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1 Introduction

Lowland rice paddy fields are agricultural wetlands that are
important for both world food production and regional nutrient
management (Jennings, 1974; Wang et al., 2012; Liang et al.,
2014). However, in many rice cropping systems, nitrogen (N)
and phosphorus (P) fertilizers are applied in excess amounts

(Tilman et al., 2002; Zhao et al., 2016). In the Taihu Lake
region of south-eastern China, the N application rate in rice
fields often has exceeded 200 kg N ha-1, which is a higher
fertilizer rate than those of other rice growing areas, such as
California (Liang et al., 2014). Although researchers and local
government authorities have started to raise awareness
among farmers on the potential risk of nutrient runoff into
the environment (Ju et al., 2009; Chen et al., 2015), farmers
are still applying a high dose of fertilizers to obtain higher
production. Thus, an alternative management practice is
required to change the ecological function of rice fields from a
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It is well documented that rice paddy fields act as agricultural wetlands that remove or retain

nutrients; however, their associated effects on soil microbial communities are rarely reported.

The present study evaluates the impact of rice variety on nutrient removal via plant uptake,

nutrient retention in the soil, and bacterial associations in rice paddy fields, using a network

analysis that compares the soil bacterial communities of two rice varieties. We found that the

high-straw rice variety (YD-1) allows uptake of a high amount of nitrogen (N) and phosphorus

(P) from paddy rice fields via harvesting, but causes less residual total N and P to remain in the

soil. However, both rice varieties (YD-1 and XS-134 (Xiushui-134)) had non-significant effects

on the dominant bacterial taxa. The short-term response of bacterial community diversity to

rice variety is found to be mainly due to less frequently recovered species. A network analysis

that incorporates soil nutrients as nodes, along with bacterial taxa, found that only one node

representing the total P related to the non-dominant species had an indirect association with

the rice straw biomass. The observed short-term impact of the two rice varieties (XS-134 and

YD-1) on soil bacterial diversity and nutrient surplus in these agricultural wetlands is limited

under a high level of fertilization.
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nutrient export source to an interception sink (Liang et al.,
2007; Xiong et al., 2015), such as via the removal or retention
of soil nutrients by different plant varieties or genotypes
(Bhadraray et al., 2002). Essentially, rice varieties with greater
biomass compared to conventional varieties are able to
remove excess nutrients from rice fields. It is hypothesized
that such rice varieties may reduce the risks due to high
fertilizer input, specifically by reducing the nutrient losses from
paddy fields to the environment.

However, one serious concern is whether associated
microbial community structure will be altered or absent in
the soil after planting different rice varieties, especially given
their important role in biogeochemical processes and nutrient
availability in paddy fields (Balasooriya et al., 2016; Luo et al.,
2019). Rice varieties of the paddy fields may affect microbial
growth in the rhizosphere. For example, rice plants can affect
the abundance of some phyla, such as Gemmatimonadetes,
Proteobacteria, and Verrucomicrobia, and many functional
groups, such as methanogens and methanotrophs (Conrad,
2007), potential iron reducers (e.g., Geobacter, Anaeromyx-
obacter), and fermenters (e.g., Clostridiaceae, Opitutaceae)
(Breidenbach et al., 2016). Despite these previous investiga-
tions, key knowledge gaps remain that impede our under-
standing of the relationships between nutrients and
associated soil microbial community structures under different
rice varieties.

Moreover, residue removal from paddy fields may result in
an adverse effect on soil microbes, as soil C decreases
annually. Some research studies have confirmed that soil C
may control the soil microbial activity (Eisenhauer et al., 2010;
Breulmann et al., 2012). The amount of stored carbon in soil
reflects the balance between litter production of plant shoots
and the root, and root exudates and their microbial decom-
position (Lange et al., 2015). Residual removal may result in
an opposite effect for the more active and abundant microbial
community under increased plant residue inputs (Eisenhauer
et al., 2010). Therefore, changes in soil microbes after straw
removal requires more attention and potentially long-term
observation. Plant diversity is a widespread concern due to
changes in soil nutrient composition (Eisenhauer et al., 2010;
Lange et al., 2015). Different rice varieties may have different
uptake potential for soil nutrients, which may further cause
changes in soil microbial composition.

