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Sustainable agriculture has become a common trend in countries around the world. This

includes returning straw to the field as part of sustainable crop production. However,

it is not known whether changing the amount of straw returned to the field will lead to

changes in the microbial community during decomposition and subsequent nutrient use

by the next season’s crop. The design included three treatments: (1) all the summer

maize stalks returned to the field (SR); (2) half the summer maize stalks returned to the

field (HSR); and (3) no summer maize stalks returned to the field (control: CK), base on all

the winter wheat stalks were returned to the field. Compared with CK, the annual yield of

SR treatment and HSR treatment increased by 18.8 and 17.3%, respectively. However,

there are no significant difference in crop yield between the SR and HSR treatments.

Compared with CK, the Proteobacteria increased by 29.9% in SR and 31.2% in HSR,

which is the second most common bacterium during the maturity stage of maize season.

Different crops season have an important impact on soil microbial community function

(ANOSIM, R= 0.5209, P= 0.001). The PCoA analysis of the Faprotax function prediction

found that the functional composition in the wheat planting period (wheat jointing and

wheat harvest) was more similar, and the functional composition of maize planting period

(maize tasseling and maize harvest) was more similar. The HSR can significantly increase

the diversity of species in the soil to meet the nutritional demands for crop growth for

achieve high and stable crop yield.

Keywords: straw returned, yield, microbes, community structure, double-cropping systems

INTRODUCTION

The relationship between the functional diversity and the species diversity of above-ground plants
and underground microbes is an important issue for understanding current ecosystem processes
(Andersen et al., 2010). Focusing on this issue will improve our understanding of complex agro-
ecosystems which will benefit both the restoration of ecosystem functions and the realization
of agricultural functions (McGrady-Steed et al., 1997; Bardgett and Wardle, 2003). In previous
research, the above-ground and underground parts of ecosystems have been traditionally isolated
for scientific research. There is now a growing recognition of the interactions among these
components and the fundamental role of above-ground and underground feedbacks in controlling
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ecosystem processes and characteristics (Grime, 2001; Van der
Putten et al., 2001; Bardgett and Wardle, 2003). There is
now a growing recognition of the interactions among these
components and the fundamental role of above-ground and
underground feedbacks in controlling ecosystem processes and
characteristics (Grime, 2001; Van der Putten et al., 2001; Bardgett
and Wardle, 2003). The organisms associated with roots and
microorganisms have a more direct impact on plants, while at
the same time affecting the energy and nutrient flows between
plants and microorganisms (Wardle et al., 2004). Studying the
interaction between communsities and ecosystems is an area of
great interest and requires focus on both the above-ground and
underground systems.

There is growing evidence that above-ground plant species
have an important impact on the root system and microbial
communities in the soil, while changes in underground
organisms can also affect the structure and function of above-
ground communities. The composition of the soil biota and
its adjustment process are greatly affected by different plant
species and different amounts of resources returning to the soil.
For example, the composition of the microbiome around the
roots of different grass species varies, which helps explain why
there is different species richness of soil microbes in mixed
grasslands (Bardgett et al., 1999). In forests, differences in
the secretions produced by co-existing tree species explain the
scattered distribution and functionality of soil organisms caused
by the “single tree” effect (Saetre and Baath, 2000). In the crop-
soil-environment system, the turnover and use of soil nutrients
by different crops are mainly achieved by changing the microbial
composition and activities (Zhu et al., 2018). At the same time,
the process of straw decomposition is also influenced by soil
texture, straw quality and climate (Blanco-Canqui and Lal, 2008),
and the response of soil microbiome to different stages of straw
decomposition is different (Shen et al., 2016).

Agricultural sustainability is a way to make full use of
environmental products and services without harming the
environment. The return of straw as a means of sustainable
agricultural development has been replicated throughout the
world (Kesavan and Swaminathan, 2007). As part of the focus of
increased environmental protection by the Chinese government
in recent years, a series of measures has been introduced
to prevent the burning of straw waste to reduce pollution
(Ni et al., 2015). Straw application increases the microbial
metabolic activity and vinasse amendment causes positive
or negative effects on different microbial groups (Pitombo
et al., 2015; Suleiman et al., 2018). At the same time, straw
incorporation management affects the community structure of
soil microorganism, because the incorporation alters their habitat
and provides abundant carbon sources (Wang et al., 2014). Straw
could improve microbial activity and flora growth, microbial
secretions, fungal mycelium which made soil particles cement
composite, improved soil structure and promote the formation
of soil agglomerates (Zhong et al., 2020). Microbial communities
played a critical role in regulating the rate and extent of
organic matter decomposition, which strongly determined soil
nutrient composition. Hence, the altered soil nutrient status
may be the result of modification of microbial communities
(Sun et al., 2020).

