
Effects of paddy field
non-grainization consolidation on
sustainable eco-functions
protection of soil bacterial:
Empirical evidence from Zhejiang
province, China

Ying Liang and Bin Geng*

Institute of Land and Urban-Rural Development, Zhejiang University of Finance and Economics,
Hangzhou, China

The increasing “non-grainization” of paddy fields affecting large-scale grain
cultivation and impacting the sustainable eco-functions protection of soil
bacterial in China. The same problem of “non-grainization” has threatened
food security and farmland soil ecological functions in other areas of the
world. Although previous research has demonstrated that soil microorganisms
are strongly affected by land use change, little is known about the effects of paddy
field non-grainization consolidation (NGC) on soil microorganisms. This study
examined soil samples before and after paddy field NGC in Zhejiang province,
China, measured soil environmental factors and performed 16S rDNA amplicon
sequencing to analyze the changes in soilbacterial communities and ecosystem
functions before and after NGC. Results show that NGC increased the relative
abundances of Proteobacteria (27.89%) and Actinobacteria (25.25%) in the project
zones. Total soil bacteria increased in all samples after NGC implementation in
terms of absolute soil bacterial community content, but there were large
differences. NGC improved the alpha diversity indices, including Ace, Chao1,
Coverage, and Shannon indices (p < 0.01) in terms of soil bacterial community
diversity. The data analysis of RDA and the significance test showed that the
environmental factors which were close-knitted with the soil bacterial diversity
and structure of the sample sites were TN, AP, pH, SOM, FIQ, and AK. Wilcoxon
rank sum test results showed that NGC also significantly enhanced the amino acid
transport and metabolic functions of soil bacterial. Our findings suggest that
NGC is beneficial to improve the paddy field soil bacterial diversity, enhance the
versatility of soil ecosystems, and promote sustainable arable land soil ecosystem
protection. The quantitative results would be useful for better studying the use of
land remediation engineering measures to the remediation and maintenance of
bacterial diversity and sustainable eco-functions protection in paddy fields.
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Introduction

The term “non-grain production of arable land” refers to the
conversion of arable land originally used for grain crop
production into cash crops or even agricultural production
such as pond farming and livestock breeding (Zhang et al.,
2023). As arable land serves as an important basic resource to
ensure national food security, the excessive non-grain production
will seriously affect food production and thereby national food
security to certain extent (Lu et al., 2021). High-quality arable
land resources equipped with food production and ecological
functions, paddy fields are valued by the Chinese central
government. However, factors such as low farmer income
from grain production and the structural adjustment of the
agricultural sector have resulted in the increasing “non-
grainization” of paddy fields, affecting large-scale grain
cultivation and impacting the sustainable eco-functions
protection of soil bacterial (Su et al., 2020; Guo and Wang,
2021). In 2020, the General Office of the State Council of
China successively issued the “Notice on Resolutely Stopping
the “Non-Agriculturalization” of Arable Land” and “Opinions on
Preventing the Non-Grainization of Arable Land and Stabilizing
Grain Production.” In addition, the local governments of
southern China have been actively carrying out land
consolidation against the non-grainization of paddy fields.
Engineering measures, such as consolidating non-grain paddy
fields, restoring grain production functions, and improving the
quality of arable land, have been implemented in project zones,
seeking to improve the parcel shape, parcel size, and ecological
landscape indices of paddy fields, thereby significantly increasing
the scale of grain cultivation and effectively resolving issues with
the non-grainization and fragmentation of paddy fields (Shi et al.,
2018).

Soil bacteria are an indispensable component of the soil
ecosystem and are involved in various soil physical and
biochemical processes, including the decomposition of soil
organic matter (SOM), the formation of humus, and the
transformation and circulation of nutrients. Thus, the quality
and health of soil ecosystems are closely linked with the
changes in the community structure of soil bacteria (Bitas et al.,
2013; Lozano et al., 2014; He et al., 2020; Guo et al., 2021).
According to existing studies, the different cultivation and
utilization methods of arable land can alter their soil
physicochemical properties, including pH, organic carbon,
available potassium (AK), and moisture content, significantly
impacting soil bacteria (Angel et al., 2010; Legrand et al., 2018).
From the perspective of relative abundance (Lu et al., 2020), found
that the implementation of land consolidation engineering led to
improvements in soil heavy metal contamination while also
enhancing the diversity and functionality of soil bacteria. Based
on the indices of relative abundance obtained through high-
throughput sequencing (Lin et al., 2019), demonstrated that
land consolidation could improve SOM, pH, moisture content,
and other physicochemical properties, thereby enhancing soil
bacterial diversity. Conversely, other researchers have found
empirical evidence indicating that land consolidation had a
substantial impact on the community composition of soil
bacteria, and the intensity of engineering measures disrupted