Recently, the analysis of microbiome networks has been
employed to reveal relationships among different microbial
taxa (Faust and Raes, 2012). Network analysis supports the
evaluation of direct and indirect associations among microbial
taxa and other variables, such as nutrient levels or plant
responses (Faust et al., 2012; Faust and Raes, 2012; Poudel
et al., 2016). Previous studies have studied the nutrient
cycling responses, to specific rice varieties in certain
environments (Suriyagoda et al., 2014; Ye et al., 2014;
Somaweera et al., 2016). Some studies have confirmed that
the different acquisition behaviors of various rice varieties to
nutrients depend on their genetic abilities and different

responses to nutrient management practices, which may
lead to differences in nutrient uptake (Dass et al., 2015; Harish
et al., 2018). However, it is still unclear to what extent rice
variety will affect nutrient removal via plant uptake, nutrient
retention in soil, or associated soil microbial communities. The
objectives of this study are i) to compare soil chemical and
microbial composition in the rhizosphere of two rice
varieties— a conventional rice variety Xiushui-134 (XS-134)
and a newly released rice variety Yudao-1 (YD-1) with high
straw yield; ii) to evaluate the direct and indirect associations
among microbial taxa and nutrient removal and retention in
the rice field.

2 Materials and methods

2.1 Field experimental design and sample collection

The experiment was carried out in Jingshan Town, Hangzhou
City of the Zhejiang Province (30°23′N, 119°54′E). The
specific site represents the rice production area in the Taihu
Lake region of eastern China with the typical climate
characteristics of the coastal plain area. The total area of
the experimental site is 18 ha with 18 subplots (1 ha each).
Prior to 2016, there was a rice-fallow rotation system in these
experimental subplots. The rice variety Xiushui-134 (XS-134)
was grown in subplots. In 2016, the conventional rice variety
(XS-134) and newly released rice variety (YD-1) with a high
straw biomass by Zhejiang University were both planted and
replicated in the 18 subplots. The soil of the experimental site
was classified as hydragic paddy soil (silt loam, mixed, mesic
Mollic Endoaquepts). Prior to rice planting in June 2016, 18
soil samples from 18 subplots were taken from the top 20-cm
layer. The averaged soil pH, total C, total N, and total P were
5.84, 23.33 g kg-1, 2.65 g kg-1, and 0.48 g kg-1, respectively,
for the soil planted with XS-134. Further, the values were 5.70,
22.53 g kg-1, 2.97 g kg-1, 0.42 g kg-1, respectively, for the soil
planted with YD-1. Irrigation practices for all plots followed
typical methods for flooded rice in the region (Liang et al.,
2013). The floodwater depths in each plot fluctuated from 10
to 70 mm until rice maturity and the field was drained 30 days
prior to harvest. In all subplots, 25 d old rice seedlings were
transplanted at 150 mm � 150 mm spacing. Urea-N, super-
phosphate-P, and KCl-K fertilizers were applied at 270
kg N ha-1, 45 kg P2O5 ha

-1, and 110 kg K2O ha-1, respectively.
The N fertilizer was applied in three splits (3:1:1) at early
tillering, peak tillering, and booting stage, respectively.
Phosphorus and potassium fertilizers were applied once as
a basal fertilizer.

At maturity, plants in three 1 m2 micro-plots in each subplot
were harvested by hand, threshed, dried, and were collected
for dry matter yield, such as total C, N, and P analyses in both
straw and grain tissues. Following the rice harvest, the rice
residues in each micro-plot was excavated together with the
roots, by gently shaking off the soil from around the roots, and
using a sterile glass piece to gently scrape the soil adhering to
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the roots into a sterile bag. Six soil samples were collected
from the rice rhizoplane in each subplot and then mixed with
each other at -80°C for DNA extraction and PCR, while the
other part was air-dried, grounded, and sieved for chemical
analysis.

2.2 Soil and plant analysis

Soil pH was determined with a glass electrode pH meter
(PHS-3C, Shanghai). Soil and plant total C and N were
determined by an elemental analyzer (Vario MAX CNS,
Elementar, Germany). Total soil P and total plant P were
digested with H2SO4-HClO4 and H2SO4-H2O2 solutions at
250°C, separately, and both were determined by the
molybdenum-blue colorimetric method (Walker and Adams,
1958). Available P in the soil was extracted with a 0.5 M
NaHCO3 solution and determined by the molybdenum-blue
colorimetric method (Olsen and Sommers, 1982). Phos-
phorus species in soil samples were analyzed using solution
31P NMR spectroscopy following the standard procedure of
previous studies (Cade-Menun et al., 2010; Liang et al.,
2017). A capillary that contains 10 mM methylene dipho-
sphonic acid (MDP, Sigma Aldrich) was regarded as an
external standard. Concentration of the P species was
calculated via the equation described by Toor et al. (2003).