The Huanghuaihai area of China has a typical winter
wheat-summer maize (corn) double-crop planting model, where
experiments have been carried out to see if returning all the straw
to the field brings diseases or reduces yields. HSR is beneficial
to promote the development of summer corn root system and
nutrient accumulation through many years of positioning test
verification (Gao et al., 2018). However, the relationship between
the amount of returned summermaize residues and soil microbes
dynamics under double-cropping system is still unclear. The
purpose of this study was: (i) to explore the effects of returned
summer maize straw on the soil microorganisms across winter
wheat-summer maize annual rotation system; (ii) to explore the
impact of the diversity of bacterial communities; and (iii) to
explore the impact of different amount of straw returned on
the bacterial coexistence network. This research could give some
additional information to optimize management measures to
achieve sustainable agriculture.

MATERIALS AND METHODS

Experimental Area, Design, and Treatments
This study was conducted from 2012 to 2019 at the State Key
Laboratory of Crop Biology and Experimental Farm of Shandong

Agricultural University, China (36◦11
′

N, 117◦06
′

E, 151m
above sea level). The weather conditions in the maize growing
season are shown in Supplementary Figure S1. This region is
characterized by brown loam soil and has a temperate continental
monsoon climate. The basic physical and chemical properties of
the brown loam soil after successive years of straw return in the
harvest stage of maize are shown in Supplementary Table S1.

The experiment was arranged as a randomized block design
with three replicates, and it included the following three
treatments: All the winter wheat straw produced in a season
was pulverized mechanically by a harvester and returned to
the field using a rotary cultivator, and then maize was sown.
The experiment included the following three treatments. (1) all
summer maize stalks produced returned to the field (SR), (2)
half of the summer maize stalks produced returned to the field
(HSR), (3) All summer maize stalks were removed from the
experimental area (CK). The amount of stover returned to the
field in 2012–2016 can be found in Gao et al. (2020).

Sampling and Measurements
The grain yield (moisture content is approximately 14%) of
summer maize at the physiological maturity stage (R6) was
estimated from 30 consecutive plants in each row for measure
grain yield.

The grain yield (moisture content is∼12%) of winter wheat at
maturity was estimated from all the remaining ears within three
representative areas of 1× 1.5m for measure grain yield.

The Period and Method of Soil Microbial
Sampling
In 2017, the soil sampling for each treatment was carried
out during the jointing stage (April 7) and the harvesting
stage (June 8) of the wheat season, the tasseling stage (August
3) and the maturity stage (October 1) of the maize season
(Supplementary Figure S2). The main reasons for choosing
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TABLE 1 | Effect of different amount of corn stover returned to the field on yield and its components of summer maize and Winter wheat in 2017.

Treatment Winter wheat Summer maize Annual yield

(kg ha−1)
Harvest ear

number

(Million ears ha−1)

Grains per

ear

1,000-grain

weight (g)

Yield

(kg ha−1)

Harvest ear number

(Ten thousand ears

ha−1)

Grains per

ear

1,000-grain

weight (g)

Yield

(kg ha−1)

SR† 6.04a‡ 50.3a 31.8ab 10,843a 6.12a 495.8a 347.9a 12,032a 22,875a

HSR 5.71b 48.2b 33.5bc 10,328a 6.12a 496.1a 350.5a 12,244a 22,572a

CK 4.43c 45.7c 34.5c 7,815b 6.18a 480.7b 340.8b 11,436b 19,251b

†SR, all winter wheat straws and all summer maize stalks were mechanically pulverized and returned to the field; HSR, all winter wheat straws and half of the summer maize stalks

were mechanically pulverized and returned to the field; and CK, all winter wheat straws were mechanically pulverized and returned to the field, whereas all summer maize stalks were

fully remove.
‡Different letters in each column indicate significant differences at P < 0.05 (Duncan’s multiple range test).