and reduced soil ecosystem stability (Li et al., 2019). Thus,
researchers have mainly focused on the crucial role of soil
bacteria in arable land ecology and food production, arguing
that the implementation of land consolidation engineering may
have an impact on soil bacteria. However, little is known about the
effects of large-scale non-grainization consolidation (NGC) on
eco-functions of soil bacterial in the double- and single-cropping
rice sub-regions in the middle and lower reaches of the Yangtze
River (Jin and Zhong, 2022), key rice production regions with an
immense impact on the trends of national grain output. High-
throughput sequencing for the analysis of community structure
allows the in-depth investigation of information on bacterial
community structure. It greatly expands the information
obtained on bacteria at the molecular level, further enhancing
the acquisition of bacterial community structure information.
Previous studies involving high-throughput sequencing
experiments have concluded that land consolidation could
optimize the soil bacterial communities in farmland (Lin et al.,
2019). Nevertheless, employing high-throughput sequencing alone
to study the community structure of soil bacteria only provides the
species information and relative abundances of the community
structure but not the absolute content index, which is one of the
three key elements in the evaluation of ecosystem community
structure (Lou et al., 2018; Yang et al., 2018; Jiang et al., 2019).
Absolute content is a critical indicator for the evaluation of
bacterial community structure, and its absence implies that the
true quantities of bacterial communities cannot be accurately
reflected (Chen et al., 2020). Therefore, we explored the
influence mechanism of the effects of paddy field NGC on the
soil bacterial diversity and its ecological function by innovatively
combining of the relative abundance and absolute content
indicators of soil bacteria. Which will have important
theoretical and practical implications for sustainable eco-
functions protection of soil bacterial in the study area (Yang
et al., 2018).

In this study, soil samples were collected before and after
paddy field NGC. Soil bacterial DNA was extracted from these
samples, and 16S rDNA amplicon sequencing was performed to
explore the effects of paddy field NGC on soil bacterial
communities. It is hoped that our findings will provide basic
data and supporting evidence for the sustainable eco-functions
protection of soil bacterial for implementing the NGC of
arable land.

Materials and methods

Profile of study area

Non-grain production of arable land, as a severe threat to food
security, has attracted great attention in China and other countries
of the world (Zhuang et al., 2022). China has been implementing the
world’s most strict cultivated land protection system to ensure staple
food security, and has given priority to cultivated land for grain
crops (Lu et al., 2021), but the problem of non-grain cultivation in
China has become increasingly prominent, with the rate of “non-
grain cultivation” of about 27% (Kong, 2020), which has threatened
China’s food security and sustainable agricultural development.
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FIGURE 1
Schematic diagram of the study area and distribution of sampling points.

TABLE 1 Changes in arable land-use patterns before and after non-grainization consolidation in project zones Unit: ha.

