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Fertilizer application practices are one of the major challenges facing
agroecology. The agrobenefits of combined application of green manure and
chemical fertilizers, and the potential of green manure to replace chemical
fertilizers are now well documented. However, little is known about the
impact of fertilization practices on microbial communities and tice yield.
In this study, the diversity of bacterial and fungal communities, symbiotic
networks and their relationship with soil function were analyzed in five
fertilization treatments (N: 100% nitrogen fertilizer alone; M: green manure
alone; MNgo: green manure couple with 60% nitrogen fertilizer, MNgo: green
manure couple with 80% nitrogen fertilizer; and MN,q0: green manure couple
with 100% nitrogen fertilizer). First, early rice yield was significantly higher by
12.6% in MNygo treatment in 2021 compared with N. Secondly, soil bacterial
diversity showed an increasing trend with increasing N fertilizer application
after green manure input, however, the opposite was true for fungal diversity.
Microbial interaction analysis showed that different fertilizer applications
changed soil microbial network complexity and fertilizer-induced changes in
soil microbial interactions were closely related to soil environmental changes.
Random forest models further predicted the importance of soil environment,
microorganisms and rice yield. Overall, nitrogen fertilizer green manure altered
rice yield due to its effects on soil environment and microbial communities. In
the case of combined green manure and N fertilizer application, bacteria and
fungi showed different responses to fertilization method, and the full amount
of N fertilizer in combination with green manure reduced the complexity of
soil microbial network. In contrast, for more ecologically sensitive karst areas,
we recommend fertilization practices with reduced N by 20-40% for rice
production.

KEYWORDS

green manure, karst area, soil microorganisms, dominant taxa, random forest model,
rice yield
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GRAPHICAL ABSTRACT

Introduction

China is a major rice producer, accounting for about 30% of
the world’s total rice production (Chen et al., 2020). Fertilizers
play an important role in maintaining crop yields and are one of
the most rapid and effective ways to increase crop yields. However,
long-term application of large amounts of single fertilizer can
threaten soil quality, which ultimately feeds into crop yield
stability (Chen et al., 2011; Liu et al,, 2013). Therefore, improving
the agro-ecological environment and promoting sustainable crop
growth has become a hot research topic.

Green manure is a completely biological nutrient that has
gradually become an important alternative fertilizer for zero-
growth chemical fertilizer program, which is of great significance
to agricultural development (Bao et al., 2018; Zhang et al., 2023).
In rice areas of southern China, the scattering of green manure
crops such as Chinese milk vetch (Astragalus sinicus L.) in winter
can make reasonably use of light and heat resources and provide
a large number of organic nutrients for subsequent rice crop, and
its role in reducing fertilizer and enhancing efficiency has been
widely recognized (Gao et al., 2020). Previous experiments have
shown that green manure is important for increasing yields, saving
fertilizer, enriching soil, and improving soil nutrient absorption
(Lietal, 2019; Yang et al., 2019; Zhou et al., 2020).

Soil bacteria and fungi are important components of agro-
ecosystems and drivers of soil nutrient cycling and sensitive

Frontiers in Microbiology

02

indicators for assessing soil environment (van der Heijden et al,
2008). The type and effectiveness of soil matrix is an important
factor influencing microbial community changes including
microbial community abundance, diversity and their functions
(Sofo et al., 2019). Previous research has shown that climatic
conditions (Pan et al., 2016), crop types (Guo et al., 2015) and
fertilization regimes (Zhang X. et al., 2017) could interact with
soil nutrients to influence microbial composition and function.
Long-term input of mineral fertilizers may lead to a decrease in
soil microbial diversity and abundance, resulting in decrease in
soil fertility (Gao et al., 2021). Green manure planting in winter
can promote crop growth and improve nutrient utilization by
changing soil nutrient patterns, thus affecting microbial
community’s composition and structure (Xie et al., 2017). Studies
have shown that applying green manure with appropriate
amounts of chemical fertilizers facilitated growth and
reproduction of soil microorganisms (Zou et al., 2013; Gao et al.,
2015), significantly increasing the numbers of bacteria, fungi and
nitrogen-fixing bacteria (Wan et al., 2013; Gao et al.,, 2021).
Moreover, green manure application altered community
structures of soil root endophytes by increasing their richness and
diversity (Zhang et al, 2013) and the number of beneficial
bacteria which then promotes nutrient uptake by crop roots
(Zhang X. et al., 2017) to effectively increase crop yields.