these four growth periods are: 1. After entering the jointing of
winter wheat, the tillers rapidly differentiate between effective
and ineffective polarization, and the boundaries are gradually
clear. The leaf area and the length and volume of the stem
and ear dozens of times. 2. The harvest period is the key
growth period for crop growth. 3. The flowering period is the
key period in the process of maize growth and development
from vegetative growth to reproductive growth. At the same
time, the four growth periods are separated by 2 months,
which can better represent the annual microbial dynamics. A
200 g sample of the 0–20 cm soil layer was taken and stored
at −80◦ C (five-point sampling method). The total genomic
DNA of 1 g of the soil sample was extracted according to the
E.N.Z.A.TM Soil DNA Kit (Omega, USA). The concentration
and quality of DNA were measured by NanoDrop 2000
photophotometer (U.S. Thermal Science) and 1% Agarose gel
electrophoresis. The V3–V4 hypervariable region of the 16S
rRNA gene was amplified using a bacterial universal sequencing
primer (338F 5’- ACTCCTACGGGAGGCAGCAG-3’; 806R
5’-GGACTACHVGGGTWTCTAAT-3’). The sequencing
platform used the Illumina MiSeq PE250 sequencer. The
original sequencing data has been stored in the NCBI
Sequence Read Archive (SRA) database under Accession
Number PRJNA636222.

Statistical Analysis
The raw data has been analyzed using USEARCH v. 10.0
software (Edgar, 2013). Sequences into OTUs with 97%
similarity has clustered through UPARSE-OTU algorithm, and
the representative sequence of each OTU of the 16S rRNA
gene has classified through the SILVA database (version 123
https://www.arb-silva.de/). The beta diversity of the samples
was analyzed using the principal co-ordinates analysis method
(PCoA). The alpha diversity indices, including ACE, Chao 1,
Shannon, and Simpson, were calculated using Mothur v. 1.34.4.
All statistical calculations of 16S rRNA genes in soil samples
were performed based on rarefied OTU analysis, with a depth
of 26,251 sequences, and bacterial sequences were clustered
into 5,376 OTUs (Supplementary Figure S3). The potential
microbial functional profiles of bacterial rarefied OTU level
data were predicted using FAPROTAX v. 1.1 (Louca et al.,
2016). ANOVA and Spearman/Pearson correlation analysis were

performed using SPSS (IBM Corporation, USA). Finally, to
explore microbial interactions, co-occurrence network analyses
were carried out through the Molecular Ecological Network
Analyses Pipeline (MENA, http://ieg4.rccc.ou.edu/MENA/main.
cgi), and Gephi software was used to make networks diagrams
(https://gephi.org/) (Deng et al., 2012).

RESULTS

Yield and Its Composition of Winter Wheat
and Summer Maize
SR and HSR can significantly increase yield of winter wheat and
summer maize. At the winter wheat season, the yields of the
SR treatment and HSR treatment increased by 38.7 and 32.1%,
respectively; the harvest ear number increased by 36.3% in SR
and by 28.9% in HSR, compared with that in CK. At the summer
maize season, the yields of the SR treatment and HSR treatment
increased by 5.2, 7.0%, respectively; the number of kernels per ear
increased by 31.4% in SR and by 32.0% in HSR, compared with
that in CK (Table 1).

Soil Bacterial Alpha Diversity and Beta
Diversity
In order to focus on species within the community, an
analysis of alpha diversity was performed. The α diversity
of CK changed relatively little over time, the OTUs and
Chao1 showed an upward trend, and the Shannon and
Simpson indices showed a downward trend. The shift of
α diversity of the returned straw treatment was larger in
different periods. The Shannon and Simpson indices of the
HSR treatment decreased first, then increased and then
decreased. The four indices in the SR treatment showed a
trend of increasing first, then decreasing and then increasing
(Figure 1).

The effects of different amounts of straw returning on
bacterial community structure based on the PCoA and ANOSIM
tests. Differences in the amount of straw returned (Figure 2A,
ANOSIM, R = 0.2764, P = 0.001) and seasonal differences
(ANOSIM, R = 0.2492, P = 0.001) significantly affected the
overall bacterial community structure. The bacterial community
structure of SR, HSR and CK was significantly different
(Figures 2B–E, ANOSIM, P = 0.001). The bacterial community
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FIGURE 1 | Effect of different amounts of corn straw returned to the field on the alpha diversity of soil bacteria. WJ, the jointing stage of the wheat season; WH, the

harvesting stage of the wheat season; MT, the tasseling stage of the corn season; MH, the maturity stage of the corn season.

structure was more heterogeneous in the wheat harvest season
(Figure 2C, ANOSIM, R = 0.564, P = 0.001) and the maize

harvest season (Figure 2E, ANOSIM, R = 0.597, P = 0.001) in

the same season.