Project zone no. Location of soil sampling sites Area of the plot Crops

Before NGC After NGC

01 Wanxin Village, Dingqiao Town 2.35 Watermelons Rice

Haining City, Jiaxing City

02 Xincang Village, Dingqiao Town 3.81 Vegetables Rice

Haining City, Jiaxing City

03 Shijing Village, Zhouwangmiao Town 4.61 Grapes Rice

Haining City, Jiaxing City

04 Jingshan Village, Zhouwangmiao Town 2.54 Blueberries Rice

Haining City, Jiaxing City

05 Xiaoxikou Village, Heping Town 2.08 Strawberries Rice

Changxing County, Huzhou City

06 Hengshan Village, Heping Town 2.67 Pear trees Rice

Changxing County, Huzhou City

07 Xiangyang Village, Lincheng Town 3.93 Tea Rice

Changxing County, Huzhou City

08 Qiaonan Village, Lincheng Town 1.42 Mulberry trees Rice

Changxing County, Huzhou City

09 Xinhua Village, Lincheng Town 1.33 Shrubs Rice

Changxing County, Huzhou City

Note: Data from survey drawings of the project zones; NGC, Non-grainization consolidation.
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Arable land is, by definition, a “living” organism whose health
depends on the beneficial interactions between soil organisms,
crops, and the environment in which soil organisms are an
important part of the arable land ecosystem (Zhuang et al.,
2022). As the research on arable land conservation progresses,
more studies have paid closer heed to the possibility of repairing
arable land biodiversity. Therefore, to tease out the characteristics of
the impact of non-grainization consolidation on arable land soil
bacterial communities and their ecological functions with the data
from the typical high rice production area in China can provide a
useful reference for the research on the conservation and repair of
arable land biodiversity and the function as per sustainable utility of
arable land. The northern Zhejiang plain, located in the northern
part of Zhejiang Province, is a typical sub-region for double- and
single-cropping rice in the middle and lower reaches of the Yangtze
River. This region has accessible waterways and predominantly
consists of loam paddy fields, with a history of rice cultivation
that spans several millennia (Li et al., 2016). However, due to the
large gap in the comparative income of rice cultivation, there has
been a continuous increase in non-grain cultivation within the
region, leading to the cross-distribution of grain-producting
paddy fields with non-grain-producing arable land. This pattern
of distribution is unsuitable for large-scale and mechanized rice
production and has affected the utilization of paddy fields and the
improvement of grain production capacity (Li et al. 2021b). Since
2020, under the leadership of the Zhejiang provincial government,
the counties and cities in the northern Zhejiang plain have
successively undergone the NGC arable land. The engineering

measures include the removal of dryland crops, removal of root
systems, plough pan remediation, soil fertility remediation, and
restoration of rice cultivation, achieving some success. Therefore,
project zones undergoing the NGC of arable land in Jiaxing City and
Huzhou City, Zhejiang Province were selected as the study area.

Soil sample collection and sequencing

Soil samples were collected before (August 2019) and after
(August 2020) the NGC of arable land was implemented
(Figure 1). On the basis of the land-use survey data of the
project zones, the crop cultivation status of the sampled plots is
shown in Table 1. All samples were collected at a temperature of
27–30°C in the absence of rainfall. The S-shape multi-point
sampling method was employed to collect 0–10 cm of the topsoil,
which was evenly mixed to form a single soil sample weighing 500 g
each. The nine project zones were numbered 01 to 09, while samples
collected before NGC implementation were labelled A; those
collected after NGC implementation were labelled B, yielding a
total of 18 samples. A total of 20 g was weighed out from each sample
and stored in a −80°C refrigerator. The samples were later sent to
Shanghai Genesky Biotech Co., Ltd. for soil bacterial DNA
extraction and 16S rDNA amplicon sequencing (Beckers et al.,
2016; Wan et al., 2021). DNA extraction was performed in
triplicate for each sample (Dimitrov et al., 2017; Wan et al.,
2021). The remaining 480 g of the sample was used for soil
physicochemical testing.

TABLE 2 Changes in soil environmental factors before (group A) and after (group B) paddy field non-grainization consolidation.

Group Project zone no. FIQ SMI (%) pH SOM (g/kg) AP (mg/kg) AK (mg/kg) TN (g/kg)