Soil microbial communities are often interconnected and
form complex ecological relationships, such as parasitism,
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mutualism, neutrality, predation and competition, which
determine their ability to maintain stability or recover from
disturbances (Yang et al., 2023). Therefore, an increasing
number of studies are using network analysis to understand
the potential interactions within a given ecosystem. That is,
species associations among microbial communities elucidate
the complexity and stability of communities (Deng et al,,
2012; Yuan et al, 2021). It is generally accepted that
microecologies with more complex networks tend to have
more active metabolic processes and faster growth rates, and
their community performance is higher (Jordan, 2009; Yuan
et al., 2021). Therefore, we used network analysis to better
understand the effects of fertilization practices on microbial
communities. Previous studies have found that changes in soil
environment affect microbial network complexity due to
changes in land use practices (Yang et al., 2022) and soil
nitrogen accumulation reducing microbial network
complexity (Ma et al., 2022), etc. However, further studies on
changes in soil microbial network complexity caused by
fertilization practices are needed.

As a product of carbonate rock dissolution and weathering,
karst soil represents an alkaline and calcium-rich soil. The soil
formation rate is slow and the thickness of soil layer is thin (Yuan,
2001; Li, 2022). Studies have shown that soil microorganisms are
more abundant in karst areas than in non-karst areas with similar
land use, and there are differences in microbial species interactions
(Gao et al,, 2012). Compared with red soils at same latitude,
brownish-yellow karst soils are reported to have higher water
stability and erosion resistance (Hu et al., 2013). However, relatively
few studies have been conducted on the effects of fertilization
practices on soil microbial community changes in karst paddy
fields. Based on this, we propose the scientific conjecture that
fertilizer application in karst paddy ecosystems would alter soil
microenvironment by affecting microbial community structure
and microbial intra- and/or inter-group interactions, which would
change soil ecology and benefit rice production.

In this study, we analyzed and verified green manure-
regulating effects of moderate N fertilization on environmental
factors and microorganisms to understand interrelationships
between environment, subsurface microbial ecology, and
aboveground crop productivity. A three-year field experiment
was conducted on a typical brownish-yellow rice soil in karst
region to elucidate how fertilization affects microbial
communities and soil properties, and how microbial communities
feedback to crop productivity, and to verify the optimal
fertilization strategy for rice production in karst regions by
comparing different N fertilizer dosages. The main objectives
were to answer the following three questions: (1) What will be the
effect of N fertilizer reduction with green manure on rice
production, (2) How does the reduction of nitrogen fertilizer
with green manure affect the diversity, community structure and
network complexity of bacteria and fungi, and (3) What is the
importance of soil microbial diversity and community in
maintaining productivity and soil environment of karst rice.
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Materials and methods
Site description

The field experiment was conducted in Dingdian village
(23°0"41”N, 107°51'21”E), Natong Town, Guangxi Province,
China. The area has a subtropical monsoon climate with annual
average temperature of 21.6°C, precipitation of about 1,300 mm
and average altitude of 64 m. The soil is brownish-yellow rice soil
from karst area. The basic physical properties of soil organic
matter (SOM), total N (TN), available N (AN), available P (AP),
available K (AK) and pH are 31.3g/kg, 1.90g/kg, 136 mg/kg,
19.4mg/kg, 161 mg/kg, and 6.81, respectively.

Experimental design and crop
management

Five treatments were established in the experiments: (i) 100%
nitrogen fertilizer alone (N), (ii) green manure alone (M), (iii)
green manure couple with 60% nitrogen fertilizer (MNy), (iv)
green manure couple with 80% nitrogen fertilizer (MNy,), and (v)
green manure couple with 100% nitrogen fertilizer (MN).
We used the treatments of N, M and MN, previous determined
in Pu et al. (2022). Each treatment was performed in three
replications and arranged in a randomized block design. Each
experimental plot area was 20.7m” and separated by a ridge to
prevent the movement of water and nutrients between plots.

