe nitrogen loss.

Additionally,  micropore  optimization  enhances  nutrient
availability  via  physical  and  biological  interfaces.  Increased
micropores  and  SSA  provide  more  sites  for  nutrient
adsorption-desorption[55].  Micropore  porosity  strongly
correlates with AN (r = 0.72), AP (r = 0.90) and AK (r = 0.87)
(Fig. 6, P <  0.05),  identifying  micropores  as  key  for  nutrient
retention  and  release.  Physically,  micropores  extend  nutrient
diffusion  paths[56],  reducing  leaching  risk.  Biologically,
micropores  provide  microhabitats  for  microorganisms  (e.g.,
P-solubilizing  bacteria  and  ammonifiers)[50,51],  promoting
microbial  nutrient  transformation.  Mantel  tests  showed
stronger  and  more  significant  correlations  of  nutrients  with
pore  structure  (r =  0.70–0.77)  than  ORP  (r =  0.46),
emphasizing the foundational framework of physical structure
optimization  for  nutrient  availability.  This  synergy  makes
MNBs potentially  superior  to  common chemical  amendments
(only  altering  chemistry)  and  engineering  drainage  (only
optimizing macropores) in enhancing nutrient availability.
 

4.3    Comprehensive effects and mechanisms of
greenhouse gas emissions
MNBs  significantly  reduced  GWP  mainly  by  reducing  CH4

emissions by 61%, which offset increased CO2. Greenhouse gas
emissions  are  closely  linked  to  microbial  composition  and
function.  Although  some  studies  found  MNBs  alter  microbial
diversity  or  richness[29,48,57,58], α-diversity  remained
unchanged  here.  However,  microbial  community  shifted
significantly  (NMDS, P =  0.016,  Fig.  S6(a)).  This  indicates
MNBs  regulate  microbial  functions  via  niche  differentiation
rather than species richness.

Functional gene analyses reveal mechanisms of greenhouse gas
emissions.  O2-MNBs  significantly  increased  abundance  of
recalcitrant  C  (lignin  and  pectin)  degradation  genes.  This
indicates  enhanced  microbial  decomposition  of  SOC,  which
explains  doubled  CO2 emissions  (Fig. 4(a)),  while  it  is  more
like  beneficial  SOC  turnover  rather  than  a  significant  loss  of
soil  carbon  stocks.  It  is  accompanied  by  increased  nutrient
availability,  which  distinguish  it  from  general  carbon  loss.
Actually,  moderate  decomposition  of  recalcitrant  organic
carbon (e.g., peaty substances) may instead enhance the activity
of  soil  carbon  pools  and  improve  their  long-term  carbon
sequestration  potential[59].  Nevertheless,  with  due  caution,  we
must acknowledge that the long-term use of MNBs might harm
soil  fertility  or  carbon  sequestration,  so  this  requires  further

research.  Reduced  CH4 emissions,  consistent  with  other
studies[19],  resulted  from  direct  suppression  of  methanogen
activity  by high ORP (> 349 mV, Fig.  S3(b))[60] and increased
methane  oxidation  gene  abundances  (mmoX, mxaF, pqq-mdh
and pmoA; Fig. 5(c)) that will enhance CH4 consumption.

Contrary  to  expectations  that  improved  oxidation  would
promote  nitrification  and  incomplete  denitrification  and
increase N2O[61],  MNB treatments had no significant effect on
N2O emissions. Besides the explanations invoking O2 diffusion
limitations  from  increased  moisture,  or  enhanced  complete
nitrification  and  reduced  denitrification[52,62],  our  analyses
identified  three  other  reasons.  First,  nitrite  oxidation  genes
increased but ammonia oxidation genes (the rate-limiting step
in  nitrification)  did  not,  and N2O from nitrification primarily
originates  from  ammonia  oxidation[63].  Second,  enriched
denitrification  genes  (Fig. 5(d)),  especially nosZ,  indicate
enhanced  N2O  reduction  to  N2.  This  is  supported  by  more
labile  organic  substrates  from  active  C  metabolism  (Fig. 5(b))
and micropore-scale anoxic microsites[64]. Third, prolonged O2

exposure  induces  a  denitrification  phenotype  with  accelerated
N2O reduction, a phenomenon noted in previous study[65].
 

4.4    Theoretical significance and application
potential of micro-nano bubble regulation
This  study  highlights  the  importance  of  soil  micropores.
Research  on  paddy  soil  improvement  mostly  focuses  on
nutrients,  chemistry  and  microorganisms[66–68].  Micropores
are  frequently  overlooked.  While  macropores  are  normally
thought  to  dominate  aeration  and  material  transport[46],  we
found  stronger  and  more  significant  correlations  of  nutrient
availability  (AN,  AP  and  AK)  with  pore  structure  than  ORP
(Fig.  S8).  This  identifies  micropores  as  a  critical  threshold  for
soil function. Overall, MNBs directly drive nutrient availability
and ecological  optimization via physical  structure remodeling,
while  ORP  indirectly  affects  ecology  by  enhancing  nutrients
(Fig.  S9).  This  highlights  the  need  to  consider  micropore
optimization in agricultural soil improvement.

Compared  to  existing  technologies,  MNBs  offer  three  distinct
advantages  in  improving  waterlogged  low-yield  paddies.
(1) Using air or O2 as raw materials,  MNBs leave no chemical
residues and do not alter soil pH. Risks such as soil compaction
from  amendments  (e.g.  calcium  peroxide)  are  avoided[69,70].
(2)  The  vast  majority  of  the  cost  for  MNB  treatment  comes
from equipment purchase (several  thousand yuan),  which can
be  amortized  over  the  operational  lifespan  of  the  equipment.
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The  only  ongoing  cost  during  application  is  the  energy
consumption.  Therefore,  MNBs  are  cost-effective  and  can  be
applied  via  irrigation  systems  without  large-scale  engineering.
(3)  MNB  treatments  achieve  multidimensional  benefits:
reducing  reductive  substance  toxicity,  increasing  nutrient
availability  and  lowering  greenhouse  gas  emissions.  This
addresses the productivity-ecology trade-off.

 

5    Conclusions
 
This study confirms that MNBs improve waterlogged low-yield

paddy  soils  and  enhance  ecological  benefits  simultaneously.
Key  improvements  include  micropore  restructuring  and
increased  ORP,  driven  by  a  synergy  of  physical,  chemical  and
biological  processes.  This  finding  provides  valuable  insights
into  how  soil  microstructure,  nutrients  and  microorganisms
collectively  influence  soil  function  and  ecology.  As  a
sustainable,  low-cost  technology,  MNB  treatment  shows  great
potential in remediating waterlogged paddies and similar soils,
supporting  efficient  irrigation  practices  and  global  food
security,  while  contributing  to  agricultural  carbon  neutrality
goals.
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