A A01 0.7647 38.45 5.42 10.6 34.33 14.78 1.46

A02 0.6544 47.09 6.32 30.54 74.72 28.93 1.95

A03 0.7089 43.16 6.28 24.6 56.14 24.98 1.71

A04 0.6622 46.60 6.42 28.8 70.69 30.21 2.01

A05 0.6796 44.84 6.11 24.93 56.41 27.07 1.8

A06 0.6803 41.31 6.16 25.77 61.53 28.31 2.06

A07 0.7024 45.07 5.92 20.8 59.18 28.43 1.74

A08 0.7207 40.86 5.73 18.09 40.2 19.2 1.57

A09 0.771 34.91 5.39 9.2 30.21 14.97 1.44

B B01 0.7061 34.26 5.61 14.32 35.99 16.9 1.71

B02 0.6233 44.66 6.51 35.1 76.47 32.1 2.07

B03 0.6604 37.68 6.42 28.6 67.09 26.85 1.9

B04 0.6516 44.79 6.51 34.11 80.67 31.08 2.09

B05 0.6701 43.44 6.24 27.4 74.18 28.36 2.1

B06 0.6437 39.17 6.26 26.97 64.57 26.64 1.91

B07 0.684 44.27 5.98 23.7 62.27 28.09 1.89

B08 0.711 30.77 5.88 18.62 42.09 20.22 1.61

B09 0.7691 25.14 5.41 10.9 34.44 15.47 1.48

Note: FIQ, Parcel fragmentation; SMI, Soil moisture index; SOM, Soil organic matter; AP, Available phosphorous; AK, Available potassium; TN, Total nitrogen.
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Soil sample DNA was extracted using the FastDNA SPIN Kit
for Soil. Polymerase chain reaction (PCR) amplification was
performed using the ABI GeneAmp® 9,700 thermal cycler and
TransStart FastPfu DNA polymerase. PCR amplification
products were measured using the QuantiFluor™-ST
Fluorometer. The MiSeq library was prepared using the
TruSeqTM DNA Sample Prep Kit based on the Illumina
HiSeq gene sequencing system. Quality control and filtering
were then performed on the sequencing data using the
Trimmomatic software, followed by clustering to form
operational taxonomic units (OTUs) with 97% identity using
the Ribosomal Database Project (RDP) Bayesian classifier on the
Usearch platform (version 7.0) and OTU annotation using the
Greengenes database (http://greengenes.secondgenome.com).

Measurement of soil environmental factors

Measurements were performed on 7 environmental factors
before and after the NGC of arable land in the project zones,
which included the soil moisture index (SMI), pH, Soil organic
matter content (SOM), available phosphorous (AP), available

potassium (AK), total nitrogen (TN), and parcel fragmentation
(FIQ). SMI was determined using the oven drying method, in
which the samples were dried at 105°C for 6 h in an electric
constant-temperature oven. Then, pH was determined using the
potentiometric method. SOM was determined using the potassium
dichromate volumetric method. AP was measured using an
ultraviolet spectrophotometer. AK was measured using a flame
photometer (F-100). TN was measured using an automatic
Kjeldahl nitrogen analyser (K9860).

FIQ was calculated by the equation

FIQ � NT − 1( )ATminLAT

NT is the total number of arable patches in the project zone,
ATmin is the minimum area of a single arable patch in the project
zone, and LAT is the total area of arable patches in the project zone.
A smaller FIQ value indicates a larger scale of arable land.

Analysis of soil bacterial communities

Raw DNA sequencing data were processed on the Usearch
platform (version 7.0). Then, the RDP classifier module was used

TABLE 3 Basic physical and chemical properties of soil samples (Means ± SD).

Group FIQ SMI (%) pH SOM (g/kg) AP (mg/kg) AK (mg/kg) TN (g/kg)

A 0.70 ± 0.04a 38.24 ± 7.00a 5.97 ± 0.38a 21.48 ± 7.56a 53.71 ± 15.59a 24.10 ± 6.13a 1.75 ± 0.23a

B 0.68 ± 0.04a 42.48 ± 4.01b 6.09 ± 0.40a 24.41 ± 8.36b 59.75 ± 17.77b 25.08 ± 6.06a 1.86 ± 0.22a

Note: Data are means ± standard deviations. Different lowercase letters in the same column of each treatment are significantly different at the 0.05 probability level. FIQ, Parcel fragmentation;

SMI, Soil moisture index; SOM, Soil organic matter; AP, Available phosphorous; AK, Available potassium; TN, Total nitrogen.

FIGURE 2
Relative abundances of bacteria at the phylum level in soil samples.
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to calculate the number of OTUs at a threshold of 97% identity,
and the community composition was determined at the phylum
level (Tipayno et al., 2018). Based on the results of OTU analysis,
the R tool was used to plot and analyse the community
composition of soil bacteria. The alpha diversity of the soil
bacterial communities was characterized by calculating the
Shannon, ACE, Chao1, Coverage and Simpson indices using
mothur 1.30.1, which were non-dimensionalised for
comparative analysis. Larger Shannon, ACE, Chao1 and
Coverage values indicate greater diversity, whereas a higher
Simpson value indicates lower diversity (Pitta et al., 2014;
Wan et al., 2021). Statistics from Student’s test and Wilcoxon
rank-sum test were used for the analysis of significant
differences indices in diversity between groups. The OTU
abundance tables were normalized using the PICRUS
software, and the Greengenes OTU IDs were mapped to the
COG and KEGG databases to obtain the COG family
information and KO information of the corresponding OTUs.
Finally, the function abundance profile and the abundances of
each functional category were obtained to analyse the changes in
soil bacterial function (Langille et al., 2013). The Wilcoxon rank-
sum test was performed to test the significance of functional
differences in soil bacteria.