2.3 Soil bacterial community analysis

Soil bacterial communities from the rhizosphere of the two rice
varieties (XS-134 and YD-1) were profiled by amplifying
fragments of the 16S rRNA gene and sequenced using the
Illumina MiSeq platform (Shanghai Meiji Biology Company,
China). Microbial DNA was extracted from 18 samples using
the E.Z.N.A.® DNA Kit (Omega Bio-tek, Norcross, GA, US)
according to the manufacturer’s protocols. The V4-V5 region
of the bacterial 16S rRNA gene was amplified by PCR (95°C
for 2 min; followed by 25 cycles at 95°C for 30 s, 55°C for 30 s,
and 72°C for 30 s; and a final extension at 72°C for 5 min)
using primers 515F 5′-barcode-GTGCCAGCMGCCGCGG)-3′
and 907R 5′-CCGTCAATTCMTTTRAGTTT-3′ (Yin andWang,
2016), where the barcode was an eight-base sequence that
was unique to each sample. PCR reactions were performed in
triplicate 20 µL mixtures containing 4 µL of 5 � FastPfu buffer,
2 µL of 2.5 mM dNTPs, 0.8 µL of each primer (5 µM), 0.4 µL of
FastPfu polymerase, and 10 ng of template DNA. Amplicons
were extracted from 2% agarose gels and purified using the
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union
City, CA, US) according to the manufacturer’s instructions and
quantified using QuantiFluor™ -ST (Promega, US). Purified
amplicons were pooled in equimolar amounts and paired-end
sequenced (2� 250) on an Illumina MiSeq platform according
to the standard protocols. Raw fastq files were demultiplexed
and quality-filtered using QIIME (version 1.17) with the
following criteria: i) the 300 bp reads were truncated at any
site that receives an average quality score of < 20 over a 50 bp
sliding window, and the truncated reads that were shorter than

50 bp were discarded; (ii) the exact barcode was matched and
reads that contain ambiguous characters were removed; and
iii) only sequences that overlap longer than 10 bp were
assembled according to their overlap sequence. Reads that
could not be assembled were discarded. The remaining
sequences of all samples were rarefied to the same
sequencing depth (15000 sequences per sample). Opera-
tional taxonomic units (OTUs) were clustered based on a 97%
similarity cut-off using UPARSE (version 7.1 http://drive5.com/
uparse/) and chimeric sequences were identified and
removed using UCHIME. The taxonomy of each 16S rRNA
gene sequence was analyzed by RDP Classifier (http://rdp.
cme.msu.edu/) against the silva (SSU115) 16S rRNA data-
base using a confidence threshold of 70% (Amato et al.,
2013).

2.4 Network construction

The bacterial operational taxonomic units (OTUs) table was
filtered to remove any OTUs that had a total abundance of
less than 10 sequences across all samples or that were
present in less than 5 sequences of the individual samples.
Relationships among OTU nodes and those between OTUs
and nodes that represent nutrients in soil and plants were
evaluated and graphed using the CoNet app in Cytoscape
software (v3.4.0). Co-occurrence network was constructed
using a method explained by Lima-Mendez et al. (2015). We
selected a Spearman correlation and Kullback-Leibler as
dissimilarity measures. To compute p values, permutation and
bootstrap distributions were generated with 1000 repetitions
each, by shuffling taxon abundances and resampling from
samples with replacement, respectively. Permutations that
were computed for Spearman correlations included a renor-
malization step, which mitigates compositional bias (ReBoot).
Measure-specific p values were merged using Brown’s
method (Brown, 1975) and multiple testing correction was
done with the procedure developed by Benjamini and
Hochberg (1995). Lastly, edges with an adjusted p value of
above 0.05 were ignored.

2.5 Data analysis

A least significant difference (LSD) test was used to monitor
the significance difference among the results of the two rice
varieties (XS-134 and YD-1). Spearman’s correlation was
analyzed to test the relationships among bacterial diversity
and soil and plant factors in rice paddy fields.

3 Results

3.1 Uptake of nutrients by rice plants

At the end of the season, the rice variety YD-1 had greater
uptake of nutrients, including N and P, from the paddy wetland
soils than did the rice variety XS-134 (Fig. 1). The average N
and P uptake by YD-1 was 311 and 40.3 kg ha-1, respectively,
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while the corresponding uptake by XS-134 was 231 and
29.8 kg ha-1, respectively. The difference in nutrient uptake
was mainly due to the significantly higher straw yield in the
rice variety YD-1 than in XS-134 (p = 0.001). The average
straw yield in YD-1 was 12.62 t ha-1, which is 40.3% greater
than that of XS-134. There were no significant differences in

the rice grain yield between the two rice varieties (p>0.05,
Fig. 1).