Bacterial Community Composition and
Differences
Ten dominant phyla with relative abundances >1% of the total
number of sequences were selected for species composition
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FIGURE 2 | Effect of different amounts of corn straw returned to the field on the beta diversity of soil bacteria. (A) PCoA Analysis of Bacteria Based on Bray-curtis

Dissimilarity OTU Matrix. (B) PCoA analysis in the jointing stage of the wheat season. (C) PCoA analysis in the harvesting stage of the wheat season. (D) PCoA

analysis in the tasseling stage of the corn season. (E) PCoA analysis in the maturity stage of the corn season.

analysis. Different amounts of returned maize straw had no
significant effect on the dominant bacteria at the phylum
level. Acidobacteria was the most dominant bacterium
(30.1%), followed by Chloroflexi (30.1%), Proteobacteria
(11.9%), Actinobacteria (9.7%), Gemmatimonadetes (5.8%),
Firmicutes (5.5%), Nitrospirae (3.5%), Saccharibacteria (3.4%),
Laterscibacteria (2.8%), and Bacteroidetes (2.3%). Compared
with CK, the Proteobacteria increased by 29.9% in SR and
31.2% in HSR, which is the second most common bacterium
during the maturity stage of the maize season (Figure 3A).
However, different amounts of returned maize straw had no
significant effect on the dominant bacteria at the family level.
Among these, norank_Acidobacteria was the most dominant
bacterium (17.0%), followed by Blastocatellaceae_Subgroup_4
(6.1%), norank_KD4-96 (5.9%), Gemmatimonadaceae (5.4%),
Acidobacteriaceae_Subgroup_1 (4.2%), norank_Nitrospira
(2.3%), norank_Saccharibacteria (2.1%) (Figure 3B).

Welch’s t-test was carried out on the microorganisms between
each pair of treatments at the genus level. There were 59 different
differential microorganisms between the three treatments
at the jointing stage of the wheat season, belonging to six
phyla (Actinobacteria, Bacteroidetes, Chloroflexi, Firmicutes,
Gemmatimonadetes, Proteobacteria), and six differential
microorganisms of Rhizobiales (Bradyrhizobium, Rhodoplanes,
Nordella, Rhizomicrobium, Roseiarcus, Pseudolabrys), all of
which were abundant in HSR (Supplementary Figure S4).
There were 83 different differential microorganisms between
the three treatments at the harvesting stage of the wheat
season, belonging to eight phyla (Actinobacteria, Bacteroidetes,
Chloroflexi, Firmicutes, Gemmatimonadetes, Planctomycetes,

Proteobacteria, Verrucomicrobia) (Supplementary Figure S5).
There were 58 different differential microorganisms between
the three treatments at the tasseling stage of the maize season,
belonging to eight phyla (Actinobacteria, Bacteroidetes,
Chloroflexi, Firmicutes, Gemmatimonadetes, Planctomycetes,
Proteobacteria, Verrucomicrobia) (Supplementary Figure S6).
There were 77 different differential microorganisms between
the three treatments at the maturity stage of the maize season,
belonging to 10 phyla (Actinobacteria, Armatimonadetes,
Bacteroidetes, Chloroflexi, Cyanobacteria, Firmicutes,
Gemmatimonadetes, Planctomycetes, Proteobacteria,
Verrucomicrobia) (Supplementary Figure S7), and 13
differential microorganisms of Rhizobium, all of which were
abundant in HSR and SR.