Analysis of the effects of environmental
factors on soil bacterial diversity and
structure

Using the Canoco software, canonical correlation analysis (CCA)
was carried out based on the bacterial OTU composition and soil
environmental factors to analyse the relationship between soil bacterial
community diversity and soil environmental factors before and after the
NGCof arable land (Ter Braak, 1986). In addition, to further analyse the
correlation between soil bacterial phyla and soil environmental factors,
the vegan software package in R was used to perform Spearman’s
correlation analysis between the two.

Results

Effects of NGC on soil environmental factors

The change characteristics of environmental factor in 18 soil
samples showed in Table 2. The comparison of the different items
(01–09) in a single group (group A) suggests that there are significant
differences in the physicochemical properties of the soil samples at
different spatial locations, which indicates the existence of spatial

FIGURE 3
Absolute contents of bacteria at the phylum level in soil samples.

TABLE 4 Alpha diversity indices of soil bacteria before (groupA) and after (group B). Paddy fields non-grainization consolidation.

Group Shannon Simpson Chao1 ACE Coverage

A 0.65 ± 0.024a 0.25 ± 0.029a 0.55 ± 0.028a 0.55 ± 0.028a 0.47 ± 0.027a

B 0.66 ± 0.032a 0.21 ± 0.032a 0.60 ± 0.031a 0.60 ± 0.031a 0.53 ± 0.028b

Note: Data are means ± standard deviations. Different lowercase letters in the same column of each treatment are significantly different at the 0.05 probability level.
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heterogeneity in the soil with the exclusion of the deviations in the
sampling and measurement process. This study focused on the changes
of soil and its microorganisms before and after the implementation of
paddy field NGC, thus the subsequent analysis mainly narrowed to
analyze the effects of paddy field NGC on soil and its microorganisms
by comparing the data of group A and group B.

Table 3 lists the soil environmental factors changes before
(group A) and after (group B) the NGC of paddy fields. The
results indicate that paddy field NGC increased SMI and reduced
FIQ by consolidating plots and re-cultivation of non-grain-
producing parcels (p < 0.05). pH, SOM, AP, and AK are also
increased (p < 0.05) after the paddy field NGC, and the soil
physical and chemical properties improved obviously.

Effects of NGC on soil bacterial community
structure

According to the results for the relative abundances of soil
bacteria at the phylum level (Figure 2), the bacteria found in the
18 soil samples obtained from the 9 project zones before and after
the paddy field NGC were mainly from the following 11 phyla:
Proteobacteria (27.89%), Actinobacteria (25.25%), Chloroflexi
(10.02%), Verrucomicrobia (5.69%), Bacteroidetes (4.99%),
Acidobacteria (4.75%), Nitrospirae (4.41%), Gemmatimonadetes
(3.76%), Firmicutes (3.00%), and Planctomycetes (2.71%), which
accounted for 92.47% of the OTUs. In terms of the changes in
bacterial relative abundances before and after implementation,
Proteobacteria (which has the greatest abundance) increased
significantly after implementation in project zones 01, 02, and
09 but decreased in the other project zones. Actinobacteria
increased markedly in project zones 03, 04, 08, and 09 but
decreased in the other project zones.

FIGURE 5
RDA ranking of soil bacterial composition and environmental
factors. Note: asterisks represent significance level, * indicates 0.01 <
p ≤ 0.05, ** indicates 0.001 < p ≤ 0.01; RDA, Redundancy Analysis.

FIGURE 6
Spearman correlation coefficients of soil bacterial phyla and
environmental factors.

FIGURE 4
VPA Venn diagram of the effects of non-grainization
consolidation, environmental factors and geographical location on
soil bacteria. Note: Asterisks represent significance level, * and **
corresponding to 0.05 and 0.01 level, respectively. VPA, Variation
partitioning analysis.
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The absolute contents of soil bacteria at the phylum level were
calculated (Figure 3), and marked differences were observed in
the total amounts of soil bacteria across the different samples,
ranging from a minimum of 4.42 × 107 copies/g (A07) to a
maximum of 2.61 × 108 copies/g (B03). By comparing the
absolute amounts of soil bacteria in soil samples A01 to
A09 before the NGC project, it can be seen that the higher
absolute amounts of soil bacteria in A01 (planted
watermelons), A02 (planted vegetables), and A03 (planted
grapes), which were all above 2.11 × 108 copies/g, and the
lower will be the absolute amounts of soil bacteria in A05
(planted strawberries), A08 (planted mulberries), A4 (planted
blueberries), A06 (planted pear trees), A09 (planted shrubs), and
A07 (planted tea) which were all below 1.25 × 108 copies/g, and
declined sequentially in absolute soil bacterial amount. This
indicates that the planting of different crops on the paddy
fields had an impact on the soil bacterial community before
the implementation of NGC.