3.2 Residual soil nutrient content at the end of season

At the end of the rice season, relatively lower residual content
of total N (p<0.001) and total P (p = 0.005) were observed in
soil that was cultivated with YD-1 compared to with XS-134
(Table 1). For P species, 31P-NMR analysis showed that
orthophosphate (p = 0.044) and phosphomonoesters (PME, p
= 0.033) were more abundant in soil that was cultivated with
XS-134. Orthophosphate was the most abundant form of P in
soil that was cultivated with XS-134 and YD-1 rice varieties,
accounting for 60.9%–77.0% of the total extracted P from the
soil samples with mean values of 0.197 mg g-1 and 0.153
mg g-1 for XS-134 and YD-1, respectively. However, the
difference in the soil P content— as measured by the Olsen P
method — between the two rice varieties was found to not be
significant (p>0.05). PME was the most important organic-P
form in soil that was cultivated with both rice varieties (XS-134
and YD-1), accounting for 18.8%–32.5% of the total extracted
P from soil samples. In all soil samples, the abundance of
other organic-P species, such as pyrophosphate and phos-
phodiesters (PDEs), was extremely low, and no significant
difference was found between the two cultivars (XS-134 and
YD-1) (p>0.05).

3.3 Soil bacterial communities under two rice varieties

The high-abundance and low-abundance soil bacterial com-
munities were clustered using the Bray-Curtis distance
algorithm and the complete-linkage method. The similarities
and differences among the communities from each soil
sample are shown with a color gradient (Fig. 2). At the phylum
level (Fig. 3), the soil bacterial communities of XS-134 and
YD-1 are, respectively, Proteobacteria (33.7% and 33.9%),
Chloroflexi (16.1% and 16.5%), Acidobacteria (12.8% and
11.7%), Nitrospirae (11.3% and 10.8%), Bacteroidetes (5.9%
and 5.9%), Chlorobi (3.5% and 3.7%), Verrucomicrobia (2.8%
and 2.5%), Actinobacteria (1.9% and 1.9%), and Firmicutes
(1.8% and 1.9%) (Table 2). The sum of the sequences in
Proteobacteria, Chloroflexi, Acidobacteria, and Nitrospirae
accounts for 73.8% and 72.8% of the total sequences,
respectively. At the genus level (Fig. 4), there were 45 and
44 genera in the soil samples of XS-134 and YD-1 with a soil
bacterial community frequency higher than 0.5%. The
dominant species with a frequency above 2% in the soil
samples of both XS-134 and YD-1 were Nitrospira, Anaero-
lineaceae_uncultured, Chloroflexi_uncultured, Subgroup_6_-
norank, Subgroup_18_norank, Bacteroidetes_vadinHA17_n-
orank, BSV26_norank, and Sva0485_norank; further, these
dominant species did not significantly differ between the two
rice varieties (Table 2). Above a 0.5% frequency, we found
only the following additional bacterial genera were signifi-
cantly different at the p = 0.05 level in the soil samples of the
two rice varieties: SC-I-84_norank, Subgroup_7_norank,

Fig. 1 Yield, contents and cumulative amount of C, N

and P in straw and grain tissues of two rice varieties. Rice

variety name XS indicates Xiushui-134, and YD indicates

Yudao-1.
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Acidobacteriaceae_Subgroup_1_uncultured, Candidatus_-
Solibacter, Bryobacter, Desulfuromonadales_unclassified,
and Subgroup_17_ norank. Despite their significance, these
7 genera when combined occupied only 7.3% and 5.9% of the
total sequences for the XS-134 and YD-1 rice varieties,
respectively (Table 2). However, when comparing OTUs, the
Ace and Shannon index revealed that the diversity of soil
bacterial communities in YD-1 was higher than that of XS-134
(Table 3).

3.4 Relationship between nutrient uptake and residue and soil
bacteria

In a correlation analysis of OTU data, the Ace and Shannon
index demonstrated that the total soil residual P, total-N, and
Ortho-P were negatively correlated with bacterial community
diversity; however, the pH of the soil, plant Grain-P, Grain-N,
and Straw-P were positively correlated with bacterial commu-
nity diversity (Table 4). The results of a network analysis
further showed that the total soil residual P was significantly,
positively, and directly associated with Bryobacter, which
represented 0.9% and 0.8% of the bacterial sequences in the
soil samples of XS-134 and YD-1 (Fig. 5, Table 5). The
association route can be denoted by i) total soil P – Bryobacter
– Bradyrhizobium–SC-I-84-norank – rice straw or ii) total soil P
– Bryobacter – Subgroup-7-norank – Bradyrhizobium – SC-I-
84-norank – rice straw. In these bacterial genera, only the
Subgroup-7-norank and SC-I-84-norank had a frequency that
was above 1%, and Bryobacter and Bradyrhizobium were
both found to be non-dominant bacteria in tested rice of
wetland soils (Table 4). At the same time, in the microbial
network structure, the total P of the soil was indirectly
associated with one dominant strain (Nitrospira), and other
non-dominant strains, such as Subgroup-7-norank, Bradyrhi-
zobium, SC-I-84-norank, GR-WP33-30-norank, and Aqui-
cella, and straw biomass as well. Significant relationships
were also found between Nitrospira (dominant bacteria) and
Bryobacter, and between Subgroup-7-norank (dominant
bacteria) and Chloroflexi_uncultured (dominant bacteria),
though these three dominant bacteria had no association
with the total N of the soil (Table 5). Moreover, network
relationships among the pH of the soil, the total N, Straw-N,
Grain-N, and Grain-P were part of a different module than the
network that had included the total P content (Fig. 5).