The positioning test began in October 2018 and samples were
collected for test analysis in middle of July 2021. A double-
cropping system for rice was adopted. The green manure variety
was Chinese milk vetch (Astragalus sinicus L.), sowed evenly
1-2weeks before the late rice harvest with a seeding rate of 30 kg/
hm?, and the full amount was returned to field in situ at the full
flowering stage (March 22, 2021). The test rice (Guiyu 9) was
transplanted on April 7 and harvested on July 13, 2021. The paddy
field was flooded and exposed to sun for 1 week at tillering stage
without irrigation of 2 weeks before harvest. The fertilizer types
were urea (containing 46.4% Nitrogen), calcium superphosphate
(containing 18.0% P,0s), and potassium chloride (containing 60%
K,O), respectively. The 100% N fertilizer treatment was applied
with 180kg/hm? of urea, 90 kg/hm* of phosphorus and 120kg/hm*
of potassium. Potassium fertilizer and phosphorus fertilizer were
applied once to paddy fields, while nitrogen fertilizer was applied
several times according to the ratio base: tillering: tapping =4:3:3.

Rice and soil sampling

The field experiment was conducted for 3 consecutive years.
Rice yield and associated factors were measured at the harvest stage
of early rice. Soil samples were collected from surface soil (0-20 cm)
of each plot on July 13, 2021. Five soil cores were randomly sampled
from each plot and homogenized to reduce variability. Each fresh
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soil sample was divided into two sub-samples. One part was used
for analysis of soil microorganism and the other was air-dried and
passed 10/100 mesh sieve for analysis of soil chemical properties.

Chemical analysis

Soil pH was tested with a soil-to-water ratio of 1:2.5 (m:v). Soil
organic matter (SOM) was determined using potassium dichromate
oxidation method. Soil total nitrogen (TN) was determined with
Kjeldahl method, alkaliolytic nitrogen (AN) was determined by
alkaliolytic nitrogen diffusion method with ferrous sulfate
reductant, and filtrate concentrations of ammonium nitrogen
(NH,"-N) and nitrate nitrogen (NO, -N) were analyzed with a
discrete auto-analyzer (SmartChem TM200, United States).
Exchangeable calcium and magnesium were determined using
ammonium acetate exchange-atomic absorption spectrophotometer
method. Available phosphorus (AP) and available potassium (AK)
were measured as previously described by Lu (2000). Available N
was measured by diffusion method with ferrous sulfate reductant.
Available phosphorus was determined by molybdenum-antimony
counterstain method with sodium bicarbonate extraction, and
available potassium was determined by ammonium acetate
exchange flame photometry described by Lu (2000). Some data of
pH, SOM, AP, AK, AN, TN, E-Ga and E-Mg were from our
previoustreatments of N, M and MN100 (Pu et al., 2022).

Bioinformatics analysis

Soil microbial sequencing was conducted by Guangdong
Meige Gene Technology Co., Ltd. on the Illumina NovaSeq
high-throughput sequencing platform. The primer sequences
of 515F (GTGCCAGCMGCCGCGGTAA) and 907R
(CCGTCAATTCMTTTRAGTTT) were selected to amplify
the V4-V5 segment of bacterial 16S rRNA gene, and the PCR
amplification conditions were: denaturation 95°C, 10s,
annealing 55°C, 30s, extension 72°C, 45s. The cycle of
denaturation-annealing-extension repeated 45 times. The
primer sequences of ITS1IF (TCCGTAGGTGAACCTGCGG)
and I1TS2-2034R (GCTGCGTTCTTCATCGATGC) were
selected to amplify the ITS1-4 segment of fungal ITS gene,
and the PCR amplification conditions were: denaturation
95°C, 10s, annealing 50°C, 30s, extension 72°C, 45s. The
cycle of denaturation-annealing-extension repeated 45 times.
The sequencing results were spliced using FLASH software,
and low-quality sequences were removed using the Usearch
software to draw a flat with the lowest sample quality
sequences. By using cluster command, a taxonomy analysis of
operational taxonomic unit (OTU) representative of
sequences with a 97% similarity level was performed. After
randomly sampling OTU table in same sequence depth, «
diversity index and p diversity distance matrix were calculated
using QIIME software (Cock et al., 2010). Ultimately, a total
of 9,498 bacterial OTUs (belonging to 57 phyla, 128 classes,
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238 orders, 440 families and 1,204 genera), and 4,505 fungal
OTUs (belonging to 8 phyla, 34 classes, 99 orders, 236 families
and 548 genera) were obtained from the karst rice soil All the
sequence data of the present study have been deposited in the
NCBI Squence Read Archive (SRA) database under accession
numbers SRR21891129-SRR21891143 (Bacteria) and
SRR21901595-SRR21901609 (Fungi), and we used the
treatments of N, M and MN100 previous listed in Pu et
al. (2022).