On the other hand, there were marked differences in the
trends of change between the absolute content and relative
abundance of soil bacteria before and after the NGC of paddy
fields. The total amount of soil bacteria was higher after
implementation (group B) than that before implementation
(group A), with project zone 05 showing the smallest increase
(3.05%) and project zone 07 showing the largest increase
(74.18%). The absolute content of the dominant phylum,
Proteobacteria, increased markedly after implementation in
project zones 01, 02, 03, 05, 06, 07, and 09, and decreased
slightly in project zones 08 and 04. The relative abundance of
soil bacteria is used to indicate the changes in the proportions of
the different bacteria within the community, whereas the
absolute content is used to indicate the changes in the
quantities of the different bacteria. Thus, by integrating these
two indicators, we can obtain a more comprehensive and
accurate understanding of the effects of arable land NGC on
soil bacterial communities (DeAngelis et al., 2015).

Effects of NGC on soil bacterial alpha
diversity

The alpha diversity indices of soil bacteria was calculated
based on absolute content. Analysis of variance was analyzed
using SPSS (version 20) software, Levene’s test for chi-
squaredness was used, and Tukey’s test for significance if the
variance was chi-squared, Tamhane T2 test for significance if the
variance was not chi-squared.

The results show that NGC is the factor that significantly
affects the diversity of bacterial communities (p < 0.01)
(Table 4). The alpha diversity indices (ACE, Chao1,
Coverage, Shannon) of soil bacteria in group B (after NGC
implementation) were clearly superior to those in group A
(before NGC implementation), implying that engineering
measures for paddy field NGC (e.g., re-cultivation of non-
grain land, parcel merging, land levelling, ditch construction,
and application of organic fertilisers) contributed to improving
the alpha diversity of soil bacteria.

The effects of NGC, environmental factors,
and geographical location on soil bacterial

Geographical location and environmental factors may play
key roles in the mechanism of NGC effects on soil bacterial
changes in arable land. Therefore, VPA was employed to
determine the effects of NGC, Environmental factors
Geographical location (PCNM matrix). The results showed
that NGC, Environmental factors and geographical location
separately had significant effects on the bacterial (NGC, F =
2.6248, p < 0.01; Environmental factors, F = 3.1907, p < 0.05;
Geographical location, F = 1.0337, p < 0.05) (Figure 4). As a
result, NGC, Environmental factors and Geographical location
interacted and systematically influenced the process of soil
bacterial community construction.

FIGURE 7
PICRUSt inferred functional abundance of soil samples before (white) and after (black) the non-grainization consolidation of paddy fields.
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Effects of environmental factors on soil
bacterial diversity and structure

Redundancy Analysis (RDA) refers to an expanded method
of multi-response regression analysis and testing is often used in
microbial community analysis to decompose changes in species
abundance into variance associated with environmental variables
and to explore the significance of community species
composition constrained by environmental variables through
data testing. The data analysis of RDA and the significance
test showed that the environmental factors which were close-
knitted with the soil bacterial community structure of the sample
sites were TN (r2 = 0.99797, p = 0.037), AP (r2 = 0.99560, p =
0.017), pH (r2 = 0.99536, p = 0.006), SOM (r2 = 0.98950, p =
0.004), FIQ (r2 = −0.98068, p = 0.007), SMI (r2 = 0.90261, p =
0.018), and AK (r2 = 0.85988, p = 0.024) (Figure 5) were highly
correlated with RDA axis 1.

Spearman correlation analysis and test showed that
Fibrobacteres, OP11, GN02, WS2, and Kazan-3b-28 etc. in soil
samples were significantly correlated with TN, AP, pH, SOM,
FIQ, SMI, and AK (p < 0.01) (Figure 6). These findings suggest
that paddy field NGC altered the TN, AP, pH, SOM, FIQ, SMI, and
AK, which in turn affected the diversity and structure of the soil
bacterial communities.

(The figure shows the correlation between environmental factors
and soil fungi, with warm tones indicating positive correlation and
cool tones indicating negative correlation. * indicates 0.01 < p ≤ 0.05,
** indicates 0.001 < p ≤ 0.01).