4 Discussion

4.1 Feasibility of using rice variety YD-1 to reduce soil residual
nutrients

This study highlighted that it is efficient to use the rice variety
(YD-1) with a high straw biomass for one season to allowmore
uptake of nutrients from the soil. After planting YD-1 for one
season, the total N and P content of the soil was decreased by
22.1% and 9.8%, respectively, compared to the rice variety
XS-134, which was grown prior to 2016 (Table 1). Compared
to the conventional rice variety XS-134, YD-1 could remove
more N and P from paddy wetlands via harvesting, which
effectively lowered the total N and P content that remained in
the soil (Fig. 1, Table 1). In the research site in the Taihu Lake
region, the local rice straw biomass is generally less than 10
t ha-1, and compared to the California rice growing area, we
observed that rice straw was in the range of 9.1–11.7 t ha-1

across four sites (Liang et al., 2014), which were all lower than
that of the YD-1 used in this study. Therefore, the rice variety
YD-1 has the potential to reduce the leaching of N and P from
agricultural wetlands, as well as the eutrophication risk.

Regarding P, in the present study, orthophosphate and
phosphomonoester were the main inorganic and organic
forms of P in the paddy wetland soils, respectively. Rice
variety YD-1 significantly reduced the residual levels of P in
the soil, especially levels of orthophosphate, which were
reduced by 44 mg kg-1 compared to the reduction by XS-134
(Table 1). Orthophosphate included not only available plant P,
but also some insoluble P forms, such as iron phosphate and
calcium phosphate (Traina et al., 1986). A previous study
found that, the presence of large amounts of iron and
aluminum oxides and other substances in acid soils had a
strong fixation effect on soil P (Freese et al., 1992; Yuan and
Lavkulich, 1994), thereby reducing the plant availability of P.
However, in this research study, the plant available P contents
of the respective soil samples of XS-134 and YD-1 were both
higher than the critical Olsen-P value (5 mg kg-1) for acid soils
(Dobermann and Fairhurst, 2000), and there was no
significant difference in the soil Olsen-P content between
the two rice varieties (XS-134 and YD-1) (Table 1). This may
be related to the equilibrium relationship between the release
of available P from total P (including orthophosphate,
monophosphate, etc.) and uptake by the rice plant (Stewart

Table 1 Comparison of soil pH, total C, total N, and P, Olsen-P, orthophosphate and organic-P (PME: Phosphomonoesters, PDE:
Phosphodiesters, and Pyrophosphate) at the end of the season in fields planted to one of two rice varieties.

Variety pH Total C
(mg g-1)

Total N
(mg g-1)

Total P
(mg g-1)

Olsen-P
(mg kg-1)

Orthophosphate
(mg kg-1)

PME
(mg g-1)

PDE
(mg g-1)

Pyrophosphate
(mg g-1)

XS-134
5.411
±0.031 b

25.594
±1.606 a

2.771
±0.167 a

0.443
±0.071 a

7.380
±2.291 a

197
±55 a

0.062
±0.005 a

0.009
±0.002 a

0.002
±0.001 a

YD-1
5.483
±0.064 a

23.744
±1.475 b

2.185
±0.154 b

0.365
±0.018 b

6.710
±1.322 a

153
±22 b

0.056
±0.007 b

0.011
±0.003 a

0.003
±0.001 a

Means followed by same lowercase letter is not significantly different between the two rice varieties for each soil parameter (p > 0.05).
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Fig. 2 The relative abundance of microbial clusters at the genus level (rows) in 18 samples (columns) from rice paddy wetlands.

Sample names beginning with X indicate fields planted to Xiushui-134, and names beginning with Y indicate Yudao-1.
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and Tiessen, 1987). Previous studies have shown that, apart
from some organic P species with low molecular weight, most
organic P could not be absorbed and utilized by plants until it
was bio-transformed into inorganic P (Makarov et al., 2005).

4.2 Connection of nutrient and soil bacterial community
structure

The diversity of soil bacterial communities of the rice variety
YD-1 was higher than that of XS-134 (Table 3), which was
associated with a decrease in the total soil P and N in paddy
wetlands (Table 2). However, the change in bacterial commu-
nity diversity was mainly caused by a change in the non-
dominant species, and there was no significant difference in
the frequency of dominant bacteria between the two rice
varieties (Table 4). These results indicate that the rice variety
YD-1 had no significant effect on the dominant bacterial
communities in tested paddy wetlands, which may be due to
the sufficient background nutrients in the paddy soil of the
experimental area. Before planting of the rice variety YD-1, the
total soil N and P concentrations were as high as 2.81 mg g-1

and 0.41 mg g-1, respectively. Generally, the contribution of
crop varieties that affect the microbial community, which
includes bacteria, is higher in low-fertile soils (Yao et al., 2018;
Chowdhury et al., 2019).