At the genus level, 22 dominant genera with an abundance
>0.5% were selected. The dominant genera in the four periods
changed slightly between Bradyrhizobium, Mesorhizobium,
and Rhizomicrobium). These belong to Proteobacteria,
Alphaproteobacteria, and Rhizobiales, respectively, and they are
involved in nitrogen fixation for ammonia (NH3) or ammonium
(NH+

4 ). The relative abundance of the three genera was highest
in the SR treatment across the whole winter wheat-summer
maize season. The relative abundance of Bradyrhizobium in
HSR treatment was significantly higher than that in the SR
treatment, and the relative abundance of Rhizomicrobium in
HSR treatment was significantly higher than that in the SR and
the CK treatment, at 0.066 and 0.041, respectively, in the jointing
stage of the wheat season. Compared with the CK and SR
treatments, the relative abundance ofMesorhizobium in the HSR
treatment was the highest at 0.065, but this difference was not
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FIGURE 3 | Effect of different amounts of corn straw returned to the field on phylum and family level of bacterial species. J, the jointing stage of the wheat season; H,

the harvesting stage of the wheat season; T, the tasseling stage of the corn season; M, the maturity stage of the corn season; SR, all winter wheat straw and all

summer maize stalks were pulverized mechanically and returned to the field; HSR, all winter wheat straw and one-half of the summer maize stalks were pulverized

mechanically and returned to the field; CK, all winter wheat straw was pulverized mechanically and returned to the field, whereas all summer maize stalks were

completely removed.
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FIGURE 4 | Effect of different amounts of corn straw returned to the field on the genus and difference of dominant bacteria. (A) The jointing stage of the wheat

season. (B) The harvesting stage of the wheat season. (C) The tasseling stage of the corn season. (D) The maturity stage of the corn season. Note: different letters in

each column indicate significant differences at P < 0.05 (Duncan’s multiple range test).

significant. In the tasseling stage of the maize season, the relative
abundances of Bradyrhizobium and Rhizomicrobium in HSR
were significantly higher than those in the CK and SR treatments,
at 0.0062 and 0.0062, respectively. The relative abundance of
Mesorhizobium of HSR was 0.0042, which was the highest among
the three treatments and significantly higher than that of the SR
treatment. The presence of Bryobacter of the acid bacillus may be
related to CO2 or soil nutrient cycling. The relative abundance
of Bryobacter in the HSR treatment was highest in both the
returned straw seasons, at 0.012 (significantly higher than the CK
treatment in the wheat jointing stage) and 0.006 (significantly
higher than the CK and SR treatments in the maize tasseling
stage). At the wheat harvest stage, the percentage of Nitrolancea,
which was mainly involved in nitrite oxidation, increased in
SR and HSR by 125 and 68%, respectively, compared with CK.
At the maize harvest stage, compared with CK, Rhodanobacter,
which may be involved in denitrification, increased in SR and
HSR by 78 and 95%, respectively (Figure 4).

Bacterial Co-occurrence Network
Relationships
The Faprotax predictive results showed that the bacteria
covered many metabolic functions and were highly enriched
in chemoheterotrophy, nitrification, aerobic nitrite oxidation

and reduction of nitrate. The PCoA analysis of the Faprotax
function prediction found that the functional composition in
the wheat planting period (wheat jointing and wheat harvest)
was more similar, and the functional composition of maize
planting period (maize tasseling and maize harvest) was more
similar. Different crops season have an important impact on
soil microbial community function (ANOSIM, R = 0.5209, P =

0.001) (Supplementary Figure S8). There was some correlation
between different sampling periods [e.g., wheat jointing-maize
tasseling (R= 0.441, P = 0.001∗ ∗ ∗)] (Figure 5).

Network analyses based on the wheat and maize seasons were
constructed for finding the potential keystone taxa. The overall
topological index showed that the power-law model (power-law
R2, with a range of 0.791–0.938) was close to 1, indicating that
most nodes in the network linked a small number of edges, while
a small number of nodes linked a large number of edges, which is
in line with scale-free networks. In the coexisting network, the
three treatments (CK, HSR, and SR) had a similar number of
nodes. The number of total links and average degree (avgK) of
the returned straw treatments (HSR, SR) were significantly higher
than those of CK in the wheat season. The number of total links
of SR and HSR increased by 43.5 and 52.4%, compared with that
of CK, the average degree (avgK) of each node of SR and HSR
increased by 33.8 and 31.5%, compared with that of CK, under
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FIGURE 5 | Correlation between different sampling time periods. WJ, the

jointing stage of the wheat season; WH, the harvesting stage of the wheat

season; MT, the tasseling stage of the corn season; MH, the maturity stage of

the corn season.

the wheat season (Figures 6B,C; Supplementary Table S2). In
the maize season, the number of total links increased by 2.5% in
HSR and 157.7% in SR, compared with that in CK (Figures 6E,F;
Supplementary Table S2). This showed that the returned straw
treatment increased the interaction between microorganisms,
resulting in a more complex network structure.