Effects of NGC on soil bacterial functions

The 16s rRNA gene is a key tool to researching the function of
biological communities. Using PICRUSt software to calculate the
corresponding functional abundance of bacterial communities.
Wilcoxon rank sum test results showed that soil bacterial
functions improved significantly (p < 0.01) after the
implementation of paddy field NGC (group B) compared to
before the implementation (group A), and there were differences
in the magnitude of improvement of each bacterial community
function, E amino acid transport and metabolism, C energy
production and conversion, T signal transduction mechanism
and M Cell membrane biogenesis were the soil bacterial
functions that changed significantly before and after project
implementation, which was mainly the result of the combined
effect of the change in bacterial species dominance and change in
quantity (Figure 7).

Discussion

Uncovering the patterns of change in the bacterial
communities of arable land is a key topic in the field of
sustainable eco-functions protection that has been extensively
explored in microbial ecology (Tecon and Or, 2017). However,
very few studies have comprehensively examined the patterns of
change in the bacterial communities and ecological functions of
arable land by combining the three dimensions of species

diversity, relative abundance, and absolute abundance. In view
of the above, we employed 16S amplicon sequencing to explore
the effects of paddy field NGC on soil bacterial communities and
ecological functions which through combining the relative
abundance and total bacterial quantities. By performing
experiments at the parcel scale, we have found powerful
evidence supporting the crucial role of NGC engineering in
improving the soil bacterial communities and ecological
functions of arable land.

The need for economic benefits has driven a gradual increase
in the non-grainization of paddy fields in China, which has led to
a significant impact on the sustainable ecosystem structure and
function of arable land (Su et al., 2020; Li et al., 2022). Changes in
land use types and land remediation can significantly affect soil
properties and microbial community composition in many areas.
Studies, with high-throughput sequencing analyzing the relative
abundance of soil bacteria at disposal, reveal the changes in soil
bacterial communities (Bai et al., 2022; Li et al., 2016). In this
study, we observed that implementing the NGC of paddy fields
led to a decrease in the relative abundances of Proteobacteria and
Actinobacteria in project zones 05, 06, and 07. Based solely on the
decreases found in these two phyla, we can only conclude that the
NGC of paddy fields was unfavourable for their growth. However,
by calculating the absolute content, we found that the quantities
of the two bacterial phyla had increased to some extent after the
NGC of paddy fields, with project zone 07 showing increases of
up to 33.78% and 17.55% in the absolute contents of
Proteobacteria and Actinobacteria, respectively. Previous
studies have demonstrated that combined evaluation with
relative abundance and absolute content was more suitable for
describing the changes in soil bacterial communities (Aitchison,
1982; Ter Braak, 1986; Gloor et al., 2017; Knight et al., 2018;
Morton et al., 2019). In ecology, relative abundance is mainly
used to describe whether a given species is more or less abundant
relative to the rest of the community, whereas absolute content is
an indicator that truly describes the actual quantity of a given
species (Hubbell and Luis, 2004). Existing studies have reported
similar trends involving the improvement of soil bacterial
communities by rational land cnsolidation engineering (Lin
et al., 2019; Li et al., 2021a). Soil bacteria in paddy fields are
significantly affected by the non-grain dryland farming, implying
that the non-grainization of paddy fields in the economically
developed areas of southern China has exacerbated the loss of soil
microbial diversity (Qi et al., 2022). Thus, engineering measures
for land consolidation, such as the re-cultivation of rice in non-
grain parcels, and the application of organic fertilisers, can
effectively prevent the degradation of arable land, the loss of
biodiversity, and the decline of paddy field ecosystem functions.
Our study also revealed that when evaluating the bacterial
community of a single sample, the NGC of paddy fields, the
increase in the absolute contents of bacteria at the phylum level
was not significant in project zone 02 at 4.27%. Absolute content
is better suited to describe and evaluate the actual quantitative
changes in soil microbial community structure and the
relationships between microorganisms across multiple samples
(Lou et al., 2018). Relative abundance is more suitable for
describing and evaluating the relationship between
microorganisms within a single soil sample (Yang et al., 2018).
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The relative abundances indicate that the proportions of
Nitrospirae, Chloroflexi, and Chlorobi increased by an order
of magnitude. Thus, although paddy field NGC did not
significantly increase the quantity of bacteria, it led to
increases in Nitrospirae, Chloroflexi, and Chlorobi relative to
other bacterial phyla, which were able to improve the capacity for
ammonia-nitrite-nitrate conversion and energy production and
conversion to a greater extent. According to previous studies, the
long-term dryland farming of paddy fields can lead to systematic
and abrupt changes in multiple ecosystem attributes
(Breidenbach et al., 2017). In particular, our findings suggest
that to reduce the negative effects caused by the non-grainization
of arable land on the diversity and ecological functions of soil
bacterial communities, the changes in soil bacterial diversity and
ecological functions should not be overlooked during the
formulation of arable land NGC and policies for the
management of agricultural production. In short, the two
indicators of bacterial community structure (i.e., relative
abundance and absolute content) each have their own
advantages and disadvantages when used to perform
evaluations. Relative abundance is more suitable for describing
and evaluating the relationships among different bacteria within
a single sample with respect to bacterial community structure. In
contrast, absolute content is more suitable for describing and
evaluating the actual quantitative variations in bacteria and their
community structure, as well as the relationship between bacteria
across different samples (Yang et al., 2018; Chen et al., 2020).