To determine the connection between nutrient and micro-
bial community structures, a network analysis was used.
However, only a simple network module was found among the
total P of the soil, soil bacteria, and the rice straw biomass
(Fig. 5), possibly due to the condition of soil with high nutrient

content. Among soil bacteria, Bryobacter and Bradyrhizobium
have direct and indirect associations with the total P of the soil.
Further, Bryobacter is a peat-inhabiting, aerobic chemo-
organotroph Acidobacteria that was first isolated from a
sphagnum peat bog sample obtained in the Bakchar Tomsk
region of Russia in 2005 (Kulichevskaya et al., 2010), and to
date its ecological implications are unknown. Bradyrhizobium
is the genus of Gram-negative nodule bacteria that fix
atmospheric N in root nodules of legume plants and enhance
soil N levels. Nitrospira, as a dominant bacterium in paddy
soil, has been widely reported as responsible for nitrite
oxidation in biogeochemical N cycling in agricultural ecosys-
tems (Han et al., 2017; Zhang et al., 2017). In this study,
Nitrospira was also indirectly associated with the total P
content of the soil, indicating Nitrospira is sensitive to land
management, even in acid, high-fertile paddy soil. This finding
is in accordance with that of Han et al. (2017), which also
found that the abundance of Nitrospira was always greater
than that of other bacteria, such as Nitrobacter, and that its
abundance was affected by rice-growing and straw incorpora-
tion, while that of Nitrobacter was not.

4.3 Perspectives on using rice variety with a high straw
biomass

Under the current practice of fertilizer application (a high input
of fertilizer), the issue of a soil nutrient surplus in agricultural
wetlands and its associated non-point source pollution cannot
be completely solved, unless continuous changes in the
planting patterns of rice varieties are implemented. The

Fig. 3 Microbial community structure at the phylum level in soils planted to one of two rice varieties. Sample names beginning

with X indicate fields planted to Xiushui-134, and names beginning with Y indicate Yudao-1.
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number of seasons that can be continuously planted with
YD-1 still depends on its impact on nutrient and microbial
community structures. In this study, we only collected rhizo-
sphere soil after the harvest (maturity) of rice plants to
investigate any seasonal effects. However, the microbial
diversity that was presented after the harvest may be different
from that of the stage where roots are more active in terms of
nutrient uptake, such as stages of early vegetation to
flowering. Thus, it would be better if these different stages
are taken into account when evaluating the impact of rice
variety on microbial community structures.

Another concern is whether the rice straw was retained. In
this study, rice straw was harvested for the environmental

purpose of the net removal of nutrients from the rice field
system. In most conservation agriculture systems, straw
mulch seems to be significantly retained in cropping fields to
maintain soil fertility (Campiglia et al., 2014; Palm et al., 2014;
Pittelkow et al., 2015). Under this type of management, high
biomass production with more C supplies may stimulate more
microbial activity (Tejada and Benitez, 2014; Singh et al.,
2016). Thus, it is expected that the relationships between
nutrient availability, plant growth, C release, and microbial
changes and activities differ from those of this study.

The present study was based on a short-term assessment
and validated the possibility for future use of rice straw to
immobilize non-point source pollutants, such as N and P

Fig. 4 Microbial community structure at the genus level in soils planted to one of two rice varieties. Sample names beginning

with X indicate fields planted to Xiushui-134, and names beginning with Y indicate Yudao-1.
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Table 2 Bacterial abundance in soils planted to one of two rice varieties.