Statistical analysis

Data were subjected for analysis of variance (ANOVA)
according to the experimental design (Randomize Design).
Significant differences in rice yield, soil properties and relative
microbial abundance among each fertilization treatment were
tested by one-way ANOVA followed by Fisher LSD (p <0.05) test
(Buyer and Sasser, 2012). The unweighted UniFrac distance for
phylogenetic relationship and Bray-Curtis for microbial
communities were calculated, and principal coordinate analysis
(PCoA) was performed to determine the differences in microbial
taxa among the samples based on the dissimilarity (R vegan
package; Zhong et al., 2020). The intra- and inter-group interactions
of microbial groups were investigated by network analysis to reveal
OTUs in soil microbial communities interacted using the positive
or negative spearman correlations under different fertilization
treatments. Positive correlations indicated mutually beneficial
interactions among microorganisms, while negative correlations
indicated competitive relationships. OTUs of bacteria and fungi
with relative abundance >0.1% were defined as the dominant
groups (Zhong et al., 2021; Yang et al., 2023), which were visualized
using stacking histogram. p-values for co-occurrence networks
were obtained by Gephi based on R “psych” package (R Studio
Version 4.1.2; Qiu et al.,, 2021). Redundancy analysis (RDA) was
conducted to determine correlations between dominant OTUs and
soil factors, and the effects of environmental factors and
microorganisms on rice yield were assessed using the Mantel test
(Sunagawa et al.,, 2015). A random forest model was used to predict
the indicative nature of important variables on crop yield with R
“randomForest” package (Liaw and Wiener, 2002), and univariate
linear regression models were performed to analyze the correlations
between important variables and rice yield.

Results
Early rice yield and soil properties

The results of early rice yield in 2019-2021 are shown in
Figure 1A. In this case, there was no significant difference of early
rice yield in 2019-2020 (p>0.05) under different fertilizer
treatments. In 2021, MN,, significantly increased the yield by
12.06% over N and 16.15% over M. In addition, the rice yields of
MNy, and MNy, treatments showed an increasing trend comparing
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FIGURE 1
(A) Early rice yield of different fertilization treatments in 2019-2021. (B) Soil NH,*—N and NO; —N contents under different treatments. NH,*—N:
ammonium nitrogen; NOs™—N: nitrate nitrogen. The value is mean + standard error, and different letters indicate significant difference between
treatments (p < 0.05).

with N fertilizer treatments and the increases were 6.64 and 7.72%,
respectively (Figure 1A).

One-way ANOVA analysis showed that the contents of SOM,
AK, AN, NH,"-N and NO;™-N in paddy soils varied significantly
under different fertilization treatments (Figure 1B). Among them,
soil ammonium and nitrate N contents increased in MN,, MNg,
and MN,, treatments compared with N and M. The highest
ammonium and nitrate N contents were achieved in the MN,,
treatment. The differences in soil AK content were significant at
different treatments. Compared with N and M, AK content
decreased significantly under MNg, and MNy, treatments,
while AK content increased significantly under MN,, treatment.
In addition, soil TN, TP, AP, E-Ca, and E-Mg did not
significantly differ under different fertilization treatments
(Supplementary Table 1).

Microbial community characteristics
under different fertilization treatments

Effects of fertilization on microbial
communities

Figure 2 demonstrates the opposite trend of soil bacterial
and fungal Shannon indices under different fertilization
treatments. The highest bacterial diversity index was observed
with MN,,, treatment and the lowest value was observed with
M treatment. The opposite was the fungal diversity index
compared with N treatment. The soil B/F (bacteria/fungi)
ratio was significantly higher at the MN,,, treatment than
those at other treatments (Figure 2A). In addition, the Venn
diagram results showed the differences in OTU categories,
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and numbers of 16S and ITS under different fertilization
treatments (Figure 2B).