The returned straw treatments significantly increased the
number of keystone OTUs in the soil bacterial communities.
In the wheat season, there were 21 keystone OTUs in the
bacterial community in the CK treatment, which focused
on Acidobacteria, Gemmatimonadetes, and Proteobacteria, 26
keystone OTUs in the bacterial community in the HSR treatment,
which belong to Acidobacteria, Actinobacteria, Chloroflexi
and Proteobacteria, and 25 keystone OTUs of the bacterial
community in the SR treatment, which belong to Acidobacteria
and Proteobacteria (Figure 7A). The number of keystone OTUs
for Actinobacteria and Proteobacteria showed the main increases
with returned straw (SR and HSR) in the wheat season.
In the maize season, there were 21 keystone OTUs in the
bacterial community in the CK treatment, which focused
on Acidobacteria, Actinobacteria, and Gemmatimonadetes, 28
keystone OTUs in the bacterial community in the HSR treatment,
which focused on Acidobacteria, Actinobacteria, Chloroflexi
and Proteobacteria, and 45 keystone OTUs in the bacterial
community in the SR treatment which focus on Acidobacteria
and Proteobacteria (Figure 7B). The number of keystone OTUs
for Chloroflexi and Proteobacteria showed the main increases
with returned straw (SR and HSR) in the maize season.

DISCUSSION

Straw return to the field is one of the common practices in
crop production. However, crop residues are sometimes seen
as a serious problem. For example, in the North China Plain,

there can be a negative effect if all the straw is returned
under double-cropping systems. Crop residue reduction is a
promising management to reduce soil degradation and improve
the nutrition cycle in agro-ecosystems (Lal, 2012). The decay of
straw is restricted by a variety of conditions (e.g., accumulation
temperature, water, soil type and crop type), research has focused
on finding the correct amount of straw for a specific environment
under specific regional conditions, while maintaining the
sustainable production capacity of soil. However, the available
literature is rarely reported about the effect of changing the
amount of returned straw on the soil microorganisms.

First, it is important to understand the temporal response
of the soil microbial community after adding straw. Soil
microorganisms may cause fluctuations due to the addition of
organic matter and return to a stable state after a period of time
(Zhang et al., 2017). A considerable number of temporal studies
have focused on microbial-driven biogeochemical processes
(Meyer et al., 2004) and specific functions in the soil, indirectly
showing their activities (Strickland et al., 2009). However, few
studies have looked at how the composition and function of
general microorganisms cope with agricultural disturbances;
in short-term experiments, the microbial community structure
of different treatments does not show variability over time
(Suleiman et al., 2016). Here, we showed that after many
years of experimental treatment, microbiodiversity between
different treatments showed different trends (Figure 1), which
is inconsistent with the results of Rachid et al. (2016) on the
addition of straw.

Second, how much influence does the addition of maize
stalks back to the field affect the composition and function
of the microbiome? This avoided the possibility that the
impact of the amount of returned straw might be masked by
comparing two crops over four periods. Through the analysis
of beta diversity, we found that there was greater heterogeneity
in the harvest season for wheat (Supplementary Figure S5)
and maize (Supplementary Figure S7). At the phylum and
family level, there were significant differences in the three
treatments (Figures 3, 4). In the returned straw treatments, the
functions of the more abundant microbial populations related
to C-compound degradation, methylotrophic metabolism and to
nitrogen metabolism, including nitrogen fixation, denitrification
and nitrification. Streptomyces, which plays an important role
in the degradation of organic matter (https://microbewiki.
kenyon.edu/index.php/streptomyces), had a higher abundance in
returned straw treatments.

The returned straw treatments (SR andHSR) also significantly
increased the amount of keystone OTUs for Proteobacteria,
which mainly played a role in nitrogen fixation (Figure 7;
Supplementary Table S2). Rhodanobacter can achieve
denitrification, a process of converting nitrate to N2 via
microbial enzyme-catalyzed nitrite, nitric acid, and nitrous oxide
intermediates (Spain and Krumholz, 2011). Bradyrhizobium
bacteria can participate in the nitrogen fixation process, laying
the foundation for nutrient absorption of crops and nutrient
fixation of soil (Berkum et al., 1985; Stacey, 1995). Sphingomonas
can metabolize various carbon sources in low concentrations
of nutrients (Kelley et al., 2004). The aforementioned bacterial
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FIGURE 6 | Effect of different amounts of corn straw returned to the field on soil bacterial coexistence network. (A) CK treatment in the wheat season. (B) HSR

treatment in the wheat season. (C) SR treatment in the wheat season. (D) CK treatment in the corn season. (E) HSR treatment in the corn season. (F) SR treatment in

the corn season. Nodes represent bacterial OTUs. Node colors correspond to their topological role in the network. Red is the core microorganism. The node size

corresponds to the relative abundance of the OTU. The blue lines indicate positive correlation, and the red lines indicate negative correlation.