Variety XS-134 Variety YD-1 p-value

Nitrospira 11.28±2.79 10.77±1.65 0.536

Anaerolineaceae_uncultured 6.33±1.57 6.84±1.76 0.659

Chloroflexi_uncultured 3.85±0.63 3.54±0.44 0.377

Subgroup_6_norank 2.43±0.75 2.58±0.65 0.825

Subgroup_18_norank 2.34±0.45 2.18±0.34 0.596

Bacteroidetes_vadinHA17_norank 2.34±0.66 2.59±0.36 0.288

BSV26_norank 2.26±0.31 2.51±0.31 0.064

Sva0485_norank 2.02±0.39 2.16±0.51 0.536

KD4-96_norank 1.83±0.37 1.86±0.45 1.000

SC-I-84_norank 1.76±0.24 1.40±0.38 0.027

Xanthobacteraceae_uncultured 1.68±0.32 1.67±0.21 0.965

GR-WP33-30_norank 1.57±0.22 1.51±0.28 0.536

Parcubacteria_norank 1.48±0.49 1.47±0.31 0.860

OPB35_soil_group_norank 1.39±0.48 1.39±0.56 0.930

Sideroxydans 1.36±0.35 1.48±0.23 0.200

Nitrosomonadaceae_uncultured 1.33±0.41 1.38±0.23 0.377

Subgroup_7_norank 1.25±0.35 0.92±0.26 0.027

Desulfobacca 1.20±0.26 1.29±0.20 0.354

Syntrophaceae_uncultured 1.12±0.17 1.11±0.13 0.566

Bacteria_unclassified 1.09±0.24 1.35±0.28 0.052

DA101_soil_group_norank 1.09±0.52 0.87±0.40 0.354

WCHB1-69_norank 1.05±0.37 0.87±0.34 0.200

Aminicenantes_norank 1.05±0.38 1.12±0.25 0.596

Acidobacteriaceae_Subgroup_1_uncultured 1.03±0.41 0.67±0.15 0.010

Gemmatimonadaceae_uncultured 1.00±0.21 0.91±0.27 0.536

Gallionellaceae_unclassified 0.96±0.43 1.09±0.34 0.216

Thiobacillus 0.96±0.17 1.05±0.33 0.479

Candidatus_Solibacter 0.94±0.24 0.66±0.29 0.042

Pseudolabrys 0.93±0.28 0.98±0.21 0.536

Bryobacter 0.89±0.22 0.67±0.14 0.034

Anaeromyxobacter 0.89±0.27 0.89±0.23 1.000

Sulfuricurvum 0.86±1.59 0.52±0.34 0.216

43F-1404R_norank 0.79±0.30 0.58±0.33 0.289

Haliangium 0.76±0.09 0.80±0.11 0.250

Syntrophorhabdus 0.76±0.08 0.71±0.10 0.157

Desulfuromonadales_unclassified 0.73±0.12 0.60±0.13 0.034

Chloroflexi_unclassified 0.71±0.20 0.83±0.27 0.508

Latescibacteria_norank 0.70±0.25 0.73±0.18 0.536

Geobacter 0.69±0.08 0.61±0.19 0.216

Subgroup_17_norank 0.66±0.24 0.93±0.15 0.027

DA111_norank 0.64±0.23 0.46±0.15 0.058

Bacillus 0.64±0.17 0.75±0.21 0.233

Xanthomonadales_uncultured 0.62±0.25 0.73±0.27 0.377

Bradyrhizobium 0.56±0.11 0.45±0.14 0.093

Ignavibacterium 0.50±0.1 0.49±0.14 0.723

Sorangium 0.49±0.11 0.41±0.14 0.157

Betaproteobacteria_unclassified 0.49±0.18 0.35±0.05 0.027

Spirochaeta_2 0.49±0.1 0.63±0.17 0.077

Gallionellaceae_uncultured 0.46±0.31 0.56±0.18 0.063

Results of a t-test comparing soils from each variety are shown for OTUs with frequency for at least one variety greater than 0.5%.
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Table 3 Number of Operational Taxonomic Units (OTUs) observed, and Ace and Shannon indices of soil samples.

Samples Number of OTUs Ace Shannon

XS_1_1 2223 2815 6.74

XS_1_2 2149 2797 6.58

XS_1_3 2165 2847 6.70

XS_2_1 2136 2760 6.58

XS_2_2 2060 2617 6.68

XS_2_3 2029 2712 6.57

XS_3_1 2150 2810 6.60

XS_3_2 2145 2741 6.66

XS_3_3 2055 2653 6.54

Mean 2124 b 2750 b 6.63 b

YD_1_1 2222 2946 6.60

YD_1_2 2275 2848 6.80

YD_1_3 2256 2882 6.77

YD_2_1 2149 2852 6.63

YD_2_2 2243 2827 6.70

YD_2_3 2155 2736 6.69

YD_3_1 2251 2815 6.74

YD_3_2 2259 2859 6.74

YD_3_3 2166 2809 6.70

Mean 2220 a 2842 a 6.71 a

The total number of sequences in each sample was 16199. Sample names beginning with X indicate fields planted to Xiushui-134, and names

beginning with Y indicate Yudao-1. Means followed by same lowercase letter is not significantly different between the two rice varieties (p > 0.05).

Table 4 Correlation coefficients from evaluations of the relationship between soil and plant factors in rice paddy fields and measures of diversity
(total number of OTUs, and Ace and Shannon indices).