To understand the effects of fertilization measures on soil
microbial community structure, PCoA based on Bray-Curtis
(Beta diversity) was performed (Figure 2C). The PCoA result
showed that the first two axes for bacteria explained was 64.69%
and fungi was 69.21%. In addition, the result of Adonis analysis
showed significant difference in bacterial (r=0.298, p=0.037)
and fungal (r=0.249, p=0.044) community structure among
fertilization treatments.

Microbial community composition

The relative abundance of major bacteria and fungi differed
slightly between fertilization treatments (Figure 3). Major bacterial
phyla were Chloroflexi (27.15-47.99%), Proteobacteria (17.40-
25.70%), and Acidobacteria (8.44-12.20%). The main fungal
species were Ascomycota (44.27-53.62%), Basidiomycota (31.87-
44.90%), and Zygomycota (8.46-15.35%). In addition, MNy, and
MN, significantly increased the relative abundance of
Proteobacteria by 24.83 and 24.40%, respectively, compared with
N, while the relative abundance of Crenarchaeota was decreased.
At class level (Figure 3B), Anaerolineae was the most abundant
taxon based on 16S rRNA genes with relative abundance of 30.18-
39.40%, while the relative abundance of Deltaproteobacteria was
8.09-10.92%. According to ITS genes, Pezizomycetes (17.44-
32.04%) had the greatest relative abundance at phylum level.

At the genus level (Figure 3C), the relative abundance of the
major bacteriophage genus Longilinea decreased at the MNg, and
MN) treatments compared with the N treatment, and were
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FIGURE 2
Soil microbial communities under different fertilizer treatments. (A) Shannon index of soil bacterial and fungal species as influenced by fertilizer
treatments. Significant effects were obtained by one-way ANOVA test. Different lowercase letters indicate significant differences of bacteria and
fungi among treatments, respectively (p<0.05). (B) Venn diagram of bacterial and fungal richness in different fertilization treatments. (C) Principal
coordinate analysis (PCoA) plot of microbial community structures based on Bray—Curtis between samples of different fertilization treatments.

decreased by 16.63% (MNy,) and 25.64% (MN,), respectively. The
relative abundance of Caldisphaera also differed significantly among
treatments. Compared with N, the relative abundance of Caldisphaera
were decreased by 27.24, 32.07 and 6.90% for MN,, MNy, and MN
treatments, respectively. For the major fungal genera, green manure
with N fertilizer reduced the relative abundance of Bensingtonia and
the reduction of Bensingtonia was 15.69, 48.62 and 48.04% for MNj,
MNy, and MN, treatments, respectively, compared with N. In
contrast, the relative abundance of Pucciniastrum increased under
MN, and MNg, treatments compared with N and the increases were
65.60 and 64.54%, respectively.

Co-occurrence network of microbial
communities

Network was used to analyze the dominant bacterial and
fungal groups with relative abundance >0.1% in different
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fertilization treatments (Figure 4). Among them, the results
of the co-occurrence network within bacterial groups showed
that the green manure input increased the bacterial
interactions compared with N (Figure 4A). However, the
number of positively correlated edges decreases in MN
compared with MNg, and MNy, (Supplementary Table 2). In
contrast, the interactions within fungal groups showed the
opposite trend to that of bacteria (Figure 4B). According to
parameters such as number of nodes, total connected edges
and modularity, the change in complexity of bacterial and
fungal networks under different fertilization treatments
followed the same trend as the change in bacterial
diversity. Compared with N treatment, bacterial network
complexity was greatest at MN,,, and second highest at
MNy, while fungal networks showed the opposite trend
(Figure 4). However, for bacterial-fungal interactions,
network complexity appeared to be unaffected by
microbial abundance.
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FIGURE 3
levels of phylum, order and genus, respectively. RA: Relative abundance. *p<0.05 indicates that the relative abundance of taxa at the genus level

differed significantly under different fertilization treatments.