group has been extensively studied, but we have found a lesser
known Gemmatimonadales at this stage. Studies have found
that the group activity in Gemmatimonadales increased after
rice straw returned to the soil (Whitman et al., 2016; Zhou
et al., 2020). In this experiment, the Gemmatimonadales group
was highly expressed in the next season of crop cultivation
after the straw was returned to the field. The anaerobic
reduction of nitrates leads to the decomposition of different
physiological abilities (Hesselsoe et al., 2009; Lecomte et al.,
2018). The key role of soil microbes in carbon sequestration
is well-known (Gougoulias et al., 2014). Previous studies
have shown that the nutritional supply of microorganisms is
likely to be stable organic matter (Singh et al., 2010; Liang
and Balser, 2011). The content of organic carbon in soil is
determined by the mineralization and assimilation balance
of microorganisms (Moorhead et al., 2012; Xiao et al., 2018),
which may depend on the structure and composition of the
community (Yang et al., 2011). Bacillales has a high abundance
in the processing of returned straw, and members of this
phylum are known to grow rapidly in a C-rich environment

(Pitombo et al., 2015; Jalme and Gail, 2020), which can
resist adverse conditions, laying the foundation for healthy
crop growth.

It is also important to know what factors (e.g., crop
type or returned straw) have the greatest influence on the
functional composition of the microbial community. It is
well-known that the composition of microbes is constrained
by environmental impacts (Gibbons, 2017). To this end, we
chose FAPROTAX for functional prediction, which can analyze
earth chemical cycles (Schiff et al., 2017). Different crops
have a more significant effect than returned straw on the
function of soil microbial communities by the results of this
study (Figure 5). In the bacterial coexistence network, returned
straw increased the interaction between microorganisms in
different crops, which provided strong support for crop growth
and development in turn (Figure 6). For microbial keystone
OTUs, returned straw increased the number of key OTUs
regardless of the crop production conditions. Actinobacteria
played a key role in rotting animal and plant remains in the
soil in the wheat season (Figure 7A). In previous research
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FIGURE 7 | Distribution map of soil bacteria Zi-Pi based on topology. Zi > 2.5 and/or Pi > 0.625 are defined as Keystone OUT. (A) Distribution map of soil bacteria

Zi-Pi in the wheat season. (B) Distribution map of soil bacteria Zi-Pi in the wheat season.

found that returned straw significantly increased soil fertility
but, with greater amounts of returned straw, the increase
in soil fertility ceased (Gao et al., 2020). In the process
of improving soil functions, it is important to improve the
carbon sequestration capacity of agricultural soils, reduce soil
degradation, avoid nutrient depletion, and reduce the impact
on carbon dioxide emissions in the agricultural management
process (Banerjee et al., 2016). The HSR treatment can
significantly reduce the efflux of greenhouse gases and contribute
to the global mitigation of greenhouse gas emissions (Gao
et al., 2019). The next stage of work is mainly carried out
from the following aspects: 1. Purification and utilization of
specific functional microbial communities; 2. Research on the
relationship between rhizosphere soil microorganisms and crop
types; 3. This experimental design will be promoted to achieve
stable crop yields while ensuring soil sustainability. These
studies provide theoretical basis for the rational use of crop
straw resources.

CONCLUSION

Compared with CK, the annual yield of SR treatment and
HSR treatment increased by 18.8, 17.3%, respectively.
However, there are no significant difference in crop
yield between the SR and HSR treatments. The relative
abundance of Bradyrhizobium and Nitrolancea in HSR
treatment was significantly higher than that in the CK
treatment, which are important bacteria for nitrogen
fixation and nitrification-denitrification. This residue
management practice provides a foundation by optimizing
the microbial community structure in the soil to achieve

no significant difference in yield with SR treatment under
double-cropping systems.
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