Number of OTUs Ace Shannon

pH 0.558* 0.398 0.507*

Total C -0.411 -0.303 -0.480*

Total N -0.681** -0.572* -0.608**

Total P -0.585* -0.712** -0.344

Olsen-P -0.159 -0.389 -0.057

Organic-P -0.430 -0.250 -0.387

Orthophosphate -0.525* -0.454 -0.447

PME -0.345 -0.371 -0.340

PDE 0.127 0.061 0.088

Pyrophosphate 0.038 -0.071 0.195

Straw-P 0.541* 0.443 0.483*

Grain-P 0.667** 0.612** 0.437

Straw-N -0.034 -0.146 -0.053

Grain-N 0.512* 0.391 0.357

Straw-C 0.464 0.379 0.252

Grain-C 0.405 0.161 0.243

Straw-yield 0.349 0.226 0.317

Grain-yield 0.060 0.229 0.179

* indicates p<0.05, ** indicates p<0.01
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Table 5 Selected interactions (absolute value of correlation coefficient > 0.25 and p<0.001) between OTU nodes, or between OTUs and other
soil and plant parameters.

Interaction Correlation coefficient

Gemmatimonas and Chloroflexi-uncultured 0.913

Draconibacteriaceae-uncultured and Sh765B-TzT-29-norank -0.913

Roseomonas and Alcaligenaceae-uncultured 0.907

TK10-norank and Chloroflexi-uncultured 0.902

Roseomonas and Gemmatimonadaceae-uncultured -0.885

JG30-KF-CM66-norank and Chloroflexi-uncultured 0.877

Spirochaetaceae-uncultured and Bacteroidetes-BD2-2-norank 0.877

Total-P and Orthophosphate 0.876

43F-1404R-norank and JG30-KF-CM66-norank 0.863

43F-1404R-norank and Nitrospira 0.834

Acidibacter and DA111-norank 0.810

Thermoanaerobaculum and Deltaproteobacteria-unclassified 0.807

Chloroflexi-unclassified and Sva0485-norank 0.799

GR-WP33-30-norank and Sh765B-TzT-29-norank 0.789

Total-P and Olsen-P 0.775

Gemmatimonadaceae-uncultured and TK10-norank 0.774

KD4-96-norank and Subgroup-6-norank 0.766

Desulfobacca and SB-5-norank 0.752

SC-I-84-norank and Bradyrhizobium 0.744

vadinBA26-norank and Dehalococcoidia-unclassified 0.732

Aquicella and SC-I-84-norank 0.727

Subgroup-7-norank and Bryobacter 0.709

Nitrospira and Bryobacter 0.707

Bryobacter and Bradyrhizobium 0.690

BSV13-norank and WCHB1-69-norank 0.688

SC-I-84-norank and Straw 0.676

Subgroup-7-norank and Bradyrhizobium 0.662

Subgroup-7-norank and Chloroflexi-uncultured 0.637

Total-N and total-C 0.635

Grain-P and grain-N 0.628

JG30-KF-CM66-norank and Bacteroidetes-unclassified 0.608

Bacteroidetes-unclassified and Chloroflexi-uncultured 0.608

Gemmatimonadaceae-uncultured and Alcaligenaceae-uncultured 0.591

Gallionellaceae-unclassified and Syntrophobacteraceae-uncultured 0.575

Total-P and Bryobacter 0.502

GR-WP33-30-norank and SC-I-84-norank 0.419

Xanthomonadales-uncultured and Alcaligenaceae-uncultured 0.390

Sva0485-norank and Nitrospira 0.390

Acidobacteriaceae-subgroup-1-uncultured and Candidatus-Koribacter 0.388

Sva0485-norank and Gemmatimonadaceae-uncultured 0.361

Enterococcus and Bacillus 0.359

Pairs in bold font include factors known a priori to be important in nutrient cycling, and may indicate relationships worth exploring in future studies.
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content of soil. We also found that the microbial structure
function was not overly disturbed during this process, which
was conducive to the sustainability and stability of soil
function. Relevant future research is beneficial to the under-
standing of plant-microbe interactions that drive biogeochem-
ical processes. However, in order to better understand the
relationship between rice plant and rhizosphere microbes,
long-term assessment is necessary. Future research should
begin with metagenomics and conduct longer-term observa-
tions to obtain more complete results.

5 Conclusion

Weobserved that the high-straw rice variety (YD-1) consumes
more nutrients and causes less total residual N and P content
of the soil to remain. Under high nutrient status, an effect of
rice variety on the frequency of the dominant species of soil
bacteria was not observed. The difference in bacterial
community diversity between rice varieties was primarily due
to changes in non-dominant species. The total P of soil has an
indirect association with rice straw biomass via soil non-
dominant species. Future studies should further investigate
the continuous seasonal effects of rice variety changes on the

relationships between chemical properties of soil and micro-
bial communities. In addition, this study only focused on
rhizosphere soil; thus, additional studies are needed for a
comprehensive understanding of microbial communities in
root, rhizosphere, and bulk soils.
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