The relationships between soil
properties, microbial abundance and

diversity, and rice yield

Relationship between microbial community

and environmental properties
The association between environmental factors and microbial

communities was assessed using RDA (Figure 5A). The first two
RDA dimensions showed a 67.54% variation in bacterial
communities. All environmental factors except AP and TP were
positively correlated with RAD1. Among them, SOM (r=0.39,
p=0.048) and NO;™-N (r=0.42, p=0.033) were the environmental

Frontiers in Microbiology

factors that significantly affected bacterial communities. And, the
first two RDA dimensions explained 48.87% of the variation in
bacterial communities, NO; =N (r=0.42, p =0.033) were the most
important drivers of fungal communities. The Mantel test results
showed that SOM (r=0.24, p=0.047), NO,™-N (r=0.32, p <0.005),
NH,*-N (r=0.17, p=0.024) and AK (r=0.21, p=0.022) were the
key factors driving the changes of bacterial communities

(Figure 5B).

The results of Spearman-based correlation heat map show
that Bensingtonia, Exophiala, Thanatephorus, and Hypocrea
showed significantly negative correlations with NH,"-N and

Pucciniastrum, Rhizopus,

NO; -N. Meanwhile,
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FIGURE 4

Network visualizes the interactions between soil operational taxonomic units (OTUs) in Karst paddy fields. Positive correlations are displayed in
green and negative correlations were displayed in purple. The nodes are colored according to different types of species category. The size of each
node is proportional to the betweenness centrality. A-C denote bacterial intra-group interactions, fungal intra-group interactions, and bacterial—
fungal inter-group interactions, respectively.

Chrysosporium, Neosartorya and Dimorphospora also showed

significantly negative correlations with AK. In contrast, Discussion

Leucangium and Chrysosporium were significantly positively

correlated with AP. The soils in karst areas have slow soil formation rate, thin soil
layer and fragile soil environment (Yan et al., 2020). Long-term
application of single chemical fertilizer can seriously harm soil

Potential factors affecting sustainable ecosystem of rice in karst areas. To solve these problems, we have
development of rice in karst areas done corresponding research to mitigate this harm expected to
improve rice yield and protect soil ecological balance (Zhong

Random forest modeling was conducted to determine the etal, 2021; Pu et al., 2022). Previous studies showed that factors
relative importance of soil environment and microorganisms in associated with high rice yield include climatic environment, soil
predicting soil function and crop yield under different fertilization nutrients and fertilization measures, as well as the regulation
treatment conditions (Figure 6A). The model explained 96.14% of effects of soil microorganisms (Hayat et al., 2010; Romaniuk et al.,
the ecological variation in soil function. The abundance and 2011). In this study, we comprehensively characterized the
diversity of NO;™-N, NH,"-N, bacterial communities, and rice relationship between soil nutrients, microbial communities and
yield were predicted with greater importance than other factors. rice yield in karst paddy fields. It was reported that green manure
In addition, the regression analysis showed that soil properties had with nitrogen fertilizer increased rice yield (Xie et al., 2016; Gao
significantly positive linear correlation with rice yield and bacterial etal, 2020). Additionally, the use of green manure can effectively
community abundance, and had significantly negative linear reduce the need for nitrogen fertilizer and even increase rice yield
correlation with fungal community abundance (Figure 6). (Mohanty et al, 2013; Liu et al, 2021). This result related
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toproduction of abundant nutrients from green manure
decomposition, an exogenous additive that improves the soil
environment (Zhang D. et al., 2017) and enhances the activity and
mineralization of soil microorganisms (Liao et al., 2015; Hu et al.,
2018), which ultimately affects rice yield.