Elucidating the mechanisms underlying the effects of paddy
field NGC on soil bacterial community and ecological functions
has significant implications for better understanding the
remediation and maintenance of bacterial diversity and
sustainable eco-functions protection in paddy fields. In this
study, the comparison of bacterial community structure,
relative abundance, and absolute abundance before and after
the NGC of paddy fields showed that engineering measures
involving the restoration of rice cultivation in non-grain
dryland farming were closely associated with the remediation
and balance of soil bacterial communities. The parcel-scale
experiments conducted in this study further confirmed the
association between land consolidation engineering and soil
bacterial communities. In particular, the implementation of
various engineering measures, such as the removal of dryland
crops, removal of root systems, plough pan remediation,
remediation of soil fertility, and restoration of rice
cultivation, led to the optimisation and improvement of soil
bacterial eco-functions. This may be due to the complex
interactions between soil bacteria and soil physicochemical
properties (Hermans et al., 2020). For example, certain soil
bacteria can regulate amino acid transport and metabolic
functions, which can provide substrates for crop growth
(Wang et al., 2019). The implementation of NGC engineering
altered the soil physicochemical properties, optimised the
relative abundance and absolute content of soil bacteria, as
well as strengthened the amino acid transport and metabolic
functions of soil bacteria. In this study, we first established the
mechanisms underlying the effects of paddy field NGC on soil
bacterial communities and then emphasised the potential role of
changes in soil bacterial community structure, relative

abundance, and absolute content in achieving the sustainable
eco-functions protection of paddy field.

There are certain potential limitations that should be
considered within the scope of this study. First, many
sequences were obtained from the 16S rDNA high-throughput
sequencing of the 18 soil samples, which can provide theoretical
support for future studies to some extent. However, since NGC
engineering may exert continuous effects on soil microbes,
meanwhile, differences in geographic location may also lead to
different effects of NGC on soil microbes. Samples from different
years and representative areas should be added in future studies
to comprehensively reflect the dynamic effects of the different
stages and spaces of NGC engineering on soil microbes. In
addition, the effects of NGC engineering on soil microbes
should be evaluated using a multi-disciplinary approach
involving multiple methods to obtain more effective and
holistic research conclusions.

Conclusion

In summary, the application of 16S rDNA sequencing
technology, together with testification from the two aspects
of relative abundance and absolute content, verifies that the
non-grain paddy field rearrangement has changed the soil
bacterial community structure and improved the soil
bacterial diversity, which will profoundly affect the
sustainability of paddy field ecological function. Therefore, it
is urgent to incorporate the diversity of soil bacterial diversity
and its ecological significance of non-grain paddy field
rearrangement into the research framework and theoretical
system of ecological protection of cultivated land.
Meanwhile, it should be noted that since this observative
study only focuses on the changes before and after the
implementation of non-grain paddy field rearrangement
within one year span, it is still uncertain for the author to
reach qualitative outcomes, that is, whether the results of this
study are the temporary response or long-term impact on soil
bacterial diversity to non-grain remediation in paddy fields. In
addition, the results also justify the positive response between
soil environmental factors and soil bacterial function and non-
grain paddy field remediation. Therefore, it needs further effort
to ponder over the coupling research between soil bacteria and
environmental factors and the evolution process of various
ecological functions in cultivated land to further reveal the
nutrient differences of paddy ecosystem caused by the change
of soil bacterial community under non-grain paddy field
rearrangement and its feedback effect on the sustainability of
ecological functions, and most importantly to provide a
scientific basis for optimizing the diversity of soil bacterial
communities and the sustainable protection of paddy
ecological functions under non-grain remediation.
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