Soil pH, organic matter, nitrogen, phosphorus and potassium
influence crop growth, nutrient cycling and microbial processes,
and are thus used as indicators of soil fertility (Guo Q. et al., 2020;
Chen et al, 2021). As changes in chemical composition and
concentration of soil physicochemical factors in most ecosystems
are the main drivers of environmental disturbances, it is
particularly important to understand the links between changes
in microbial communities and the ecological environment
(Lozupone et al., 2007; Hall et al., 2018). For instance, although
soil pH does not directly affect microbial communities, it may
directly or indirectly affect soil nutrient variables, which may
change microbial structure and diversity (Lauber et al., 2009;
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Sagova-Mareckova et al., 2015). On the contrary, green manure
inputs increase the amount of soil organic matter, which then
decomposes producing many weak acids maintain the balance
and stability of soil acidity and alkalinity through acid group
dissociation and amino protonation (Zhao et al., 2014). In regard
to soil nitrogen, green manure can effectively improve soil
nitrogen capacity due to its fixation of atmospheric nitrogen (Gao
et al., 2020). In this study, although we found no significant
difference in soil nitrogen contents between green manure crop
rotation and N fertilizer alone, the rice yield of the green manure
group was higher, which may indicate that green manure
application improved the absorption and utilization of nitrogen
by rice (Nie et al., 2019; Qaswar et al., 2019). We also found no
significant difference in rice yield between the high and reduced
N (20-40%) treatments, and both were higher than N alone and
green manure alone, suggesting that green manure may have a
partial substitution effect on N fertilizer (Xie et al., 2016; Qaswar
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et al., 2019; Zhou et al,, 2019). Moreover, soil phosphorus and
potassium are important nutrients for crop growth and
development. Previous studies reported that green manure
rotation reduced soil nutrient absorption and enhanced soil
phosphorus and potassium content (Yang et al., 2009). However,
this study found that under green manure reversion, nitrogen
reduction reduced soil fast-acting potassium content, indicating
that rice was more efficient in using fast-acting potassium due to
the prolonged flooding of paddy fields (Chen et al., 2021).

Soil microorganisms are the basis of Earth’s biosphere and
play an irreplaceable role in nutrient cycling and organic matter
decomposition (Balser and Firestone, 2005; Lucas et al., 2007).
However, differences in response of different microbial taxa to
factors different
environmental gradients (Kivlin et al., 2014). Compared with

environmental cause adaptations  in
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bacterial communities, fungal communities undergo greater
variations (Xu et al., 2019) probably because most fungal taxa in
soils have a slower turnover pattern and decompose complex
organic matter, making fungi more efficient in their use of organic
matter (Waldrop and Firestone, 2006). Dominant taxa of karst
paddy soil microorganisms (Figure 5C) grow together, share
ecological niches, and play an important role in changing
environmental factors such as soil’s physical and chemical
properties. For instance, Chloroflexi (bacterial taxa) is relatively
abundant in agricultural soils and can ferment sugars and
polysaccharide into hydrogen and organic acids, which can
promote the degradation of plant residues, fix nitrite and reduce
nitrate content (Rao et al, 2022). Similar to Acidobacteria,
Proteobacteria play an important role in carbon and nitrogen
metabolism and are both highly abundant in agricultural soil
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environments (Kim et al,, 2021). Actinobacteria are widely
reported as symbiotic or autotrophic nitrogen-fixing colonies with
potassium and phosphate solubilization and produce plant growth
agents and biocontrol agents with high functional effects in
agricultural production (Boubekri et al., 2022). Bacteroidetes are
mainly responsible for nitrification processes, including
autotrophic metabolism and subsequent nitrite oxidation
(Wolinska et al., 2017). In addition, Ascomycota (fungal taxa) is
closely relating to soil nitrogen effectiveness (Liu et al., 2022).
Similar results were observed in this study based on the significant
and positive correlation (p <0.05) between soil AN and the relative
abundance of Ascomycota. Basidiomycota are the group of
ecologically strategic fungi with high diversity and high abundance
in agricultural soils (Kjoller and Rosendahl, 2014). Zygomycota
are the group of fungi employing r-strategy, similar to Ascomycota.
They grow fast and effectively decompose unstable carbon,
implying high C effectiveness and high relative abundance in soil
environments with low C/N in agricultural soil (Liu et al., 2022).

Co-occurrence networks are often used to express the
mutual co-occurrence and exclusion of microorganisms, and
to identify and categorize key microorganisms that are highly
relevant to soil function and crop production (Banerjee et al.,
2018; Lietal.,, 2021) and are used to analyze the interspecific
relationships of microbial communities (Barberan et al.,
2012). The results showed that the network structure of
microbial communities in karst paddy soils differed after
reintroducing green manure. For example, 20% N reduction
treatment increased the complexity of fungal network
compared with N fertilization only, while MN,,, treatment
exhibited lower complexity. This result suggests that changes
in microbial diversity are linked to changes in networks, i.e.,
increased microbial diversity increases the complexity of
microbial networks (Guo J. et al., 2020). However, the results
of bacterial-fungal interaction network showed that microbial
network complexity decreased with full N fertilizer
application. This result is in contrast to the bacterial and
fungal network results, which may indicate that changes in
soil microbial networks are not always associated with
changes in microbial diversity, but depend on the interactions
between microorganisms (Zhou et al., 2011; Yang et al., 2023).
Thus, a multidimensional analysis of the uncertain
relationship between diversity and network complexity
highlights the importance of studying the relationships within
and between microbial groups (Zhou et al., 2010). The
significant differences in community composition under
different fertilization treatments may explain the changes in
of key microorganisms Leptolinea,
Syntrophorhabdus, Geobacter, and Dimorphospora) induced

abundance (i.e.,
by fertilizer application and alterations in rice yield. In
addition, the random forest model and linear regression
results showed a significant and negative linear relationship
between some soil factors(i.e., NO; -N, NH,"-N, and SOM)
and rice yield in karst rice ecosystems. This is important for
predicting the influencing factors on rice production.
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Compared with fungi, bacteria have higher endogenous
growth rates, are more resistant to external environmental
disturbances (Loeuille et al., 2017), have relatively rapid
nutrient turnover and recovery rates, have relatively rapid
nutrient turnover and recovery rates, and have greater
ecological niche width to stimulate rapid response
(Blagodatskaya and Anderson, 1998). However, the dispersal
ability of fungi is limited by the growth of their mycelium,
which is affected by several factors, including soil particle
size, thus, indicating that fungal community dynamics are
often limited by more pronounced environmental factors
(Fukami et al., 2010). Previous studies showed that soils with
high nitrogen are not conducive to fungal growth (Six et al.,
2006; Wu et al., 2014). The green manure species tested in this
study was milk vetch. It is a leguminous green manure with
low carbon: nitrogen ratio that can fix atmospheric nitrogen
and return it to soil through biological nitrogen fixation,
releasing about 90% of the nitrogen within 1 month after
tilling (Zhu et al., 2014). Therefore, it may explain the
apparent effect of green manure application on fungal
community. Similarly, we observed that MN,,, significantly
increased B/F ratio compared with N. Additionally, we also
observed that soil microbial structures after green manure
application tended to be dominated by bacteria (Chen et al.,
2019), which was contrary to the previous findings (Wan
etal, 2013; Xie et al., 2017). Therefore, we speculate that the
results may be related to habitat and climatic conditions in
our study area. Therefore, a more in-depth study of these
vacancies should also be conducted.

Our multidimensional analysis of environmental conditions,
microbial communities and agricultural yield revealed the
substitutability of green manure as chemical fertilizers in rice
plantations. It could lead to reduced chemical nitrogen fertilizer
(20-40% N reduction) and ensure satisfactory crop yield.
Consequently, it is beneficial to environment and sustainable
agricultural economy.

Conclusion

For typical karst paddy soils, fertilization practices
significantly affect soil microbial community structure and
alter microbial intra- and inter-group interactions. Green
manure input provided more nutrients for microbial growth
and development, which further drove microbial growth and
material exchange. In addition, green manure with nitrogen
fertilizer increased soil nitrogen, which was more favorable
to soil bacterial growth, and maintained stable interactions
between bacteria and fungi. Based on these findings,
we recommend green manure application with reduced
nitrogen fertilizer (20-40% N reduction) in karst areas.
Currently, the coupling mechanism between fertilization,
microorganisms and soil environment in fragile karst soil
ecosystem still needs further in-depth investigations, such as
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regulation of crop production by affecting certain specific
microbial groups, and the relationships between dynamic
characteristics of microbial communities and ecological
functions during production cycle of rice. In addition, to
solve these better-designed studies, combining multiple
perspectives are needed in future to systematically elaborate
the biogeochemical processes of soil ecology in karst paddy
fields for improved sustainable rice production.
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